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Sammanfattning
Föreliggande avhandling berör injektering i berg, de mekanismer som styr spridningen av 
cementbaserade bruk och den tätande effekt som erhålls. I avhandlingen presenteras en 
metod för förutsägelse av injekteringsresultatet.

Avhandlingen beskriver en modell som beräknar bruksspridning i ett nätverk av konduktiva 
kanaler (kanalnätverk) vilket representerar en sprickgeometri. Kanalnätverket genereras med 
en variation i vidd enligt en lognormal fördelning med möjlighet att ange en viss andel yta 
som kontaktyta. Dessa egenskaper hos sprickor beskrivs i litteraturen ha betydande inverkan 
på flödet. Bruksspridningen beräknas baserat på att cementbaserade bruks flödesegenskaper 
kan liknas med Bingham modellen samt att bruken har en begränsad inträngningsförmåga. 
Inträngningsförmågan relateras till en framtagen provningsmetod där bruket beskrivs med 
ett antal mätbara parametrar av vilka dom viktigaste är en kritisk vidd och en minsta vidd. I 
beräkningsmodellen kan även vissa praktiska aspekter inkluderas såsom pump karakteristika 
och minsta flödeskriterium.

I avhandlingen presenteras ett laborations- och ett fältförsök som utförts som verifiering av 
metoden. I dessa försök jämförs beräknad bruksspridning och uppnådd bruksspridning för 
att testa metodens värde för en förutsägelse av resultatet. I laborationsförsöket var geometrin 
känd och resultatet visade att en god förutsägelse av resultatet rörande bruksinträngningen 
kunde göras. I fältförsöket fanns som indata till en geometrisk tolkning mätta värden på 
specifikt flöde, transmissivitet och tolkad hydraulisk vidd. Förutsägelse av bruksinträngning 
utfördes i detta fall med en stokastisk ansats där olika tänkbara geometrier användes. 
Resultatet visade att uppnådd inträngning var inom intervallet som förutsägelsen angav. 
Både laborationsförsöket och fältförsöket utfördes i geometrier där den begränsade 
inträngningsförmågan hos bruket orsakade stop i inträngning. 

En numerisk analys utförs för att studera hur olika egenskaper hos en bergspricka, hos 
injekteringsmedlet och i använd teknik påverkar bruksspridning och uppnådd täthetseffekt 
med avsikten att vara till hjälp vid en design. Av den framkommer att olika viktiga egenskaper 
för bruksinträning hos sprickan är sprickvidd, variation i sprickvidd samt kontaktytor. Vidare 
visas hur begränsad inträningsförmåga hos bruket, reologin och separation hos bruket kan 
påverka inträngningen och uppnådd täthet. En relativt stor påverkan på inträngning av bruk 
kan erhållas av olika praktiska aspekter. Speciellt gäller detta när ett minsta flöde används 
som stopkriterium. I vissa fall kan detta få till effekt att bergmassan i det närmast blir 
oinjekterad. Riktlinjer för designval i olika situationer anges.

Avslutningsvis presenteras en test av metodens värde för en förutsägelse av en injektering. 
En datorsimulering av injektering i två typer av bergmassor görs med två olika 
injekteringstekniker. Resultaten visar att de två injekteringsteknikerna var olika lämpade i de 
två bergmassorna, och slutsatsen är att det finns en grund för att välja design.
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Summary
This thesis concerns grouting in hard rock and the factors that govern the spread of 
cement-based grout and the sealing effect that is achieved. The thesis presents a method for 
predicting the grouting result.

A model for the calculation of grout propagation in a network of conductive elements, 
representing a fracture, is described in the thesis. These conductive elements are also referred 
to as “channels”, and the channel network model is based on a variability in aperture size 
that has a log-normal distribution. The model makes it easy to include areas of contact 
within the surface. Previous studies have found that variability in aperture size and the 
degree of contact area influence fracture flow profoundly. The propagation of grout is based 
on the assumptions that the flow properties of cement-based grout can be approximated by 
the Bingham model, and that the grout possesses a limited penetration ability. A model that 
includes the filtration process that occurs due to the limited penetration ability is presented, 
and this model is included in the calculation of grout propagation. The penetration ability 
has been measured with a specially developed device, and the results of these measurements 
allow a number of parameters that affect penetration to be identified. The most important 
of these parameters are a critical aperture size and a minimum aperture size. Some practical 
aspects can also be included when calculating the grout propagation. Such aspects include a 
minimum flow criterion that is often used as a refusal criterion in practical grouting.

Results from experiments in the laboratory and in the field are presented to verify the 
model. The geometry to be grouted was known in the laboratory experiment, and the 
results agreed well with the predicted values. The geometry in the field experiment was 
described in terms of specific capacity, transmissivity and interpreted hydraulic aperture. 
The prediction of the result in this case was made using a stochastic generation of aperture 
geometries which satisfied the input data. The result showed that the grout spread obtained 
was within the range of predicted results. Both the laboratory experiment and the field 
experiment  were performed in geometries where the limited penetration ability caused a 
stop in further flow.

Numerical analysis was carried out to address the effect that variations in fracture geometry, 
variations in grout properties and the technique used have on the grouting result obtained. 
This analysis showed that important properties of the fracture are the aperture size, 
the variation in aperture size and the presence of contact areas. It also showed that the 
properties of the grout with respect to penetrability, rheology and bleed highly influence 
the result. Some practical issues also affect the results to a significant degree. The minimum 
flow criterion was particularly important. In some conditions, the minimum flow criterion 
could leave the rock more or less ungrouted, even though it should have been physically 
possible to grout the rock under these conditions. The results of the study are summarised in 
some guidelines for potential practical implementation.

A numerical test of the value of the model for predicting grouting is presented at the end 
of the thesis. A computer simulation of the grouting of two different rock masses with two 
different designs was carried out. The result shows that the design affected the grouting 
result obtained. This was true for the calculated inflow after grouting, the time used, and the 
amount of grout. This verifies that the relative merits of  different designs  for a given rock. 
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1 Introduction

1.1 Background

In tunnelling works pre-grouting with a cement-based grout is an often-used method for 
reducing the inflow of water. The method has proven itself favourable compared to other 
methods due to its low cost and low environmental impact. 

Grouting as a method for permanent sealing of tunnels has been frequently used in 
Scandinavian countries since the rock in most cases does not require the support of a lining. 
In many countries lining is used for rock support, and it also seals the tunnel. The Swedish 
grouting development and research history is summarised in Stille (1997). The history of 
grouting on an international level is given in, for example, Houlsby (1990). 

It is well known that grouting is difficult both in theory and in practice. In Sweden several 
projects have been the subject of serious development of theory and technique. Documented 
experiences from projects are found in, for example, Palmqvist (1983), Bäckblom (1986) and 
Stille et al (1993). These describe very well the complications both in predicting the result as 
well as explaining the result. They also show the variation in results obtained under seemingly 
similar circumstances. More recent projects, among which Hallandsås ridge tunnel is the 
most obvious, have shown a need for more reliable tools for design and prediction. Generally 
applied tools for prediction and design are more or less not existing. 

The present project was initiated by the Swedish Nuclear and Waste Organisation (SKB). 
In co-operation with three other projects, one project concerning the characterisation 
of rock from a grouting perspective (Fransson, 2001) and two projects concerning the 
characterisation of cement-based grouts (Eklund & Alemo, 2001; Lagerblad & Fjällberg, 
1998), the objective is to obtain a system for predicting the grouting result. 

The term ‘grouting result’ is, as such, poorly defined. In some situations grouting result 
refers to the amount of grout used, i.e. the grout take. However, this use is of limited value 
if one is interested in the resulting inflow, for instance, to a tunnel. Another definition is to 
refer grouting result to the resulting inflow to the tunnel, but since grouting is not needed at 
all in some situations this is also not a fully distinctive definition. A third definition is to refer 
grouting result to the reduction in permeability that is achieved with the grouting operation. 
This can have a value for comparison of different techniques and materials to use. Since 
different persons have different definitions, the term ‘grouting result’ is not a practical term 
as such. Instead, more descriptive terms will be mainly used in this thesis, such as grout take, 
sealing effect, time for grouting and resulting inflow. All are considered to be part of the 
grouting result. Hopefully this use of terms will be clear to the reader. 

To facilitate the design of grouting works, a fundamental understanding of the governing 
mechanisms is essential. Both research and experience are important for increasing our 
understanding. Grouting research has the objective to improve both the understanding of 
the rock and the grouting material, as well as the flow and spreading mechanisms. The work 
presented in this thesis concerns the spreading of a cement grout in rock fractures and how 
the result can be predicted. The fundamental relation for describing grout spreading is given 
in Equation 1.1 (Gustafson & Stille, 1996):



2

        (1.1)
 

where I denotes the maximum penetration length of the grout, ∆P the excess pressure, b 
the aperture of the fracture and τ

0
 the yield value of the grouting material. From this we 

find that the governing factors concerning the grout spreading is the technique (represented 
by ∆P), the rock conductivity or transmissivity (represented by b) and the fluid properties 
(represented by τ

0
). However, it is also understood that reality is much more complicated 

than the simple expression suggests. For instance, the flow properties of a grout depends not 
only on the yield value (τ

0
) but also on the viscosity. Flow properties are also time-dependent. 

This thesis will discuss factors in the technique, the rock and the grout, and it will study how 
different aspects influence the grouting. 

With reference to all previous published material concerning grouting, the overall objective 
of this thesis is to add  a contribution to the understanding of grouting. The presented work 
is in basic theoretical but the scope has also been to acknowledge some practical aspects of 
grouting. 

1.2 Objectives

The main objectives of this study are:

• to develop a model for the prediction of the grouting result by implementing knowledge 
concerning the rock and the grout. 

• to improve knowledge concerning factors that govern the grouting result.

