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Abstract  
 
Grouting or filling of the open voids in fractured rock is done by introducing a fluid, a grout, 
through boreholes under pressure. The grout may be either a Newtonian fluid or a Bingham fluid. 
The penetration of the grout and the resulting pressure profile may give rise to hydromechanical 
effects, which depends on factors such as the fracture aperture, pressure at the borehole and the 
rheological properties of the grout. In this paper, we postulate that a new parameter, Å, which is 
the integral of the fluid pressure change in the fracture plane, is an appropriate measure to 
describe the change in fracture aperture volume due to a change in effective stress. In many 
cases, analytic expressions are available to calculate pressure profiles for relevant input data and 
the Å parameter. The approach is verified against a fully coupled hydromechanical simulator for 
the case of a Newtonian fluid. Results of the verification exercise show that the new approach is 
reasonable and that the Å-parameter is a good measure for the fracture volume change: i.e., the 
larger the Å-parameter, the larger the fracture volume change, in an almost linear fashion. To 
demonstrate the application of the approach, short duration hydraulic tests and constant pressure 
grouting are studied. Concluded is that using analytic expressions for penetration lengths and 
pressure profiles to calculate the Å parameter provides a possibility to describe a complex 
situation and compare, discuss and weigh the impact of hydromechanical couplings for different 
alternatives. Further, the analyses identify an effect of high-pressure grouting, where uncontrolled 
grouting of larger fractures and insufficient (or less-than-expected) sealing of finer fractures is a 
potential result. 
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1.  Introduction 
 
Sealing of tunnels by grouting is a method commonly used to minimize inflow of water and to 
enhance the stability of the tunnel. Small inflows also decrease the risk of lowering the ground 
water level, which may influence the environment in a negative way. The science of grouting is 
interdisciplinary and requires understanding of geology, hydrology, rheology, chemistry, rock 
mechanics and grouting technology. This is the reason why the science of grouting is complex 
and in spite of great effort many questions have still to be solved. 
 
This paper deals with grouting of fractured rock with associated hydraulic testing, both of which 
may give rise to rock deformation due to hydromechanical coupling. Discussions are in the 
context of grouting as a part of a tunnel excavation cycle and as an example, six different tunnel 
projects in Sweden and Norway were studied in [1] identifying that a grouting method could in 
general consist of five main activities: (1) drilling; (2) grouting; (3) waiting; (4) probe holes / 
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water loss measurements and; (5) re-grouting. For these projects, water loss measurements or 
outflow measurements were performed before and/or after grouting or not at all.  
 
The main objectives of this paper are to: 

• Link the areas of grouting and hydro-mechanical coupling. 
• Introduce a new parameter, the Å-parameter to provide a possibility to describe a complex 

situation and compare, discuss and weigh the impact of hydromechanical couplings for 
different alternatives. 

• Verify the approach numerically and give some grouting related examples. 
 
Issues associated with sealing of tunnels by grouting may be divided into three main areas: 
geology and the characterisation of the rock mass; grouting materials; and grouting technology. 
These topics and related equations are treated below. Then, equations governing 
hydromechanical coupling in rock response to grouting are presented. Following this, the use of a 
new parameter, Å, as a measure of hydromechanical effect is introduced, and its applicability is 
verified against a fully coupled hydromechancial numerical code. Finally, results of a few 
example cases using the Å parameter approach are presented, before concluding the paper with 
some remarks. 
 
2.  Literature review 
 
2.1.  Characterisation of the rock mass 
 
When considering geology and characterisation of the rock mass as input to optimizing grouting 
design, extensive research has been performed for several years in the area of nuclear waste 
management, see [2] and [3]. Further, descriptions of individual fractures based on their aperture 
distribution have been the topic of papers by, e.g., [4], [5] and [6]. However, a difficulty arises 
since direct investigations of these fractures cannot be performed during construction in rock and 
the only way to obtain data for a description is through indirect methods. Hydraulic (in-situ) 
measurements, [7] and [8], provide information on the geometry of the conductive features of the 
rock mass. One of the parameters obtained is referred to as transmissivity, which is the ability of 
the rock mass (or conductive features) to transmit water. Between parallel plates, transmissivity is 
related to the so-called hydraulic aperture, b, based on the “cubic law” [9]: 
 

µ
ρ
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3gb
T =        (1) 

 
where ρ is the density, g is the acceleration due to gravity and µ is the viscosity. For a discussion 
of various type of apertures, please see [10]. In [11] the logarithm of the aperture (described as 
the difference between the initial aperture at zero stress and the joint closure at very high stress) 
was plotted against the logarithm of specific flow (flow per unit head gradient, Q/∆h), which is 
proportional to T. If the cubic law applies, this should result in a line with the slope 3, see 
Equation 1. 
 
To get an idea of what strategy to use before grouting a section of a tunnel, water loss 
measurements can be performed in the boreholes of the grouting fan, resulting in a number of 
Lugeon values ([12], [13] and [14]), which are calculated as follows: Lugeon value = water loss 
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in litres/(meter⋅minute⋅MPa). As commented by [15] a high frequency of fine joints may give the 
same Lugeon value as a single wide fracture, and, when grouting is considered, the wide fracture 
has a large grout intake and the finer joints may not be groutable at all. Naturally this also affects 
the obtained pressure profiles. Unfortunately, often little effort is put on actually performing an 
adequate characterisation for grouting purposes.  The research work carried out in for example 
[16], [17] and [18] aims at increasing the understanding of how to interpret and evaluate 
hydraulic tests to get more information about apertures of individual features for this particular 
purpose. This is considered to be of great importance since the aperture influences both inflow of 
water and the penetration of grout. 
  
2.2.  Grouting materials and grouting technology 
 
The main advances regarding grouting technology in the last 10 years are concerned with better 
registration and controlling of the grouting process. New computer technology has enabled the 
flow and pressure of the grout-mix to be continuously registered. The basic equipment and 
technology however remain the same, see e.g. [12] and [13]. Parallel to studies on 
characterisation, research on the spreading of grout (cement-based grout) has been conducted by, 
e.g. [19]. A smaller field experiment including both hydraulic characterisation and cement 
grouting has been performed in a pillar at Äspö Hard Rock Laboratory (Äspö HRL) in Sweden, 
see [20] and [21]. In [22] the same pillar was grouted using another grouting material, Silica sol. 
Due to a small fracture aperture, the penetration of cement grout was very limited and in [22] a 
different part of the same fracture was grouted. Further, [23] present a tunnel grouting experiment 
including geological investigations, design, and excavation of a 70-metre tunnel in Äspö HRL. 
During this experiment, hydraulic tests and continuous testing of the grout were performed. 
Prediction of groutability based on both grout properties and hydrogeological data is also treated 
in [24] and [25]. Further, numerical codes have been developed based on the jointed rock mass 
and the rheology of the grout mix [26] and its penetrability, [27] and [19].  
 
An important difference between water (used in hydraulic tests) and grout is the rheology. Here 
water is referred to as a Newtonian fluid having the viscosity, µw, whereas cement grout being a 
particle suspension is commonly described as a Bingham fluid with the viscosity, µB, and yield 
strength, τ0. In [27] the average velocity of a Newtonian fluid (e.g. water) in a horizontal channel 
is expressed:  
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whereas the average velocity of a Bingham fluid would be [27] 
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where 2Zgr  is the total thickness of a solid core given in terms of a yield strength parameter τ0 as 
follows: 
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The solid core is formed around the centre of the fracture if the shear stress there is less than the 
shear strength. From Equations 3 and 4, the maximum penetration of a Bingham fluid is found 
when the fluid velocity is equal to zero and is given by 
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dependent on the pressure change or the pressure difference between grout and water, ∆p, the 
aperture, b, and the yield strength, τ0. In [25] the relationship between penetration of grout and 
time is described using the dimensionless parameters ID=I/I max and tD=t/t0, see Appendix A. 
 
2.3.  Hydromechanical coupling  
 
Both hydraulic testing and grouting may give rise to deformation due to hydromechanical 
coupling (see e.g. [28] and [29]) and as commented by [28] coupling of processes implies that 
one process affects the initiation and progress of another, so that the rock fracture behaviour 
cannot be predicted by considering each process independently. According to [28] hydrological 
processes include: (1) fluid flow; (2) tracer transport and; (3) transient pore fluid pressure 
changes (occur due to injection or pumping etc.). The mechanical processes include: (1) opening 
or closing; (2) shear; (3) joint propagation and; (4) fracturing at joint tips. 
 
Hydromechanical response due to pressure changes was studied by, e.g., [30] and [31]. Both 
references deal with in situ testing, the first for hydraulic testing in a borehole and the second 
investigates the hydromechanical behaviour of a pressurized single fracture. A review of the role 
of hydromechanical coupling in fractured rock engineering is presented in [32]. Of interest from a 
hydraulic testing and grouting perspective would be what is described as a “fluid-to-solid 
coupling” occurring when a change in fluid pressure or fluid mass produces a change in the 
volume of the porous media. Further, defining effective normal stress as 
 

pnn −= σσ ´        (6) 

 
then, the fracture normal deformation may be expressed as 
 

n

n
n k

u
´σ∆

=∆        (7) 

In these expressions, σn is the total normal stress, p is the fluid pressure and kn is the fracture 
normal stiffness. The normal deformation is non-linear when a normal stress is applied. The rate 
of deformation is greatest at low values of normal stress. This has been described by e.g. [33]: 
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where ξ is the seating pressure or the initial condition for measuring the normal deformation, ∆V, 
and Vm is the maximum possible normal closure at the seating pressure. Equation 8 above could 
also be expressed:  
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where ∆un is the fracture normal deformation and σni´ (ξ above) and kni are respectively the total 
normal stress and the fracture normal stiffness at an initial reference stage [30].  
 
2.4.  In situ hydromechanical properties of fractures  
 
Aperture and fracture normal stiffness are key parameters for investigating hydromechanical 
effects during high-pressure water injection and grouting. At a typical fractured rock site, 
fractures may vary in characteristics and size and from minor tensile cracks to major shear 
fractures and shear zones. Major shear fractures open to water flow tend to dominate inflow into 
tunnels. For example [5] investigated the aperture distribution of a highly-conductive shear fault 
at the Äspö Hard Rock Laboratory, Sweden. The fault belong of a group of steep-dipping fracture 
zones, typically 10-30 m long, of a type found to be the most conductive in the area. The 
investigations showed that the fault was undulating by a shear slip of about 4 cm, creating large 
areas of open channels between mineral filled contacts. The average aperture of the fracture was 
about 2 mm (outside contact zones), whereas the contact area, defined as the area with aperture 
less than 0.1 mm covered about 40% of the total fracture area. At the other end of the spectrum 
are tensile cracks that may be connected and hydraulic conductive but generally having much 
smaller aperture. For example [30] measured in situ hydraulic apertures ranging from 8 to 22 µm 
using hydraulic injection tests on fractures located between 81 to 417 meters depth.  
 