To reach these objectives, the thesis presents a literature survey concerning issues related 
to the rock and to properties of cement-based grouts. The issues found to be important are 
incorporated into a model for analysing the grouting which is used for a numerical study of 
governing factors and for predictions. 

The developed model is verified with laboratory tests and a minor field test. Some basic 
features in the calculations can be tested in these experiments. The verified model is used 
to simulate different grouting situations in order to evaluate the governing factors that 
influence the grouting result. A design philosophy based on the findings is numerically 
tested by simulating two synthetic cases of grouting. 

1.3 Extent and limitations

The extent of the work is to study the flow of grout and sealing effect in the single fracture. 
Thereby the extent of the work concerns a sparsely fractured rock where interconnections 
between fractures are recognised with the set boundary conditions. The rock matrix is 
considered tight and all f low occurs in the fractures.

The work is limited to grouts based on cement. The physiochemical properties of the grouts 
are not considered. It is assumed that it is possible to express the behaviour of the grout with 
measured parameters. 

In the rock matrix, the work does not include deformations due to excess pressure or 
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blockage due to loose filling material.

The work includes extensive modelling. All of the most interesting data has been saved and 
presented, while the rest has been left out.

1.4 Definitions

A short introduction to some expressions that are used in the thesis is given below. When 
reading grouting-related literature one can notice that there is not a uniform use of all 
expressions among authors. Due to this definitions of some of central terms are given.

Filter cake a collection of particles with a certain length and density.

Filtration the successive separation of water that occurs when a grout 
flows through a constriction where the aperture is less then a 
certain critical aperture.

Grout take the amount of injected grout.

Grouting pressure ground-water pressure plus excess pressure.

Grouting result the overall grouting result, including grout take, grouting 
time, sealing effect and resulting inflow.

Grouting time the time it takes to grout a fracture or a fan, excluding filling 
the hole and mantling the packers.

Sealing effect is the reduction in cross-fracture flow expressed in percentage 
between the ungrouted and grouted situation.

Limited penetration ability refers to the fact that not all apertures can be penetrated. 
A grout based on cement has thereby a limited penetration 
ability. Water has total penetrability.

Penetrability refers to how well a grout can pass a constriction. The 
expression “penetration ability” is used synonymously.

Viscosity refers to the dynamic viscosity.

Yield stress the interpreted shear stress at zero shear rate in the Bingham 
model.

Yield value a synonym for “yield stress”.
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2 Characteristics of the rock

2.1 Introduction

This chapter presents a literature survey of characteristics of the rock in relation to flow and 
grouting in rock. This research area is large and this survey do not attempt to include all 
aspects or all available material. Instead the purpose is to focus on aspects that generally are 
concluded to be important for different grouting problems. Some aspects of modelling flow 
in rock will as well be discussed. Resent literature surveys which has given valuable input are 
Janson (1998) and Fransson (1999) in which further material can be found. 

2.2 Sealing the rock

The construction of a tunnel often requires a low ingress of water. This can be because of 
environmental and production reasons as well as for the operation of the facility. 

One method for achieving a lowered ingress of water into an underground opening in hard 
jointed rock is grouting, in particular pre-grouting. Pre-grouting is a method where a grout, 
most often a cement based one, is injected into the rock in front of the face to fill up voids 
and fractures. This seals the fractures from conducting water. 

A common and sometimes practical way of viewing the effect of grouting is to assume that a 
zone surrounding the tunnel with a decreased hydraulic conductivity is obtained, illustrated 
to the left in Figure 2.1. This is however a simplified picture of the real situation. In the real 
situation the grout will pass more quickly and further in pathways of higher conductivity 
creating a situation more likely to look like right hand diagram in Figure 2.1.

Figure 2.1 Tunnel surrounded by a grouted zone.

Uneffected rock mass

Grouted zone

Tunnel

Uneffected rock mass

Grouted zone

Tunnel
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To illustrate the effect of grouting a continuum approach can be used, as shown in Equation 
2.1. This equation shows how the inflow depends on the obtained hydraulic conductivity in 
the grouted zone and on the extent of the grouted zone The background to the equation can 
be found in Alberts & Gustafson (1983), Bergman & Nord (1982) and Vägverket (1993). 

    (2.1)

The flow of water into the tunnel (q) depends on the conductivity in the grouted zone (K
g
), 

the initial conductivity (K), the water pressure (H), the extent of the grouted zone (I) and the 
radius of the tunnel (R

t
). 

Figure 2.2 is an example of a tunnel placed at depth (R=5m) subjected to a water pressure of 
150 m where the calculated inflow according to Equation 2.1 is shown on the y-axis.

Figure 2.2 Inflow into a tunnel with grouted zones of varying extent (I) and different 
hydraulic conductivities. The initial hydraulic conductivity is 1⋅10-6 m/s.

As is seen in the example, the extent of the grouted zone as well as the obtained hydraulic 
conductivity directly influence inflow. 

Equation 2.1 shows that if the grouted zone has a low hydraulic conductivity the extent of 
the grouted zone can be small. In reality blasting damage creates a disturbed zone and stress 
redistribution possibly changes the sealing effect in the near field of the tunnel. Therefor, 
this theoretical result can not be considered valid in practise. The disturbed zone around a 
tunnel has been discussed by Pusch & Stanfors (1992) who concluded that even with careful 
blasting this zone may extend 0.5-1.0 m. This zone will have an increased fracture density 
and permeability compared to the initial case. Fracture extension due to high excess pressure 
is also an issue which can influence the grouting result. This is for instance discussed by 
Lombardi & Deere (1993), Zettler et al (1997) and Brantberger (2000). An elastic response 
due to the pressure must be expected to occur but it is possible that in some situation also 
a permanent deformation takes places. This change of the initial state of the rock mass is 
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a complicated issue since it, in accordance with blasting damages, changes the rock matrix 
and adds another variable.

As mentioned above, the inflow into a tunnel in hard rock mainly emanates from fractures. 
The conductivity of the rock mass is therefor a product of the frequency and transmissivity 
of the fractures, so that

    (2.2)

where L is the bore hole length, λ denotes the number of conductive fractures and T their 
transmissivity. The obtained effect from grouting is that the transmissivities of the individual 
fractures are reduced. In some cases, the fracture may be fully sealed whilst in other cases 
no reduction of transmissivity is obtained. The further study should be focused on analysing 
flow in rock in general and flow in discrete fractures in particular.

2.3 Flow in rock

A rock mass is a highly complicated medium to describe. It is composed of different minerals 
and numerous processes have deformed, fractured and altered it. It follows that a detailed 
and deterministic description of rock is possible only in small volumes. The intact rock is 
essentially impervious to flow whereas the fractures may conduct water and other fluids. 
The fractures form a more or less interconnected network. The degree of fracturing, their 
connectivity and the type of fractures are the most important attributes to consider from 
a grouting point of view since these will determine not only the groutability but also the 
conductivity of the rock mass and inflow of water.

The flow of different fluids in a fractured rock mass is a problem studied by researchers in a 
number of fields. Studies have been undertaken for retrieving oil in the petroleum industry, 
for the disposal of chemical waste and for the disposal of nuclear waste. 

Fracture-controlled flow is discussed in Jamtveit & Yardley (1997) where it is stated that the 
permeability field is determined by crack-like pores in the rock and is pressure sensitive. On 
a scale ranging over two to three radii of tunnel the properties of the individual fractures are 
the most important factors to consider. 

An issue concerning flow in fractured rock is the connectivity of the fractures. Several 
authors have described this as an important parameter, see e.g. Derschowitz (1984). Since 
the flow depends on whether any more water is supplied it is clear that there needs to be 
a connectivity to obtain a flow. However, since the flow through a system of connected 
fractures is proportional to the geometric mean of the apertures (Tsang & Tsang, 1989), any 
type of constriction will decrease the flow. Hakami (1995) and Gylling (1997) among others 
discuss the possibility that the intersections between fractures act as conduits, and have a 
considerably greater conductive capacity than the surroundings. 

In relation to the modelling of flow in rock, Geier & Axelsson (1991) among others, stated 
that different modelling approaches are of value for different problems. Mainly there are two 
groups of approaches, continuum models and discrete models (NRC, 1996). A difference, 
from a modelling point of view, is that the discrete model has a geometrical description of 
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conductive elements while the continuum approach stipulates a property of the rock mass. 
The choice of modelling approach should be based on the nature of the flow, the scale of the 
problem of interest, and the phenomena being modelled (NRC, 1996). 

The continuum approach for modelling flow in a rock mass is limited due to the scale of 
the problem (Rehbinder et al, 1995). The volume of rock needed for a continuum approach 
is often large and often defined by the REV (Representative Elementary Volume)(e.g. 
McDougall, 1994). In terms of REV the necessary volume of rock can be shown to be in 
the range of 100-1000 m3 even if the frequency of fractures is high (~10/m) (Rehbinder et al, 
1995).

Discrete models are found in mainly two types, discrete fracture models and channel network 
models. 

Discrete fracture modelling attempts to include every important conductive fracture in 
a domain. A stochastic process places the fractures in the model according to specified 
statistical distributions, so collection of a significant amount of data may be required (NRC, 
1996). The basic flow, for instance in a single fracture, is based on continuum properties 
(NRC, 1996).

Fractures in a discrete fracture model are defined by the following characteristics (Dershowitz 
& Doe, 1997):

• Location
• Shape
• Orientation
• Size
• Intensity
• Transmissivity
• Storativity

How to obtain and model these different parameters are discussed by Andersson & Dverstorp 
(1987), Geier et al (1992), Dershowitz & Doe, (1997) and others. Fracture statistics can be 
estimated reasonably from fracture traces observed on a wall and in cores, and give input 
for size, orientation and density (Intensity). Fracture intensity in terms of total fracture area 
per volume of rock (P

32
) was suggested by Derschowitz (1984). This parameter controls the 

connectivity of the fracture network. 

Channel network model is one type of discrete fracture model and has been used by 
several authors for different applications. In principle two different ways of using channel 
network models have developed. One is to try and resemble the true pathways of the flow 
(channelled) and another is to represent the conductivity field. In the first one the main flow 
paths are modelled as channels defined by a geometry. One example is Hässler (1991) who 
used a channel network for representing the flow channels in a rock mass and to calculate 
the spreading of grout. One problem associated with this is how to determine the pattern of 
the channels. Even though the flow is channelled this does not mean that a fixed network of 
channels is present. This is shown by Tsang & Tsang (1989) who found that channels change 
with the direction of potential gradients.
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The other way of using a channel network approach is to simulate a conductivity field 
with use of channels. One example is Gylling (1997) who developed a network model 
for simulating flow and solute transport in fractured media. The network is made of one 
dimensional elements, placed in a three dimensional network, in an orthogonal pattern. It is 
assumed that the element conductivity is log-normally distributed.

To obtain a model for a fracture geometry a channel network can be used. For grout flow, 
different aspects of the fracture geometry is important which motivates a more detailed 
study of flow in discrete fractures.

2.4 Flow in discrete fractures

For an understanding of flow in a rock mass an understanding of the fundamental principles 
of flow in a single fracture is necessary. In Hakami (1995) a schematic view of fracture 
properties that influence flow behaviour is presented and is illustrated in Figure 2.3. 

Figure 2.3 Schematic view illustrating fracture properties that controls the flow in a 
fracture

A fracture consists of two surfaces, partially in contact with each other which results in a 
void volume in the rock. The joint or fracture may be described by geometrical parameters. 
Hakami (1995) studied among others aperture, roughness and contact area in fractures in 
cores in a laboratory. These parameters are much harder to directly measure in the field. 
Furthermore, the fracture geometry in core samples in a laboratory will not be the same as 
in the field due to the changed rock stress distribution and other disturbances.

The aperture describes the relative distance between the surfaces at a certain position, b(x,y) 

and consequently b varies from zero to maximum opening. Roughness is the shape of the 
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fracture surface and it’s definition is analogous to the aperture. 

Flow through rock fractures has traditionally been described by the cubic law but real rock 
fractures have rough walls and variable aperture, as well as asperity regions (contact area) 
where the two opposing faces of the fracture walls are in contact with each other (Yeo et al, 
1996). This means that there only is a weak correlation between a locally measured aperture 
and the transmissivity of a fracture. For pure groundwater flow evaluation knowledge about 
aperture is not needed. It is more effective to use hydraulic tests for estimating transmissivity 
directly. However, for grouting the aperture distribution is potentially very important since 
it affects the penetrability of grouts (penetrability may e.g. be limited by the particle size of 
the grout; see further Chapter 3). For this reason it is necessary to of estimating the aperture 
distribution.

The variable aperture is a widely studied problem. It has been found by several authors 
to result in flow in preferred pathways or channels (Tsang & Tsang, 1989; Hakami, 1995; 
Nordqvist et al, 1992; Larsson, 1997 among others). The variable aperture also gives rise to 
tortuosity since the flow must pass around the areas of contact (Chen et al, 1989).

The contact area is an area within the fracture where compressive and shear stresses are 
transferred. In the literature measures of the percentage of contact areas in the fracture 
plane varies a lot from a few percent up to 70 %. The border between the contact area and 
the open void is, even on a micro scale, unclear and for this reason it is difficult to find a 
clear-cut definition of what is contact area and what is not (Hakami 1995).  Also, the amount 
of contact varies with the stress field surrounding the fracture so with higher acting normal 
stress the more contact is found, regulated by the normal stiffness (see e.g. Olsson, 1998). 
This fact complicates the discussion concerning the amount of contact. Hakami (1995), 
Olsson (1998) and others studied the flow under different normal stress situations. An 
example of how the hydraulic aperture varies with different levels of normal stress is shown 
in Figure 2.4 (Olsson, 1998). 

Figure 2.4  Hydraulic aperture versus normal stress (modified after Olsson, 1998)  
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The permeability of fractures is often in hydro-geological terms, expressed as conductivity, 
transmissivity or specific capacity. The conductivity is often used to represent the 
permeability of a rock mass whilst the other two concepts are for a single fracture or a zone. 
The transmissivity is defined by Darcy’s law and in a plan-parallel fracture the value of the 
transmissivity is proportional to the aperture cubed. When evaluating the transmissivity of 
a fracture a common method is to relate the value to the flow of water at constant pressure 
(constant pressure with time). Fransson (1999) states that the main disadvantages with this is 
that steady state conditions cannot always be obtained. However in Fransson (2001) it was 
concluded that the radius of influence for quasi-steady-state conditions is a robust parameter 
that yields a specific capacity that is more of less equal to the transmissivity. 

The effect of contact area on permeability has been studied by Chen et al (1989). The 
authors used a conceptual model of a fracture, consisting of parallel plates with obstacles 
representing contact areas within the fracture surface. The authors use three kinds of 
obstacles, circular, elliptical and obstacles of irregular shape. They state that the effective 
permeability depends on the shape of the obstacles, the size and the orientation. For contact 
areas of irregular shape, which most closely represents the situation in reality, an effective 
permeability of half the original or less is calculated by the authors at 25% of contact areas, 
see Figure 2.5. Since the amount of contact is not known in situ this results in difficulties 
when interpreting the true geometry of a fracture.

Figure 2.5 Normalised permeability of a fracture with irregular asperities
(Chen et al, 1989)

Hakami (1995) presented measurements of the aperture in eight sub areas (Figure 2.6) on 
a specimen which resulted in a description of a natural fracture aperture. For the fracture 
in the study, under a confining pressure of 0.45MPa a mean aperture of 360µm with a 
standard deviation of 150 µm was found. Less then 5% of the fracture area was found to 
have an aperture of 50 µm or less, which was defined as contact area in this case. Hakami 
(1995) discusses the standard deviation of aperture distribution and states that since there is 
no consistent evidence that the aperture is log-normally distributed the standard deviation 
should be presented together with a frequency histogram. Furthermore, Hakami (1995) 
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states that most aperture distribution reported are positively skewed and the spread in 
aperture distribution seems to increase with increasing average aperture.

Figure 2.6  Examples of aperture measurements on fractures (Hakami, 1995).

Barton and Quadros (1997) discusses the effect of aperture and roughness on flow in a 
fracture. They modelled the flow in a fracture using parallel plate theory. They state that 
the deviation between observed and experimental results is caused by increased tortuosity of 
flow as the hydraulic and physical apertures reduce. 

Figure 2.7 shows the effect of JRC (Joint Roughness Coefficient) on fractures of different 
apertures or conductivities.
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Figure 2.7 Effect of different roughness on effective permeability (Barton & Quadros, 
1997). ‘E’ denotes mechanical aperture and ‘e’ the hydraulic aperture.

A further discussion on hydraulic aperture versus physical aperture is made in Zimmerman 
et al (1991) and Chen et al (2000). Zimmerman et al (1991) propose relationship between 
hydraulic aperture (b

hyd
) and physical aperture (b) as shown in Equation 2.3. This equation 

takes account of the finding that an increasing difference between the hydraulic aperture 
and the physical aperture is found as the standard deviation increases.

   (2.3)

Several studies concerning flow in single fractures have revealed a discrepancy between 
modelled and experimental flow (see e.g. Yeo et al, 1998; Fransson, 1999). Even though it 
was found that laminar conditions are full filled the discrepancy in these two studies were 
around 10-25% depending on various factors. 

The standard deviation of the aperture is one of the parameters that to a high degree 
could influence the predicted flow behaviour in the fracture. Judging from the literature, 
standard deviation in the range of half the arithmetic mean value is often mentioned (see 
e.g. Hakami, 1995; Lanaro, 2001). A standard deviation of half the arithmetic mean would 
result in a relation between the hydraulic mean aperture and the arithmetic mean of 0.88 
according to Zimmerman et al (1991) and Equation 2.3. This hydraulic aperture results in a 
theoretical transmissivity of 67% of the transmissivity calculated on the mean value since it 
is proportional to the aperture cubed. 

The investigations of aperture and standard deviation of the aperture are often performed 
on small core samples. Lanaro (1999) discusses the scale dependency when measuring 
fracture aperture and concludes that the standard deviation of the aperture increases with 
increasing samples size. This can potentially mean that measurements taken on small scale 
samples have limited value as a measure of the full scale aperture. However, Lanaro (2001) 
states that over around 20 mm the scale dependency seems to reach a sill, meaning that 
beyond this length the standard deviation is constant. In Fardin (2001) the findings after 
investigations of surface roughness was that to reach stationary limit much larger samples 
was needed, around 500 mm and that samples of small size are not representative of natural 
fractures at field scale.

Correlation structure of aperture within a fracture surface is an issue that is discussed in 
the literature. Yeo et al (1998) for instance discusses the correlation of aperture after a 
certain degree of shear displacement. It is found that the correlation in aperture increases 
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in the direction of the shear. In Lanaro (1999)  the conclusion is that the correlation greatly 
increases due to shearing. In both these studies and in other studies the authors do not seem 
to draw any general conclusion concerning correlation structure in fractures. In Hakami 
(1995) the range of the variograms is stated to be 5-20mm. Hence, correlation in aperture 
seems to be found reported only in the small scale and, as discussed in Hakami (1995), thus 
the results from bore hole hydraulic tests should in such a case not be very sensitive to bore 
hole placement.

The modelled flow in fractures can be influenced by a correlation structure within a fracture 
surface. A relationship between flow and correlation structure is for instance shown by 
Stratford et al (1990) and Follin (1992). A high correlation length  found to results in a wider 
range of results concerning water flow. 