Fracture normal stiffness as well as coupled stress and flow properties have been measured 
routinely on laboratory samples over the past 20 years. However, there are only a few data 
existing on the in situ hydromechanical behavoir of fractures, and data from major fractures are 
rare.  One rare example of an in situ hydromechanical investigation on a major fracture is the one 
conducted by [31], at a granitic fractured rock site in Southwest of Sweden. A horizontal fracture 
located at about 70 meters depth and extending about 10 m was investigated by hydraulic tests in 
seven subvertical boreholes, which intersected the fracture a few meters apart. Alm’s [31] field 
tests indicated that the in situ fracture normal stiffness at the seven locations ranged between 2 
to10 GPa/m, whereas hydraulic conducting aperture ranged between 100 to 250 µm. The lowest 
values of normal stiffness (about 2 GPa/m) was measured at the location of the largest fracture 
aperture (about 250 µm). The range of normal stiffness values obtained by Alm is in agreement 
with in situ measurements by [34], who determined a fracture normal stiffness of 2.5 GPa/m with 
an aperture of 300 µm for a major sheared fracture located at about 250 m depth. Moreover, 
recent in situ measurements of major shear fractures by [35] indicated that an in situ fracture 
normal stiffness ranging between 8 to 50 GPa/m for apertures ranging 50 to 100 µm. For smaller 
fractures, likely representing mated tensile joints, [30] estimated the in situ fracture stiffness 
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ranging from 30 to 1100 GPa/m for fracture apertures ranging from 8 to 22 microns. Note that 
these values of fracture stiffness and apertures are different from those frequently measured in 
laboratory on small-scale drill core samples. In such experiments the aperture usually ranges 
from a few to tens of microns with a fracture normal stiffness orders of magnitude higher than 
those measured in situ [32]. However, the aforementioned in situ experiments were conducted 
using hydraulic injection tests, in which increasing the fluid pressure within the fracture opens 
the fracture. In so-called hydraulic jacking tests, fluid is injected from a borehole into a single 
fracture at step-wise increasing pressure and fracture opening is monitored from the step-wise 
increasing flow rate (e.g. [30]). Thus, hydraulic jacking tests involves opening (unloading) of 
fractures under increasing fluid pressure, that is, the same processes at the fracture opening that 
could take place during grouting. Therefore, apertures and fracture normal stiffness determined 
from such in situ experiments are well representative for the hydromechanical behaviour during 
grouting. 
 
3.  Conceptualization and definition of Å-parameter 
 
Sealing of tunnels include several different activities. Considered here are: hydraulic testing 
(water loss tests and natural inflow); grouting with Newtonian fluids and; grouting with Bingham 
fluids. These activities may result in a change in aperture due to pressure changes in the fracture. 
A pressure – aperture response of a fracture is due to interrelated effects of the form: ∆p → 
∆σ´→∆u→∆b. In other words, a change in pressure affects the effective stress, which causes a 
mechanical deformation, which in turn leads to a change in the hydraulic aperture [36].  
 
In the present paper, only fracture normal deformation is considered. In order to investigate and 
compare the pressure profiles and resulting deformations and changes in transmissivity (if any) 
for single-hole hydraulic tests and grouting both “shallow” tunnels where the normal stress is 
assumed to be small compared to the change in pressure, and “deep” tunnels where the normal 
stress is assumed being comparatively large are considered in the discussion. Here, ∆p is the 
change in pressure at the borehole. Since the pressure profile is not unique but dependent upon 
fracture aperture (and its spatial variation in general), rheological properties of the grout, etc. we 
postulate that a new parameter, Å, which is defined as the integral of the change in fluid pressure, 
∆p(r), in the fracture plane from the radius of the well to infinity, is an appropriate measure to 
describe the change in effective stress that gives rise to mechanical deformation.  
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∆πσπσπ                  (10) 

In contrast to this equation, the expression CPwnin ⋅∆+′=′ σσ  was used in reference [30] and the 

factor C was introduced assuming that an “average” change of fluid pressure in the fracture area 
around the borehole (wellbore) is proportional to the change of well pressure. Using an integral, 
Equation 10 allows the consideration of potentially different types of variation in pressure in the 
fracture plane around the borehole. 
 
Further, we postulate that the fracture volume change integrated over the fracture plane is 
proportional to the integral of the effective stress change, i.e. the Å parameter (cf. Equation 7). 
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As an illustration of the calculation of the Å-parameter, we show here the case of Newtonian 
fluid (water), which can be done analytically. The pressure profile can be derived based on the 
cubic law (Equation 1) and Thiem´s formula, e.g. [7]: 
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where R is set to the radial extension of the drawdown cone, re: 
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The storage coefficient, S, is estimated based on an expression, found by regression using Äspö 
Hard Rock Laboratory data [37]: 
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Resulting in the following expression of the Å-parameter: 
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The expressions used for calculation of the Å-parameter for the Newtonian (Silica sol) and the 
Bingham fluids are presented in Appendix A. 
 