The correlation in water conductivity between bore holes can be seen as an indirect measure 
of the correlation in aperture. In some situations or rock masses a correlation between bore 
holes up to a certain distance can be found. This is for instance discussed in Stille et al (1993) 
and Fransson & Gustafson (2000) where a correlation between probe holes up till around 
3 meter was found during excavation at Äspö. This observation in comparison to the prior 
could indicate that there is a small and a large variation in aperture within the fracture. 

Another aspect is the amount of filling material in the fracture. This is mentioned by 
NRC (1996) as influencing the geometry of the fracture. It may also have consequences for 
grouting. Several authors state that filling material in the fractures can block the flow of 
grout (Pusch et al, 1991; Houlsby, 1990 and others). Experiences on the Hallandsås ridge 
tunnel indicates that it was the infilling material that resulted in significant anisotrophic 
conditions on the northern side of the ridge, which resulted in large variations in water 
conductivity (see Banverket, 1999). An interpretation of this is that pronounced channels 
(spacing 0.2 – 0.5 m) had formed within the clay filled fractures.

Fracture orientation could also be an issue of relevance for grout spread in fractures. One 
aspect is gravitation effects in steep fractures which was studied in Hässler (1991). It was 
shown that gravitational effects altered the spreading pattern even though the flow process 
was almost identical. Another aspect on fracture orientation is how the bore hole strikes 
the fracture. The possibility to hit conductive fractures from a grouting point of view is for 
instance discussed in Bäckblom (1986) and Fransson (2001). Also the contact length of the 
bore hole in the fracture could influence the grout spread (Hässler, 1991). 

2.5  Conclusions and discussion

In this chapter characteristics of rock, from a grouting point of view, have been discussed. 
The intact rock is essentially impervious to flow whereas the fractures may conduct water 
and other fluids. This implies that an understanding of the flow in fractures is the essential 
part of understanding the flow of water and grout in rock. It is found to be important to 
study the flow and sealing effect in single fractures. There are several situations where a 
3D model of the flow is essential but the fundamental understanding of the 2D case is still 
missing. Several grouting situations in hard rock could be dealt with better with an accurate 
2D understanding of flow and grout spread in single fractures. 
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The literature survey has pointed out some fracture properties as especially important 
for flow of water. They are therefor also assumed to also govern grout propagation in the 
fractures. These properties are:

• Variability in aperture

• Contact area

Flow in fractures is channelled due to the variation in aperture and the direction of the 
potential gradients. This aspect suggest that a geometrical model of the fracture needs 
to capture the aperture variation. Such a model with one dimensional elements in an 
orthogonal pattern has been developed, see Chapter 4. An aperture variation similar to a 
fracture can be obtained from a stochastic distribution of the aperture among the elements. 
A correlation in aperture in the small scale is found in the literature and should be included 
in the model.  

The variability in aperture and contact area in the fracture alter the flow of water and grout 
in respect of a plan-parallel situation. The variation in aperture give rise to constrictions 
in the flow path which can reduce the grout penetration. The presence of contact surfaces 
within the fracture surface potentially changes the flow and that some grouting holes does 
not contribute to the sealing. This needs to be statistically represented.

The flow of water and grout depends not only on the fracture dimensions but also on the 
boundary conditions. The boundary conditions are governed by the interconnections with 
other fractures. For a 2D analysis basically no flow and constant pressure can be used. 

The location in space concerns the depth below the ground level, dip and strike of the 
fracture. The depth below the surface or the water head in the fracture influences the 
pressures. The dip and strike of the fracture can be of importance to the separation, to 
gravitational effects on the flow and on the contact length of the bore hole. 

These aspects are considered to be the most important fracture characteristics to include 
when calculating flow of grout and water and for predicting the sealing effect. A parameter 
analysis that gives insight in how much the grouting result is influenced by variations in 
these properties is made in Chapter 6. 

There are some other issues that potentially are important for grout propagation. These are 
the stiffness of the rock fracture,  in-filling material and a disturbed zone in the vicinity of 
the tunnel. 

Concerning the stiffness this has not been discussed in this chapter but if the pressure from 
the injection changes the fracture aperture this naturally changes the result. However, to 
include this in the further analysis is found as out of scope in this study. 

Presence of in filling material is also not been considered. There is a lack of understanding 
of how this can influence and it is assumed in the model that in-filling material is stiff and 
will not move due to grout flow.

Due to blasting damage and stress redistribution from the removal of rock there is a 
potential risk of damaging the grouting in the vicinity of the tunnel. This problem should be 
of limit importance if the grouted zone is considerably larger than the disturbed zone. If the 
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disturbed zone is suspected to be of importance this can be modelled by assuming a larger 
tunnel in the model than the actually size. This must however be considered as out of scope 
in this study.
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3 Cement Based Grout

3.1 Introduction

Cement based grout is widely used for grouting as it has advantages over other grouts 
or methods. Two of the advantages are the relatively low material cost and the limited 
environmental impact. The purpose with this chapter is to describe the most important 
features of cement based grouts based on a literature survey. Other works relating to this 
subject are Håkansson (1993), Lagerblad & Fjällberg (1998) and Schwarz (1997) where 
extensive material can be found.

Cement used for grouting purposes is similar to the kind of cement used in other applications 
(Lagerblad & Fjällberg, 1998). The main difference is that cement used in most grouting 
situations is more milled, sometimes to an extremely small particle size. There are two main 
groups of cement that can be identified, namely Portland and Slag cement. The difference 
between these two is in the chemical composition. Different product names exist such as 
standard cement and micro-fine cement according to how fine the cement is milled. The 
particle size, which is an important parameter in grout behaviour, has been the main focus 
when developing and improving cement for grouting purposes. 

Additives are often used in the grout suspension to improve certain qualities. Some common 
additives are superplasticizers, accelerators and retarders. Superplasticizers are used mainly 
to improve the rheology of grouts with low w/c ratios and typical products are naphtalene 
and melamine (Lagerblad & Fjällberg, 1998). Accelerators shorten the setting time and 
calcium chloride is often used for this . The retarders are used when there is a need for a 
prolonged setting time and for this sugar glucose or maltose may be used.

An important feature of a cement based grout that its behaviour changes over time. This 
feature is on the one hand a condition for how the grout is supposed to function and on the 
other hand a complicating factor when describing the grouts.

The optimum choice of grout mixture is a greatly discussed matter. Often questions are 
raised concerning the choice of w/c ratio (water – cement ratio), cement type and additives 
that ought to be used. Research shows that different w/c ratio, cement type and type and 
amount of additives have an effect on:

• Rheology

• Penetration ability 

• Bleed

These properties in the grout affect the ability of the grout to spread and its sealing capacity. 
It follows that the choice of mixture is important in practical grouting. It is however not the 
scope of this work to describe how the behaviour of the grout depends on the mix.

3.2 Time dependent behaviour

Grout is not a fixed material. With time the particles in the grout start to dissolve and react 
with the water, resulting in a hardening process. There is a continues process of change in 



18

the grout from the initial condition to a stiff mass.Consequently the rheology and behaviour 
of the grout changes. 

The speed with which the hardening process takes place is governed by several factors. 
The main ones are cement type, specific surface, water to cement ratio, temperature 
(Betonghandboken) and additives. According to Håkansson (1993) a decrease in setting 
time is obtained from a decreased w/c ratio and from a increased specific surface. Further, 
according to Håkansson (1993) an increased setting time is obtained from addition of 
superplasticizer and from a decreased temperature.

The hardening process is a complicated process where the different components of the 
cement dissolve and react with water (Lagerblad & Fjällberg, 1998). The process is further 
complicated since the components dissolve differently depending on their chemical 
composition. Figure 3.1 schematically shows the hardening process.

Figure 3.1 Schematic presentation of the hardening process (Betonghandboken - 
material )

3.3 Rheology of grouts

A suspension is a non-Newtonian fluid. Barnes et al (1989) stated that suspension rheology 
has been the subject of serious research for many years because the findings have a wide 
range of industrial applications. 

In his literature survey, Håkansson (1993) concluded that the rheological behaviour of a 
cement-based grout is difficult to define. Three aspects concerning the rheological behaviour 
were noted (Håkansson, 1993):

• The concentration and characteristics of the particles as well as the suspension medium

• The rheological behaviour is influenced by the chemical reactions in progress during the 
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hydration of the cement

• Thixotrophy is dominant at short cycle times 

These aspects make it difficult to clearly define the rheological behaviour of a cement based 
grout.

The basic features of suspensions are described by Giesekus (1983). A dilute suspension 
of spherical particles behave like a Newtonian liquid but as the concentration of particles 
increases hydrodynamic and electrical forces result in more complex behaviour, leading to 
non-Newtonian shear-properties. 

Giesekus (1983) also states that not only does the concentration determine the rheological 
properties but also the shape of the particles. He compares two equally concentrated 
suspensions and states that if one consists of spherical particles and the other one is made 
out of non-spherical particles, the latter one always possesses the higher relative viscosity.

The term viscosity is synonymous with ”internal friction” and is a measure of ”resistance 
to flow” (Barnes et al, 1989). Different models for estimating the viscosity of a fluid have 
been proposed by different authors. For a suspension the viscosity will be a function of 
temperature as well as the extra internal friction caused by the particles.

Håkansson (1993) describes different time independent models used in suspension rheology, 
Newton model, Bingham model and Power-law model etc. The rheological models are used 
to describe the relationship between shear stress and shear rate. Håkansson (1993) also states 
that thixotropy is present.

Syrjälä (1996), states that at present there is no general rhelogical constitutive model 
available for Non-Newtonian fluids. 

An overview of some constitutive relations describing the rheological behaviour of a fluid is 
set out in Table 3.1.

Table 3.1 Examples of rheological models

Model Name Description

Newton Linear (water)

Bingham Yield linear

Power-law Pseudoplastic

Modified Power-law Yield dilatant of Yield pseudoplastic

Casson Linear between the square root of shear 
stress vs. The square root of the shear rate

In some of the above mentioned rheological models a yield value is assumed. This is for 
instance the case with the Bingham model. By definition, the yield value stipulates that no 
deformation occurs in the fluid if the shear stress is lower than the yield value (Barnes at al, 
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1989). Barnes et al (1989) state that for stiff pastes there are understandable doubts about 
whether or not a yield value exists. It could be that the zero shear viscosity is so high that no 
flow is detectable. 

The Bingham model has been used by several authors for describing the flow behaviour of 
grouts (see e.g. Wallner, 1976; Håkansson, 1993; Amadei & Savage, 2001). Håkansson (1993) 
concludes that the Bingham model can be used to describe the behaviour of fresh cement 
grout. Håkansson (1993) states however that the linear regression must be made over a 
relevant range of shear rates. 

The Bingham model does not give an exact description of the behaviour of a cement based 
grout even if the geometry is defined but laboratory tests show that the deviation is small 
(Håkansson, 1993). Håkansson (1993) states that the approximation can be used considering 
that there are other effects that influence the grout flow to a higher degree than the choice 
of rheological model. 

Due to the time dependent behaviour of the grout the rheology will change with time 
(Hässler, 1991 and others). How the rheology changes depends on several factors, for 
instance the w/c ratio and the specific surface of the grout (Håkansson, 1993). 

The need for measuring viscosity and yield value was soon recognised. Håkansson (1993) 
suggests that these rheogical parameters should be measured by the use of a rotational 
viscometer. By the method of evaluating the measurement obtained from the viscometer 
proposed by Hässler (1991) the time dependent rheology is obtained. Figure 3.2 shows a 
typical measurement of  the rheology of a grout.

Figure 3.2  A measurement of grout rheology, yield value (left) and viscosity (right). The 
grout is a grouting cement (d

95
=30 µm) with a w/c ratio of 0.6 and 0.2% of 

additive.

The rheological parameters influence the course of the grouting. This has been shown in 
Eriksson (1998) where different calculation examples illustrated how the viscosity and yield 
value changed the spreading of the grout in a defined geometry. Earlier work by Hässler 
(1991) illustrated the effect of time on the viscosity and yield value. If the time dependent 
behaviour is recognised a more limited grout spread is predicted compared to the case when 
it is not taken into account.

0

0.1

0.2

0.3

0.4

0.5

0 1000 2000 3000 4000

Time [s]

V
is

co
si

ty
 [P

as
]

0

2

4

6

8

10

Y
ie

ld
 v

al
ue

 [
Pa

]

Viscosity

Yield value



21

3.4 Penetrability of grouts

Filtration of the particles in the suspension can have a big influence on the penetration of 
grout and sealing effect. This is why it is important to incorporate this phenomena in the 
description of grout behaviour. 

In grouting applications the limited penetration ability, leading to filtration of the grout, 
could affect the grouting result. Filtration occurs when a constriction in the flow path occurs 
and the particles can not pass it. Hansson (1995) states that laboratory tests of injected grouts 
have shown that for stable, low w/c-ratio grout, the most significant limitation to their 
penetrability is the tendency to agglomerate into an impermeable filter cake. 

It may seem obvious that a particle in the paste is unable to penetrate if the opening is 
smaller than itself. In fact, Hansson (1995) for example, shows that the particle size must 
be considerably smaller than the opening before full penetration is achieved. Due to the 
fact that, in the slurry, the particles are positioned at a very small distance from each other 
filter cakes develop. Filtration increases with increasing particle size for the same aperture 
distribution and especially with lower w/c-ratios (Hansson, 1994).

Figure 3.3 Development of filter cakes (From Hansson, 1994)

In Eriksson (1999) laboratory experiments relating to limited penetration ability and 
filtration of grouts were described. It was found that when a coarse particle grout was used 
filtration occurred. This filtration resulted in a density increase in front of a constriction in 
the flow path and a reduced density after the constriction. 

Feder (1993) reports measurements for when filtration starts for different grout compositions. 
The results of Feder (1993) are presented in Figure 3.4, in which it is shown that the relevant 
parameters are water to cement ratio, joint width and amount of additive for the same grout 
material.
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Figure 3.4 Start of filter cake developing (Feder, 1993)

The mechanisms of f low and clogging in porous media are studied by Martinet (1998). Even 
though the medium is a porous one, the fundamental principles outlined are relevant to the 
flow of grout suspension in a single fracture plane. Martinet (1998) used the Hele-Shaw cell 
to experimentally test the models for clogging with 3mm particles and cylindrical obstacles. 
One interesting finding written up in Martinet (1998) is that even a microscopic event such 
as an arch blocking the channel modifies the flow in the entire medium, i.e. changes the 
macroscopic behaviour. The formation of an arch results in a concentration of particles 
which increase the probability to arches forming. 

An extensive study of chemical and mechanical filtration made by Schwarz (1997), 
concentrated on the permeability of micro-fine cement in soil. Chemical and mechanical 
filtration are two different phenomena both resulting in the lowered permeability of the 
grout. Mechanical filtration is, according to Schwarz (1997), due to the blockage of larger 
particles when the aperture is small. The chemical filtration causes selective filtration of the 
smaller-sized particles due to physiochemical properties. Schwarz (1997) compares grouts 
with equal flow properties and concludes that grouts of lower ionic strength and higher zeta 
potential demonstrate improved injectability, provided that the mechanical filtration criteria 
is satisfied. 

The variation in penetration ability over time was studied in Eriksson et al (1999) where two 
cements with different particle distribution were compared at different w/c ratios. Figures 
3.5 and 3.6 show examples of grouts which exhibits a rapid early decrease in penetration 
ability. 

0

50

100

150

200

250

300

0 50 100 150

Time [min]

V
ol

u
m

e
 [m

l]

0.125 mm

0.063 mm

0.045 mm

Filterwidth

Figure 3.5 Penetration ability for a grout measured after 0 to 120 minutes. The grout is a 
micro fine cement (d

95
=12µm) with W/C ratio 0.8 and 1.5% of superplasticizer 

(Eriksson et al, 1999).
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Figure 3.6 Penetration ability for a grout measured at different times. The grout is a 
grouting cement (d

95
=30µm) with W/C ratio 2.0 and no additives (Eriksson et 

al, 1999).

Measurement of penetration ability has not been the subject of serious research but some 
investigations, mainly of soil grouting, have been made. Sand column tests are the oldest test 
method for penetration ability and is a standardised method in some countries. Feder (1993) 
presented measurements of penetrability with a column test apparatus. Hansson (1995) 
devised the so called “filter pump” for the measurement of filtration stability. This device 
is a small hand-held tool suitable for bringing to site. A later device for the measurement of 
penetration ability is the NES apparatus (see Brantberger & Nelson, 1998) which is used for 
a column test similar to the one used by Feder (1993) but with a more advanced measuring 
capability.

All  the published methods have advantages and disadvantages. In Eriksson et al (1999) it was 
stated that no difference could be noted between the methods (Filter pump and NES) and in 
Dalmalm et al (2000) it was found that the sand column test gave a somewhat different result 
than the other test methods.

A new device for measuring penetration ability is presented here. In this device grout is forced 
through a fine filter. The device for measuring the penetration ability have been developed 
to obtain the parameters for the modelling of filtration that is presented in Chapter 4. Some 
aspects that was of importance for developing yet another type of device was:

• To obtain a method of measuring penetrability at certain distinct times.

• To have equipment suitable for field to use in a field experiment. 

• To facilitate measurement at a range of apertures.

• To be able to keep and to study the filter cake.

The developed method is to inject the grout through a filter of specified width and to measure 
the volume that passes. The filter is placed in a short pipe which makes it possible to sample 
the filter cake that forms and to analyse this according to different parameters. Both the 
measured volume and the filter cake length and density are the results of a measurement. By 
measuring at different filter widths a curve showing the penetrability of the grout at different 
apertures is obtained which, evaluated, gives the two parameters critical aperture (b

crititical
) 

and  minimum aperture (b
min

) . This will be discussed further in Chapter 4. Figure 3.7 shows 
the device.
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Figure 3.7  The developed device for measuring penetration ability. The grout is stored 
in the pressurised container and pressed through a filter into a measuring 
cylinder. A range of filters are placed in front of the apparatus.

The flow through a constriction has been studied by Nassehi et al (1993). Their main 
objective was to compare analytical to numerical simulations of f low of a suspension as 
discussed above. They also discussed the flow through a constriction and how this was 
modelled in an FEM program. The radius of the constriction was 7mm, which is much 
larger than a constriction that causes filtration. The figure below is an example of the 
formation of an eddy at a constriction.

Figure 3.8 Flow of a suspension through a constriction with formation of an eddy.

One way of modelling the effect of limited penetration ability is to impose a limiting 
condition of the penetration of the grout. This has for instance been applied by Moon & 
Song (1997) and Amadei (2000). In these two cases a minimum aperture was set under which 
no penetration was allowed to occur.

Schwarz (1997) states that the modelling of filtration is mainly performed based on a 
significant degree of empiricism due to the complex nature of the problem. Two general 
approaches are commonly employed:

• Macroscopic models that take a mass balance approach with an empirical view of 
particle removal.

• Microscopic models that describe processes of particle transport and attachment in a 
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small microcosm of the whole filter. 

Different studies have used either the microscopic or the macroscopic approach to describe 
the filtration effect. Apparently, filtration is most often described in the literature as a 
mechanistic phenomenon. 

3.5 Bleed of grouts 

Bleed, or separation, appears as water on the surface of the grout or suspension. Bleed occurs 
because particles in the suspension are around 3 times heavier than the water (Lagerblad & 
Fjällberg, 1998), thus they “sink” in the water. The extent of the bleed of particles has also 
been shown to depend on steric and repulsive forces acting between the particles (Neubauer, 
et al, 1998).