4.  Verification of Å-parameter approach against results of a fully coupled HM simulator 
for the case of Newtonian fluids 
 
Modelling was performed using a finite element numerical code, ROCMAS ([38], [30] and [39]). 
The numerical model is used for coupled stress and fluid flow analysis of fractured rock masses 
and solves simultaneously two sets of finite-element equations: the static equilibrium force-
displacement equation and the quasi-steady-state fluid flow equation. The numerical solution 
gives coupled stress and fluid pressure fields in the fractured medium.  
 
To verify the Å-parameter approach for the case of a Newtonian fluid (water), we assume an 
axisymmetric model, 10 by 10 meters. A fracture is located on the bottom of the model and 
extends the entire 10 meters radius, and a borehole is assumed to intersect the joint 
perpendicularly. However, the results are not expected to be significantly different if the 
intersection deviates moderately from perpendicular. By symmetry, half of the fracture is 
included in the model. We have used a linear stiffness option of the ROCMAS code and input 
data are presented in Table 1. The fracture normal stiffness values were selected range reasonable 
values that have been observed from various in situ hydraulic jacking measurements as reviewed 
in Section 2.4. A fracture normal stiffness of 4 GPa/m would represent a very shallow major 
fracture and the 400 GPa/m would represent deep-sited fracture exposed to a higher normal 
stress. A rock matrix Young’s modulus of 70 GPa, and a matrix Poisson’s ratio of 0.25 were 
assumed, which are reasonable values for granitic rock. 
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The analysis was performed using the following steps: (1) a constant pressure boundary was 
imposed at 3, 5 or 7 meters was assumed; (2) steady state analyses with an extension of 3, 5 or 7 
meters were made to obtain a profile for pressure change, dp(r), without allowing for 
hydromechanical coupling (i.e., no change in aperture), and (3) a profile of aperture change, db(r) 
from numerical simulation including hydromechanical coupling, and (4) plotting of the integrated 
pressure change (the Å-parameter) from step (2) and the integrated volume change from step (3).  
 
Fig. 1 shows the Å-parameter versus the fracture volume change for three different cases, with (a) 
fracture normal stiffness of 400 GPa/m; (b) fracture normal stiffness of 40 GPa/m; and (c) 
fracture normal stiffness of 4 GPa/m. Points along the lines corresponds to pressure profiles for 
different injection times, except for case (b), where additionally (the points on the circle-dashed 
line in Fig. 1) those for varied injection pressures were also calculated. 
 
The figure clearly shows that the Å-parameter is a good measure for the fracture volume change: 
i.e., the larger the Å-parameter, the larger the fracture volume change, in an almost linear fashion. 
This is independent of whether the pressure profile is induced by larger injection time, or by 
higher injection pressure, which means that it is independent of the detailed pressure profile. 
Thus at least for Newtonian fluids, which is the case studied in these verification simulations, we 
can use the Å-parameter as a comparative measure to evaluate the impact of hydromechanically 
induced fracture volume changes for alternative grouting procedures. We postulate that the Å-
parameter can equally be used for Bingham fluids in this way. 
 
Let us consider the lines in Fig. 1 again. Note that they are almost linear. The early parts of these 
curves have slopes that are representative of “system stiffness”, which is a function of fracture 
normal stiffness knf  and matrix stiffness knm (the latter depending on E, the Young’s modulus of 
the matrix). A discussion of system stiffness is given in [30]. In general these parameters cannot 
be obtained easily in the field, especially during the stage of construction and grouting. In our 
approach, we assume that they are the same for a given fracture in an in situ environment, and 
then use the Å-parameter as a relative measure to assess hydromechanical effects for alternative 
strategy for grouting the fracture. 
   
5.  Use of Å-parameter in example applications 
 
The fracture-borehole configuration consists of one borehole intersecting two fractures with 
constant apertures b1 and b2, see Fig. 2. The scenario is injecting grouting fluids into the borehole 
for grouting the two fractures. Analyses are made using analytical calculations, and pressure 
profiles are determined for both Newtonian and Bingham fluids, based on the work of [22], [25] 
and [40]. These references derive and describe the relationship between penetration of the grout 
and the injection time using the dimensionless parameters ID=I/I max and tD=t/t0. This approach 
assumes non-deformable fractures, non-compressible fluids and that the pressure change in the 
groundwater ahead of the front of the grouts (both Newtonian and Bingham grouts) can be 
neglected due to the distance from the borehole and the viscosity of the grouts being larger than 
that of water. These grout properties are summarized in Table 2, to be compared with water 
properties needed for analyzing water loss measurements. 
 
The following three cases are studied: (1) One individual fracture varying: the aperture; the 
pressure at the borehole; the duration of hydraulic testing and grouting; and the fluid properties 
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(Newtonian or Bingham). Further, a comparison of fluid pressure profiles for two fractures with a 
smaller and a larger aperture (50 µm and 250 µm, respectively) is made. Both fractures are 
assumed to be subjected to either (2) the same normal stress and loading history or (3) different 
normal stresses, i.e. located near a “shallow” or “deep” tunnel. 
 