Tan et al (1997) found that the bleed depends on two different phenomena, sedimentation 
and consolidation. Sedimentation is a phenomena where particles “fall” without physical 
contact in the suspension due to gravity. Consolidation refers to the packing of the particles 
in the grout column.

There have been few studies of how bleed changes flow behaviour of grout suspensions. 
The effect of bleed most often mentioned is the reduced sealing effect. The bleed results 
in an open void in the flow path, which can result in a resulting permeability even though 
a satisfactory penetration has been achieved. There is however no consistent evidence that 
the bleed appears the same in a thin fracture as observed when measuring in a laboratory. 
There is for instance a scale dependency when measuring the bleed. Cambefort (1977) found 
that the degree of bleed depends on the sample height. The investigation concerned grouts 
exhibiting a low separation and relatively short setting time. This explains why a higher 
separation was found at low sample heights. A complementary testing was reported in 
Eriksson et al (1999) where grouts with long binding times and varying degrees of separation 
were studied. The findings differed from those in Cambefort (1977) thus demonstrating that 
results will vary due to several circumstances. In Eriksson et al (1999) the recommendation 
was to measure the bleed at a lower sample height then the standard measuring procedure 
advocates. The amount of consolidation as part of the bleed reduces at a lower sample 
height. Tan et al (1997) also found that channelling can occur in the cement paste as a result 
of sedimentation which increases both the speed of the bleed and the final amount of bleed. 
This channelling occurs when the sample height is over a critical value which depends on 
the w/c ratio (Tan et al, 1997).

It is possible that bleed in some situations also affects the flow of grout and that sedimentation 
can occur during flow. Some support for this is found in a study performed by Angelis & 
Mancini (1997) who developed a model that considers sedimentation of coarse particles 
during the flow of a suspension in a pipe geometry. A finding of their work was that the 
sedimentation rate is higher for a low velocity flow than it is for a high. The explanation 
for this is that the settling rate within the core of the flow profile is zero, see Figure 3.10. 
In their article the flow is constant in time, which makes a direct transfer of their equations 
and parameter choices meaningless for a flow of grout but the principle behaviour, shown 
in Figure 3.9, could be valuable.
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Figure 3.9 Sedimentation in pipe lines (Angelis & Mancini, 1997). To the left is seen the 
core of constant velocity where a lower sedimentation was found. To the right 
the calculated developed sedimentation bed is seen.

Cambefort (1977) discusses the possibility of the bleed causing constrictions during grouting. 
Figure 3.10 illustrates this (Cambefort, 1977).

Figure 3.10 Bleed during grouting as a possible obstruction for further penetration (from 
Cambefort, 1977)

How bleed and when bleed occurs can not be concluded to be known today. However, the 
effect of bleed in the horizontal fracture could logically behave similar to what is measured. 
The bleed occurring in the flow of grout and the bleed occurring in a vertical fracture is 
most likely two issues that needs extensive studies.

3.6 Conclusions

Cement based grouts are not easily described and characterised. There are two main reasons 
for this. One is that they are not univocal even though mixtures based on the same cement 
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are compared. The other is that the properties of grout change over time.

When trying to predict grout spread and sealing effect several issues related to the grout are 
important. Earlier work by Hässler (1991), Håkansson (1993) and others concluded that the 
Bingham model is a relevant rheological model and they showed how the rheology of the 
grout is changes with time. 

The limited penetration ability of grouts has recently been the focus of attention and in 
some cases has been pinpointed the cause of unsuccessful grouting results. For this reason 
it is important to include not only the rheological behaviour in the description of the grout 
but also the limited penetration ability. It is also found important to describe the limited 
penetration ability in respect on how it changes with time, i.e. similar to how the description 
of the time dependency of rheology is made.

It is of interest to study how the rheology and penetrability including their time dependence 
interacts with the expanded geometrical description discussed in the previous chapter.

The bleed can also influence the grouting result. It has been shown in this chapter that the 
measured bleed depends on w/c ratio and amount of additive as well as the geometry. It can 
be concluded that the influence of bleed on the grouting result is difficult to understand. 
There are several aspects that ought to be investigated concerning bleed to obtain an overall 
understanding of the influence. However, this is out of the scope of this study.  It seams 
though as an important issue to include the bleed in the calculations of the sealing effect 
even if restricted to a simple model (see Chapter 4). 

These aspects are considered important to incorporate in a model to facilitate studies of the 
course of grouting and will be further discussed in Chapter 4. There are two other aspects 
of interest. One is to compare the grouting result after using different grouts. The other 
is to study the effect of significance of variations in grout properties. This will be made in 
Chapter 6 and 7.
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4 Method for predicting grouting result

4.1 Introduction

This chapter presents a method for analysing and predicting the grouting result which uses 
several interpretations and models. The method includes conceptualisation and computation 
as means of analysing the grouting result. 

In the conceptualisation a main part is to assume that a fracture aperture field can be 
represented by a network of elements where the elements have individual properties. Also, 
the conceptualisation includes that the rheology of the grout resembles the Bingham model 
and that is has a limited penetration ability. The computation involves numerically solving 
the flow equations for the flow of water and grout in the network and is based on the work 
presented by Hässler (1991) but has been further developed. 

Chapter 2 outlines how the fracture and flow in rock generally is described in the literature. 
The varying aperture field, possible contact areas and naturally the mean aperture are 
features that generally are described as influencing the flow in fractures. However, to 
determine these properties deterministically is impossible. In order to establish the stochastic 
field of the aperture can today only indirect measurements be applied. Such indirect methods 
are for instance hydraulic tests to appreciate the flow geometry. 

The spreading of grout and the sealing effect is governed by the rheology, penetration ability 
and bleed, all time dependent. These properties can be measured as was shown in Chapter 
3. However, even though the exact w/c ratio is known and the amount and type of additive, 
a certain variation in grout properties is found.

Based on these conclusions, that both the description of the fracture geometry and the 
grout behaviour are uncertain, a method that takes into account the stochastic variation 
in the grouting result is useful. There are two requirements of such a method. One is that 
if the geometry of the fracture, the properties of the grout and the boundary conditions 
are known, a correct calculation of grout spread and sealing effect should be possible. The 
second requirement is that it should be possible to calculate the span of possible results based 
on the known input data. To estimate this span of possible results, Monte-Carlo simulations 
where a number of model runs are performed within the span of possible input data. To 
adopt and use this predictive method, a fast and efficient calculation tool is required so that 
an acceptable amount of realisations can be explored to form a good basis for judging the 
results.

The uncertainties in calculated result caused by the statistical input data can be summarised 
as follows:

• The geometry of a fracture can be represented in several ways. Each realisation gives one 
possible fracture geometry.

• The bore hole used for grouting is placed randomly.

• The boundary conditions of the fracture are not known. Detailed investigations can give 
indications of connectivity but in most cases the boundary conditions must be assumed 
based on fracture frequency and number of fracture sets.
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• Variations in grout behaviour arise from variations in cement quality and in the mixing 
procedure.  Expectations on grout properties are obtained from measurements prior to 
the grouting operation but what properties actually are obtained is uncertain.

In this chapter the method for predicting the grouting result in a single fracture will be 
presented. Emphasis is given to the parts that are newly developed.  To verify, comparisons 
are made to a laboratory experiment presented in Håkansson (1987) and a numerical 
experiment presented in Wallner (1976). In Chapter 5 further tests of the method will be 
made with comparison to a laboratory and a field experiment.

4.2 Calculation of water flow and grout spread

4.2.1 Introduction

The calculation of water flow and grout spread is based on the network of conductive 
elements representing a fracture. The mathematics presented by Hässler (1991) is used for 
the calculation of the water and grout flow but some other factors influence the grout spread 
as well. One issue is the penetration ability. The limited penetration ability a grout possesses 
gives that its spreading pattern is different to that of water. Other factors are the pump 
capacity and the contact length of the bore hole. The pump capacity is a direct practical 
limitation concerning the grout spread and must be recognised when discussing grout spread 
in practice. The contact length of the bore hole can theoretically be shown to influence both 
the flow of water and grout and must therefore be recognised in the calculations.

In this section the flow equations in some basic situations are given as background to the 
calculations of water flow and grout propagation in network models. After this it is shown 
how limited penetration ability and practical pump capacity factors are incorporated in the 
model.

4.2.2 Geometrical representation of a fracture

The geometrical representation of a single fracture is made with an orthogonal network 
of conductive elements. The realisation of a network is based on given values concerning 
dimensions, aperture distribution, boundary conditions and position in space in the form of 
dip, strike and depth (i.e. in situ water head). Figure 4.1 illustrates a network representing a 
fracture.
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Figure 4.1  A visualisation of a network in 3D space representing a fracture. The 
fractured is located in space and have a certain mean aperture and variability 
in aperture. The white areas seen in the net are contact areas.

The fracture dimensions are given in the form of an extension of the fracture given in width 
and height hence the fracture model is basically square. Different shapes can be obtained by 
defining different regions as contact areas.

The distribution of aperture field is obtained by randomly distributing widths to the nodes 
in the generated geometry. The distribution of apertures can be taken from different 
distribution functions, but here a log-normal distribution is used. The aperture of a channel 
is given the mean value between the two nodes it is connecting. If one of the nodes has an 
aperture of zero the channel is given zero aperture as well. This procedure results in different 
distributions between the nodes and the channels, see Figure 4.2 and 4.3. A limited spatial 
correlation is obtained since the aperture of a node influences the aperture of the channels 
in all four directions surrounding it.

To obtain the aperture field among the nodes the built in function in Matlab randn(n
1
⋅n

2
) is 

used. This function results in a n
1
⋅n

2
 matrix of normally distributed random entries which is 

transferred to a log-normal distribution by applying

where Y is a log-normally distributed stochastic variable.