5.1.  Results 
 
Table 3 presents results of injection pressure, injection volume, penetration distance and Å-
parameter for an individual fracture at different injection pressures, different duration, and 
different fluid properties. 
 
The different columns in the table represent: the hydraulic aperture, b, of a non-deformed 
fracture; the pressure change e.g. the difference between the grouting pressure at the borehole and 
the water pressure (∆p=pg-pw); and the duration of grouting or hydraulic testing. I is the 
penetration length of the grouts and the volume, V, is estimated based on the non-deformed 
fracture aperture and the penetration of the grout (minus the radius of the borehole). The 
percentage presented is based on simultaneous grouting of a 250 µm fracture and a 50 µm 
fracture without considering deformation, i.e. the percentage of the total volume found in each of 
the two fractures. Å is defined as the integral of the change in fluid pressure and the Å-ratio is 
estimated using the underlined 250 µm fracture as a basis for comparison. Table 4 presents the 
results for assumed water loss measurements.  
 
5.2.  Discussions of effects of injection pressure and grout penetration without mechanical 
deformation: one individual fracture  
 
Radial fluid pressure profiles are presented in Fig. 3 for the two fractures using a constant 
pressure change at the borehole, ∆p, of 0.4 MPa, during a 5-minute water loss measurement (NW 
in Fig. 3), and using a pressure change, ∆p, of 2 MPa during a 20-minute grouting with a 
Newtonian fluid (NS in Fig. 3) and a Bingham fluid (B in Fig. 3). 
 
The pressures along the profiles are presented based on different values of the radius where r ≤ 
I(t), which is the penetration length obtained for a given injection duration, t. Here, silica sol 
represents the Newtonian fluid, NS, and a cement grout represents the Bingham fluid, B. For the 
250µm fracture and ∆p: 2 MPa at the borehole, the grout take is low enough (250L, Table 3, 
below) as compared with a typical volume stop criterion of 50-100 litres per meter borehole 
(assuming the boreholes are between 10-20 meters). The penetration length (18 m) is too large 
since the borehole bottom distance is commonly between 2-4 meters. The penetration of the 
Newtonian fluid (Silica sol) is larger than for the Bingham fluid (cement grout) due to the yield 
strength and the higher viscosity of the Bingham fluid. 
 
Based on these pressure profiles, less than half of the pressure at the borehole remains when the 
radius is larger than 20% of the penetration length. Further, the average pressure is about 10-15% 
of the pressure change at the borehole, ∆p. This pressure is found at a radial distance of 
approximately 50-60% of the penetration length. Based on the shape of the pressure profiles, the 
Bingham fluid have less steep profiles and are less peaked than those for the Newtonian fluids; 
this is reflected in the somewhat higher average pressure. For longer durations, the shape of the 
Bingham fluid pressure profile continues to change and the shape at the maximum penetration, 
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Imax, is seen in Fig. 3. As commented based on a similar approach by [15], the extension of the 
pressurized surface will be limited and the average pressure acting on it can be estimated to be 
about 1/3 of the grouting pressure applied.  
 
5.3.  Discussion of effects of mechanical deformation on fracture grouting 
 
[30] and [39] discussed in general the pressure and fracture opening that they are uneven over the 
fracture plane during injection and the fracture opens gradually as a function of the effective 
stress. In our approach we use an integral of the fluid pressure change from the radius of the well 
to infinity, the Å-parameter, as an appropriate measure to describe the change in effective stress 
that gives rise to mechanical deformation. Table 3 presents this Å-parameter for an individual 
fracture at different injection pressures, different duration, and different fluid properties. The 
ratios in the last column are used to see what situation is most likely to deform a fracture. The 
result from the 250µm fracture has been used as a basis for comparisons. In contrast, the water 
loss measurements (with water properties) are performed at a lower pressure and for shorter 
duration than grouting but even so the lower viscosity gives as a result a larger radius of 
influence, see Table 4. Consequently, the water loss test reflects the properties over a larger area 
than the grout but near-borehole effects will dominate in both cases. However the hydraulic 
aperture is likely to change only to a limited extent over this area, due to pressure commonly 
being small compared to the overburden.  
 
5.3.1.  Fractures subjected to the same normal stress and loading history 
Let us assume that two fractures (e.g. 250µm and 50µm) have the same size and the same normal 
stress and loading history, and that the two fractures are intersected by the same borehole and are 
grouted by the same constant pressure for the same duration. For laminar flow, which is 
considered here, the resulting fluid pressure change in the 250 µm fracture compared with the 50 
µm fracture will be slightly larger at a small radius and significantly larger for a large radius. This 
is reasonable since a smaller aperture has a larger flow resistance resulting in a larger gradient. 
For comparisons of the pressure profiles, the ratios of the fluid pressure integrals (Å-parameter) 
for different apertures and durations are presented, see Table 3.  
 
The result from the 250µm fracture has been used as a basis for comparisons. According to these 
calculations, the ratio of Å-parameters for the 50µm fracture compared to the 250µm fracture 
would be 0.05. This is due to the fracture area subjected to pressure being much larger for the 
larger fracture. Based on [39] this should be of importance since a fluid penetrates into a fracture 
and opens it by the force of the fluid pressure inside the fracture. Assuming that the fracture 
having a larger aperture is also larger in size is not unlikely if it has a natural inflow and is a part 
of the main conductive system. This may result in a lower stiffness compared to a fracture of 
smaller size (and aperture). Consequently, the 250µm fracture is more likely to have a larger 
volume increase since it has a fluid pressure acting on a larger area as well as a lower stiffness.  
 
When using high pressure grouting, the aim is to open the fractures to allow grouting of 
otherwise non-groutable fractures or part of fractures. According to [29] the reason for high 
pressure grouting is that low inflows (down to 1-2 L/min/100 m) have to be achieved. Increasing 
the grouting pressure would result in a larger penetration length even for a 50µm fracture. The 
reasoning goes as follows. From Equation 1, the transmissivity of a 250µm and a 50µm fracture 
would be approximately 1⋅10-5 and 8⋅10-8 m2/s, respectively. At a hydraulic head (here, dh) of 10 
meters the inflow would be 6 L/min for the large fracture and 0.05 L/min for the smaller one 
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(assuming Q≈T⋅dh). Increasing the hydraulic head to 350 meters would result in inflows of 205 
and 1.6 L/min respectively. Having to control inflows down to 1-2 L/min/100 meters of tunnel, it 
would be sufficient with 20 fractures of 50µm aperture to reach this limit at a hydraulic head of 
10 meters. For a deep tunnel, one small fracture would be enough. Consequently, sealing of both 
large and small aperture fractures is important to reach low inflows. However, the combination of 
a larger fracture that is more likely to deform (allowing more grout to enter) and a volume stop 
criteria would allow a shorter grouting time and possibly the final penetration length for the 
50µm fracture would be approximately the same or maybe even shorter. As illustrated by Table 
3, the grout volume for one 250µm fracture is 250 L at a pressure change of 2 MPa for 20 
minutes and more than 500 L for a pressure change of 6 MPa for only 10 minutes. Adding to this 
a likely deformation of the 250µm fracture compared to the 50µm fracture makes it very difficult 
to know at what time or at what grout volume to stop the grouting for sealing of the smaller 
fractures. As presented in Table 3, 99% of the grout ends up in the larger fracture already before 
any deformation has occurred.  
 
Since the relative penetration, I/Imax, is not a function of the aperture, [40] and [25], the 
penetration process for constant pressure grouting has the same time-scale for all fractures with 
different apertures intersected by a borehole. This means that the grout have reached the same 
percentage of its maximum penetration length in all fractures at a certain time. The fractures with 
the smallest aperture have the shortest maximum penetration. Considering this, the largest fluid 
pressure influence would always be seen for the largest aperture fracture which would therefore 
be more likely to deform when comparing larger apertures to smaller. Based on the discussion 
above, when both large and small aperture fractures are present along a borehole, only increasing 
the pressure may not solve the problem of sealing the smaller fractures. In case of small aperture 
fractures only, slight deformation may help to increase the fracture filling without risking too 
large spreading of the grout. 
 
5.3.2.  Fractures subjected to different normal stresses: “shallow” or “deep” tunnel 
Since the fracture normal deformation is non-linear, [33] and [41], the rate of deformation being 
the greatest at low values of normal stress, there will be a difference in behaviour for a fracture 
subjected to a small normal stress e.g. by a “shallow” tunnel and a fracture subjected to a large 
normal stress e.g. by a “deep” tunnel. By approximating the overburden pressure to be 0.025 
MPa per meter of depth. A shallow tunnel (e.g. 10 meters below ground) would have an 
approximate overburden pressure of 0.25 MPa whereas a deep tunnel (e.g. 450 meters, as in the 
Äspö HRL case, see [23]) would have an overburden pressure of approximately 11 MPa. For a 
shallow tunnel, deformation is likely to occur at a larger rate due to low normal stress, but the 
change in fluid pressure for different fracture apertures will still be in agreement with the 
discussion above. 
 
For a natural inflow test similar fluid pressure profiles as for the 50µm and 250µm fracture could 
be calculated with the difference that the natural flow measurement gives a pressure drawdown 
and a possible decrease in aperture as a result, see example in [38]. The decrease in fluid pressure 
around the borehole would increase the effective stress resulting in a decreased aperture in the 
vicinity of the borehole that would limit the inflow and influence the estimated hydraulic 
aperture, see [42]. This changed aperture close to the borehole being smaller than the aperture b0 
at distance r1, b1< b0, may result in choking the inflow. Based on the rate of deformation being 
smaller at high values of normal stress, the natural water flow measurement is likely to give 
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smaller deformations at a large depth going from an already large to an even larger effective 
stress.  
 
6. Concluding remarks 
 
This paper deals with single hole hydraulic testing and grouting from a hydromechanical 
perspective. Radial pressure profiles based on analytical calculations without deformation are 
used in a new integral parameter Å that can be used to assess the hydromechanical effects and 
their implication on grouting efficiency under pressure.  
 
Earlier, the virgin normal stress and the pressure at the well multiplied by a factor have been used 
to estimate an effective stress for a fracture. Here, the Å-parameter, which is postulated to 
measure the fracture volume increase, is used to see what situation is most likely to deform a 
fracture. Since the Å parameter can be calculated from analytic or semi-analytic expressions of 
penetration lengths and pressure profiles based on relevant input data, the approach gives a 
possibility to describe and assess a complex situation.  
 