Figure 4.2  Example on realised fracture aperture field. The left hand diagram represents 
the aperture distribution among the nodes and the right hand diagram the 
aperture distribution among the channels. Input values are a mean aperture of 
0.1 mm with a standard deviation of  0.05mm and an amount of contact of 0%.
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Figure 4.3  Example on realised fracture aperture field. The left hand diagram represents 
the aperture distribution among the nodes and the right hand diagram the 
aperture distribution among the channels. Input values are a mean aperture 
of 0.1 mm with a standard deviation of 0.05mm and an amount of contact of 30%.

The elements should cover the full fracture surface. To obtain this, the element width and 
length are given the node distance in respective direction. To avoid a flow surface larger 
than the fracture surface, the width is reduced in relation to the node distance so the total 
element area is equal to the fracture surface. The aperture of the elements thereby solely 
determine the conductivity field. Figure 4.4 illustrates how the elements are placed in the 
fracture geometry. 

Figure 4.4  Illustration of how the channels are placed in the fracture geometry. The 
total element surface is equal to the total fracture surface.

The boundary conditions that can be stipulated are basically no flow condition and constant 
pressure. It is also possible to set one or several constant pressure nodes within the surface, 
hence simulating intersections with other fractures or open bore holes.

The position in space is the depth below the surface and the dip and strike of the fracture. 
Dip and strike have to be included in the calculations because they create gravitational 
effects and alter the contact length of the bore hole. 

The contact length of the bore hole depends on the drill size and how the bore hole strikes 
the fracture. A circular hole that crosses a fracture perpendicular to it results in a circular 
trace. If the angle is not perpendicular the trace will be in the form of an ellipse. An adjusted 
radius to use in the calculation is

2

ba
re

+
=      (4.1)

a

a/2
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where a and b are the major and minor axes of the ellipse respectively. The major and minor 
axes of the ellipse can be determined based on the dip and strike of the fracture in relation 
to the bore hole so that

         (4.2)

         (4.3)

where α is the strike of the fracture, β is the dip in relation to the bore hole and r is the 
bore hole radius. The length of the elements that are in contact with the injection hole are 
adjusted in length in order to establish a fictive hole radius. If α or β is equal of close to zero, 
this requires a special analysis.

4.2.3 Flow of water and grout

In the section the basic equations for flow of water and grout are shown. The equations 
for sloping network are not given but are used in the model. A detailed presentation of the 
equations can be found in Wallner (1976), Hässler et al (1986) and Hässler (1991).

The flow of a cement based grout differs from the flow of a Newtonian fluid such as 
water, because of the inherent strength found in the suspension. Cement based grout is 
traditionally approximated to behave as a Bingham fluid (Equation 4.5). Equation 4.4 shows 
the Newtonian fluid model.

         (4.4)

    (4.5)

where µ and µ
B
 are the viscosity of water and grout respectively, dv/dz the shear rate and 

τ
0
 the yield stress. The yield stress (τ

0
) must be exceeded before flow occurs in a Bingham 

fluid. The Newtonian and the Bingham model are similar in that they both assume a linear 
relationship between the shear stress and the shear rate.

In a simple geometry it is possible to give an explicit expression for the flow. Wallner (1976) 
and others have described the equations controlling the flow of grout in channels, pipes 
and plane-parallel cases. Hässler (1991) formulated the equations for flow in a rectangular 
channel and Håkansson (1993) gives the same equations for flow in a pipe.

Hässler et al (1991) and Håkansson (1993) made the following assumptions: 

• f luid is incompressible
• f low is laminar
• channels are stiff
• f low only in one direction
It is also assumed that no slip occurs at the solid interface. 
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Flow of water in channels with rectangular geometry 

The equations that govern the flow of water are based on the rheological fluid model of 
Newton, see Equation 4.4. Shown in Figure 4.5 is shown a rectangular channel where flow 
of water occurs due to a head gradient of (h

0
-h

L
)/L.

No mass can enter or leave the channel so the continuity equation becomes δv/δx=0, stating 
constant velocity in the x-direction.

Figure 4.5  Flow of a water in a rectangular element.

Figure 4.6  Denotation with water flow in a rectangular element.

By applying the boundary condition that the velocity is zero at the solid interface and that 
maximum velocity occurs in the centre of the channel the Equation for the flow can be 
derived.

From the Navier-Stokes relation (see e.g. Rehbinder et al, 1995) and the rheological model 
for a Newtonian fluid (Equation 4.4) the distribution of shear forces becomes

    (4.6)

By integrating this and including the boundary conditions of zero velocity at the solid 
interface and maximum velocity in the centre (i.e. dv(z)=0 when z=0) the following is 
obtained.

      (4.7)

The average velocity is obtained by integrating Equation 4.7 from –b/2 to b/2 and dividing 
by the aperture (b) 

   (4.8)
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Including the area of the channel (w⋅b) gives the flow in the channel which expressed in head 
of water instead of pressure becomes

      (4.9)

This Equation is used in the calculations for determining the flow of water in the elements. 
The total flow (Q

node
) is calculated as the sum of the flow in the four elements in the injection 

node. This flow is used to calculate the transmissivity based on the Thiem equation.

       (4.10)

The radius of influence (R
0
)
 
is in the general case set to equal to half the size of the net. 

Flow of a Bingham fluid in channels with rectangular geometry 

Figure 4.7 illustrates the situation with the flow of a Bingham fluid in the channel and in 
Figure 4.8 the denotation is shown. No mass can leave or enter the single element and both 
the porosity and the density are constant, which results in a simple form of the continuity 
equation, δv/δx=0, stating constant velocity in the x-direction.

In the z-direction the velocity varies. In the centre of the flow the shear rate is less than the 
yield stress (τ

0
) which forms a plug with a constant velocity as illustrated in Figure 4.8. At the 

solid interface the velocity is assumed to be zero.

Figure 4.7  Flow of a Bingham fluid in a rectangular element.

Figure 4.8  Denotation with flow of grout in a rectangular element.

The distribution of shear stress is obtained from the Navier-Stokes equation 

       (4.11)
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which is integrated in respect of z. The integrand constant is found to be zero due to the 
symmetry in z=0. Introducing Z as half the plug height and expressing its value based on the 
yield stress results in

      (4.12)

The velocity is found by combining equation 4.5, 4.11 and 4.12 so that

    (4.13)

which after integration gives

    (4.14)

The integrand constant is found by recognising that the velocity at the solid interface (z=b/2) 
is zero. Inside the plug the maximum velocity is found to be

  (4.15)

and outside the plug the velocity is found to be

   (4.16)

The expression for the mean velocity ( (x)) is found by combining Equation 4.15 and 4.16 
and expressed in head and length it becomes

   (4.17)

where ρ
w
 is the viscosity of water, b the width of the channel, µ

B
 the viscosity of the Bingham 

fluid and L the length of the channel. The “plug term” Z is expressed as 

It follows that the maximum value for Z is 0.5 at which the flow stops.

Flow with resisting water pressure

In the fracture the grout will meet an opposing pressure from water. This results in some 
major differences compared to a dry situation, in particular:

• more than one fluid is present in the channel,

• the pressure distribution in the grout column is different.

(4.18)
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The presence of water in front of the grout is illustrated in Figure 4.9.

Figure 4.9  Grout and water in the same channel

As seen in the figure, the pressure distribution over the channel is not linear as would be the 
case with only one fluid present. For this reason, the resulting flow equation has two terms 
in the denominator

   (4.19)

The Z-term in the denominator is solely based on the grout flow and hence has the same 
expression as Equation 4.14.

The circumstance where several Bingham fluids and water are in the same channel, as 
would be the situation if dilution or filtration occurs, is presented in Figure 4.10.

Figure 4.10  Several fluids in the same channel

This case is merely an expansion of the former case and the equation is similar.

    (4.20)

Z is calculated for each Bingham fluid with Equation 4.14. Equation 4.16 is physically 
correct only when µ

B1
>µ

B2
>µ. If the opposite situation occurs the different grouts can get 

mixed, resulting in so called fingering (Gustafsson & Stille, 1996).

The mathematical model contains a physical stop criteria, i.e. that the grout has reached 
a maximum penetration length (L

max
) due to its inherent strength (τ

0
). Gustafsson & Stille 

(1996) expressed this stop criteria as
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        (4.21)

where ∆P is the applied pressure over the grout water pressure
 b

harm
 is the harmonic mean aperture of the flow path

 τ
0
 is the yield value of the grout

4.2.4 Model for flow subjected to filtration due to limited penetration ability

A rather large focus have lately been on the penetrability of the grout. Several unsuccessful 
grouting operation have been explained with the limited penetration ability which motivates 
to include this in the calculation. Filtration can occur when a constriction in the flow path 
is met and some particles are prevented from passing. Filtration of the grout can be due 
to mechanical or chemical factors as shown by Schwarz (1997). In this work the process of 
filtration is empirically investigated and the underlying mechanisms can be mechanical as 
well as physiochemical as discussed in Chapter 3. 

The aperture size below which filtration occurs is, in this work, given the notation (b
critical

) 
and the aperture size below which no grout can pass is denoted as (b

min
). Between these two 

values of aperture the grout will be filtered, as illustrated in Figure 4.9. If the aperture is 
larger than b

critical
 no filtration occurs and if the aperture is smaller than b

min
 no grout can 

pass. In front of the constriction a filter cake forms if the aperture is smaller than b
critical

, 
which is represented in Figure 4.11 by a black shading.

Figure 4.11  A conceptual model of how to view the filtration process during grouting.

The conceptual model of filtration is as illustrated in Figure 4.12. The figure illustrates a 
situation where a constriction is met in the flow path and filtration occurs. Due to limited 
penetration ability, particles are prevented from passing the constriction thus increasing 
the density (ρ

1
) before the constriction. The grout that passes is filtered and has a reduced 

density (ρ
2
) compared to the initial grout.