Initially, a verification of the Å parameter approach against results of a fully coupled 
hydromechanical simulator was made. For the case of a Newtonian fluid the study shows that the 
approach is reasonable and that the Å-parameter is a good measure for the fracture volume 
change: i.e., the larger the Å-parameter, the larger the fracture volume change, in an almost linear 
fashion. 
 
Comparing a 250µm fracture to a 50µm fracture, when both are grouted at the same time, the 
ratio of the pressure integrals (Å-parameters) for the 50µm fracture compared to the 250µm 
fracture would be 0.05. This means that the 250µm fracture will open by a relatively larger 
volume upon pressurization as compared to the 50µm fracture. As presented here, 99% of the 
grout ends up in the larger of the two fractures already before any deformation has occurred. An 
increased pressure may result in a larger penetration length for both fractures but it is very 
difficult to know at what time or grout volume to stop the grouting for a better sealing of the 
smaller fractures. A normal volume stop criterion may actually result in a shorter penetration and 
smaller grout volume in the smaller-aperture fracture, due to the largest fracture deforming and 
taking more grout. Therefore, when both large and small aperture fractures are present along a 
borehole, only increasing the grouting pressure without increasing the grout stop volume may not 
solve the problem of sealing the smallest fractures. This is in agreement with a similar approach 
presented in [15]. A practical consequence presented by the author, which is also supported by 
this paper and the Å-parameter approach, is that “any grouting stage will fill mostly, or at least to 
a greater distance, only the main not already grouted joints, while the thinner ones will have to be 
grouted later on.” An additional important remark by [15] is the possible closing of the thinner 
joints due to the expansion of the main joints. Thus, the effect of high-pressure grouting includes 
the risk of uncontrolled grouting of larger fractures and insufficient sealing of finer fractures. In 
case of small aperture fractures only, slight deformation may help to increase the fracture filling 
without risking too large a spreading of the grout. 
 
A water loss measurement (injection test) as well as the grouting itself may result in local 
deformation (opening) due to the local increase in fluid pressure. However an increased aperture 
close to the borehole due to an injection test or grouting does not have to influence the 
predictions on the grouting to any larger extent, since the fluid pressure change is local and the 
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aperture further from the borehole is likely to remain unchanged still limiting the flow. Therefore 
the lower pressure used for the water loss measurement (injection) is not likely to be a problem 
even when used for predictions. This lower pressure is in some way compensated by a larger 
radius of influence due to the lower viscosity. Even though the deformation due to hydraulic tests 
and grouting would differ, the hydraulic tests should be used to make a more informed choice 
concerning what type of grout or pressure to use, which means also that the initial non-deformed 
conditions are of importance.  
 
The aperture estimated from hydraulic tests is more likely to deviate from the grouted aperture at 
a shallow depth than deep due to the larger deformation rate. Further, the difference is probably 
larger for natural water inflow measurements than water loss measurements (injection). This is 
due to the natural inflow resulting in a decrease in fluid pressure, an increase in effective stress 
and a possible decrease in aperture. A local decrease in aperture close to the borehole has a larger 
influence on the estimated hydraulic aperture, b(Q/dh) than an increase [42]. At a larger depth 
with higher stress and a smaller deformation rate, this problem is likely to be smaller. Therefore, 
from a hydromechanical point of view, water loss measurements may be preferable (and also 
more natural) compared to inflow measurements for grouting predictions at shallow depths. 
 
As a final conclusion, using analytic expressions for penetration lengths and pressure profiles to 
calculate the suggested Å parameter provides a possibility to describe a complex situation and 
compare, discuss and weigh the impact of hydromechanical couplings for different alternatives.  
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Appendix A: Calculation of Å-parameter for Newtonian and Bingham fluids  
 
The Å-parameter is the integral of the change in fluid pressure over the fracture plane. To 
determine a pressure profile at a certain time, dimensionless analyses are used. For both 
Newtonian and Bingham fluids, a dimensionless penetration length, ID, is determined as a 
function of a dimensionless time, tD. Curves relating ID and tD are found in [22] for Newtonian 
fluids, and in [40] and [25] for Bingham fluids. 
 
For the Newtonian fluid (Silica sol), the parameters, IDN and tDN are determined based on the 
following equations: 
 

2

24

0

1012

pb

r
t wg

N ∆

⋅
=

µ
      (A1) 

w

N
DN r

I
I

100
=        (A2) 

( ) 5
42

0

105.2
4

100ln
2

−⋅+−⋅== D
D

D

N
DN

I
I

I

t

t
t    (A3) 

 
A certain grouting time, t, results in a penetration length, IN, which is utilized instead of the radial 
extension of the drawdown cone, re, to estimate the Å-parameter (Equation 14, main text). To 
estimate a flow, Q, the density of the Silica sol is set to 1200 kg/m3. Input data for calculations 
including viscosity, µg, pressure, ∆p, yield strength, τ0 (for Bingham fluid) and apertures, b are 
presented in Table 2. The radius of the borehole, rw, is 0.028 m.  
 
For the Bingham fluid, the total penetration length, Imax, influences the result. The following 
equations are used to estimate the dimensionless penetration length, IDB, at a certain 
dimensionless time, tDB: 
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Further, based on equations below (see [40]), the penetration length IB(t) is used to determine 
pressure profiles for Bingham fluids at time t. Different times are used since hydraulic tests and 
grouting are not always performed for the same durations. In this analysis a dimensionless radius, 
r´, is used. 
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is calculated, q is Q´, Q´/r  ́and Q´/(1+I´). 
 
Further, these values are used in: 
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to yield ( )( )QsG ′~ , ( )( )rQsG ′′~  and ( )( )( )IQsG ′+′ 1~ . 
 
The two first values are used in Equation A14 to determine p´(r´). The pressure above 
groundwater pressure at the dimensionless r´ is given by p´(r´)⋅∆p/γ  (Equation A13).  
 
Q  ́has to be chosen to fulfill the following condition: 
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The integral of the pressure profile over the area results in the Å-parameter. 
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Fig.  1.  Integrated pressure (Å-parameter) versus fracture volume change for three different fracture 
normal stiffness: upward triangles for a fracture normal stiffness of 400 GPa/m; downward triangles and 
circles for a fracture normal stiffness of 40 GPa/m; and squares for a fracture normal stiffness of 4 GPa/m. 
Variation along the lines corresponds to different injection times, except for the circle-dashed line which 
corresponds to varied injection pressure for the case of fracture normal stiffness of 40 GPa/m. 
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Fig.  2.  Conceptual model of fracture-borehole configuration and pressure profiles. The pressure change 
at the well is ∆p, the radial boundary is assumed to be at infinity 



$ASQrpt72574.DOC 18 

 
 
 
 
 

0.0

1.0

2.0

0 50 100 150 200

r [m]

∆
p 

[M
P

a]

B: 250µm 20 min
B: 250µm Imax
NS: 250µm 20 min
NW: 250µm 5 min
B: 50µm 20 min
B: 50µm Imax
NS: 50µm 20 min
NW: 50µm 5 min

0.0

1.0

2.0

0.01 0.1 1 10 100 1000

r [m]

∆
p 

[M
P

a]

B: 250µm 20 min
B: 250µm Imax
NS: 250µm 20 min
NW: 250µm 5 min
B: 50µm 20 min
B: 50µm Imax
NS: 50µm 20 min
NW: 50µm 5 min

 
a)       b) 
 
Fig.  3. Radial fluid pressure profiles for a 250 and 50 µm fracture using the pressure changes at the well 
of 0.4 MPa (water loss measurement for 5 minutes, NW in Figure) and 2 MPa (grouting with a Newtonian 
fluid, NS, and a Bingham fluid, B for 20 minutes). Also included Imax for the Bingham fluid. a) linear r, 
and b) logarithm of r. 
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Table 1   
Input data for coupled numerical modelling. 

Type of fluid Newtonian 
Fluid property, µw [Pa.s] 0.001  
Well pressure change ∆p [MPa above 
groundwater pressure] 

0.5 

“Penetration length”, re [m] 3, 5, 7  
Fracture aperture [µm] 250  
Fracture normal stiffness, kn [GPa/m] 4, 40, 400 
Rock matrix modulus, E [GPa] 70 
Rock matrix Poisson´s ratio, ν [-] 0.25 
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Table 2  
Input data for calculations. 

 Water loss 
measurements 

Grouting 

Type of fluid Newtonian Newtonian Bingham 
Fluid properties µw: 0.001 Pas µg: 0.007 

Pas 
µg:  0.02 Pas 
τ0: 1.4 Pa 

Well pressure change ∆p [MPa 
above groundwater pressure] 

0.4 2, 6 2, 6 

Duration [min] 5  10, 20  10, 20 
Fracture configuration 2 fractures: 50µm & 250µm  
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Table 3   
Comparison of Å parameter and hydromechanical effects in a grouting procedure for two fractures 
intersected by the borehole.  

 b    
[µm] 

∆p       
[MPa] 

Duration 
[min] 

I          
[m] 

Volume 
[m3] 

% Å         
[Pa m2] 

Å-ratio* 

250 2.0 20.0 17.9 0.250 99.2 2.3E+08 1.00 
50 2.0 20.0 3.6 0.002 0.8 1.1E+07 0.05 
250 6.0 10.0 26.8 0.564 99.2 1.2E+09 5.43 

a) Bingham 
fluid 

50 6.0 10.0 5.4 0.005 0.8 6.2E+07 0.27 
250 2.0 20.0 23.9 0.449 99.0 2.7E+08 1.16 
50 2.0 20.0 5.5 0.005 1.0 1.8E+07 0.08 
250 6.0 10.0 28.9 0.654 99.0 1.1E+09 4.91 

b) Newtonian 
fluid“Silica 
sol” 

50 6.0 10.0 6.6 0.007 1.0 7.5E+07 0.32 
* The underlined 250µm fracture is used as a basis for comparison. 
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Table 4  
One fracture in water loss experiment: same pressure change, same duration, and same fluid properties, 
b: 50 µm and 250 µm. 

  b        
[µm] 

∆p       
[MPa] 

Duration 
[min] 

re       
[m] 

Å              
[Pa m2] 

Å-ratio* 

250 0.4 5.0 80.6 5.1E+08 2.23 Newtonian fluid 
“water”  50 0.4 5.0 48.0 1.9E+08 0.84 

* The underlined 250µm fracture is used as a basis for comparison. 
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