Figure 4.12  Illustration of filtration where an increased density is found in front of 
the constriction and filtered grout (i.e. with a lowered density) behind the 
constriction.
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The increased density before the constriction can be compared to the densification 
described in pressure filtration theory (see e.g. Desbrieres, 1993). The length of the zone 
with the increased density will increase as the flow continues. This means that there is a 
relation between the penetration after the constriction (L

2
) and the length of the zone (L

1
). 

Exactly what the relationship is between the two lengths is difficult to find out and it is likely 
to be different for different grouts. It is assumed that the filter cake that forms has a certain 
and constant length which coincides with the length that is obtained at stop. This length can 
be measured with the penetrability meter (presented in Chapter 3) to obtain the necessary 
input data.

When the density reaches a certain value no further flow can pass which in this work has 
been denoted ρ

max
. This density varies for different grouts and can be measured. 

The mathematical model for filtration is based on a mass balance calculation. The increase 
in mass before the constriction (∆m

1
) is equal to the “lack” of mass after the constriction 

(∆m
2
).

       (4.22)

      (4.23)

Letting ∆m
1
=∆m

2 
the following relation is obtained

     (4.24)

which can be rewritten as 

     (4.25)

The density after the constriction depends on the relation between the grout and the 
aperture. Measurements have shown that for one and the same grout the penetration ability 
has a almost linear relationship to the size of aperture between b

min
 and b

critical
, see Eriksson 

et al (1999). Based on this observation the model for the density after the constriction is 
expressed as:

  b
min

< b < b
critical

 (4.26)

where ρ
min

 denotes a minimum density of a filtered grout. This density can be measured 
using the penetrability meter (see Chapter 3) or it can be calculated from a measurement of 
the volumes. The relationship can be visualized as in Figure 4.13. 
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Figure 4.13  Illustration of the density interval for filtered grout

The density of the grout after the constriction (ρ
2
) gives an indirect value of the rheological 

parameters. An example of how the rheology follows the density is shown in Figure 4.14 
which shows the results of rheological measurements on grouts, based on grouting cement 
(d

95
=64 µm), at different densities (i.e. different water/cement ratios).

Figure 4.14  Rheology of grouting cement (d
95

=64µm) without additive and within a 
interval of densities (Eriksson, 1999). 

As discussed in Chapter 3 the limited penetration ability a grout possesses changes with 
time. Immediately after being mixed the grout has a certain penetrability but this decreases 
rapidly with time. The aim here is to present a method for incorporating the time dependent 
behaviour of grout penetrability in the calculation procedure.

To obtain the time dependent function expressing penetrability successive measurement 
of the penetrability is needed. Based on this, the two parameters b

critical
 and b

min 
can be 

evaluated from the volumes that can pass a constriction plotted against time. This procedure 
is illustrated in Figure 4.15.
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Figure 4.15  Illustration of how measured values are evaluated in respect of b
critical

 and 
b

min
 and plotted against time

Example of how to determine the penetrability related parameters

An example of how to obtain the time dependent function for penetrability is given below. 
The measurement was one of the measurements performed for the field test, which will be 
presented in the next chapter.

The measuring device that was used was the penetrability meter described in Chapter 3. The 
grout volume that passed through filters ranging between 35 µm and 120 µm was measured. 
The grout was based on grouting cement UF12 with a w/c ratio of 2.5 and no additives.

Based on the measurements, the b
min

 value is determined where the passed amount starts 
to increase and the b

critical
 value where 100% passed the filter. For each time these values are 

plotted against time. Figure 4.16 shows the measurements and the evaluated function for 
b

critical 
and b

min
.

Figure 4.16  Penetrability of a grout as a function of time. To the left are the individual 
measurements and to the right are the evaluated parameters. The grout was 
based on grouting cement UF12 with a w/c ratio of 2.5 and no additives.

To obtain a relation for the time dependent penetrability of the grout a best fit function 
is added to the evaluated parameters. In this way b

critical
 and b

min
 will be expressed as time 

dependent. 

4.2.5 Flow of grout restricted by pumping capacity and practical issues

The flow of grout in the fracture is not only restricted due to the physics. Some practical 
aspects can as well be influencing the flow. This is for instance the capacity of the pump and 
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refusal criterions such as a maximum volume and a minimum flow criterion. This are seen 
as boundary conditions in the calculation model.

In theory extremely high flows can be obtained during grouting. In reality though the 
pumping capacity is restricted to a certain maximum flow and follows a pump curve which 
is the relation between the pump flow and the pump pressure. At high pressure the pump 
can give only a limited flow and vice verse. A procedure that verifies that the pressure and 
the flow stay within a given pump curve is implemented in the calculation, visualised in 
Figure 4.17. This pump curve criterion is optional in the calculations. 

Figure 4.17 Limit for flow (Q) and pressure (P) in the calculations when a pump flow 
curve is used.

A practical aspect, is that a minimum flow criterion often is used as a refusal criterion. That 
is that when the flow reaches a certain value the grouting is stopped. This refusal limits the 
grout penetration compared to the theoretically obtainable.

Figure 4.18 illustrates the theoretical and “practical” flow curve. In the figure the theoretical 
curve is lined and the practical curves hatched.

Figure 4.18 Illustration of theoretical and “practical” flow (Q) and penetration (I) curve 
when grouting a single fracture as discussed in the text. The practical 
restriction in maximum flow and minimum flow influences the penetration 
distance.

Another criterion often used in practical grouting situations is refusal at a maximum 
volume. This criteria is incorporated in the calculation by halting at the given volume. In 
the same way as with the minimum flow criterion this limits the penetration compared to 
the theoretical which could influence the sealing of the fracture.
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4.2.6 Verification of the model

Two calculation examples will be given to support the model. The first one is a comparison 
to a laboratory test made by Håkansson (1987). This example is to verify that the program 
correctly calculates the flow of grout. The other example is in Wallner (1976) and concerns 
a circular cylindrical flow with a defined bore hole radius. This example is to test that the 
bore hole radius used in the calculation is acceptable. An illustration of the effect of different 
hole radius is also given. Tests of the developed model for including the limited penetration 
ability will follow in Chapter 5.

Example 1
The experimental set-up is shown in Figure 4.8 and consists of two sheets of Plexiglass 
measuring 1200x1000x15 mm. A channel network was constructed by placing rectangular 
pieces of Plexiglass in a symmetrical pattern between the two sheets resulting in 1x5 mm 
channels. 

The construction was placed at a small angle to the horizontal plane to construct a hydraulic 
gradient (0.02 m/m). The construction was injected with grout via the central node with an 
injection pressure of 0.48 m.

The grout had time constant properties and the rheological properties were measured with 
a rotational viscometer. The evaluated parameters were 3.0 Pa in yield value and 0.035 Pas 
in viscosity.

Figure 4.19  Experimental set-up (not in scale). The channel cross section is visible in the 
lower part of the picture (Håkansson, 1987)

The results from the laboratory experiment were taken at different times after the start of 
injection and compared with the simulated penetration at those times. Only half (the left 
part of the injection node) of the network model is presented. The results followed a certain 
path is presented in Figure 4.25.
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Figure 4.20  Comparison of simulated result (left) with experimental (right) after 2.5 s.

   
Figure 4.21 Comparison of simulated result (left) with experimental (right) after 6 s.

   
Figure 4.22  Comparison of simulated result (left) with experimental (right) after 22 s.

   

Figure 4.23  Comparison of simulated result (left) with experimental (right) after 65 s.
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Figure 4.24  Comparison of simulated result (left) with experimental (right) after 1400 s. 

In the simulated results no vertical channel was made at the left boundary.

       

Figure 4.25  Comparison of simulated and experimental penetration. To the left is shown 
the path where the comparison is made and to the right the results for the 
first 65 s.

Some small deviations between the simulated and the experimental results can be noted 
but the overall agreement is good which gives support to the model. 
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Example 2

The second example is to verify the procedure of using a hole radius in a network model and 
to study how variations in radius influence the flow. Presented in Figure 4.26 is an example 
of calculated penetration against time at different bore hole radius. The example used is 
from Wallner (1976) and concerns radial flow in a plan parallel fracture. Hässler (1991) used 
this for verification of the circular-cylindrical model. In Figure 4.26 the result of Wallner 
(1976) is compared to two different hole radii. One is the same as Wallner (1976) used (0.1 m) 
and one is half that radius (0.05 m). The calculation example gives support to the way the 
bore hole radius is included in the model and its importance.

The fracture has an aperture of 0.1 mm and the bore hole radius used was 0.1 m. The yield 
value of the grout is 50 Pa and the viscosity 0.01 Pas. The excess pressure is 250 m water 
head. The modelling was made in a horisontal 5⋅5 m net with a node distance of 0.25 m. All 
four boundaries was open with a constant head of zero. 

Figure 4.26  Computation of grout spread in the same case that Wallner (1976) used. 
The penetration occurs in a 0.1 mm plan-parallel fracture. The curve 
called Wallner is the result reported by Wallner (1976) which is compared 
to Eriksson r=0.1mm. The effect of a smaller hole radius is seen in Eriksson 
r=0.05 m. 

4.3 Sealing effect

The sealing effect obtained from grouting is difficult to define. One common description is 
to define it as the inflow without grouting in relation to the inflow after grouting. In practise 
the sealing effect according to this definition is impossible to evaluate but in the model, it is 
possible to construct the tunnel both with and without grouting. This defines in such a way 
a “true” sealing effect. The calculation of sealing effect is in the calculations made according 
to Equation 4.27.

 (4.27)
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As discussed already in Chapter 2 there are two factors that influence the sealing effect. One 
is the grout spread distance and the other is the achieved conductivity within the grouted 
area.

The grout spread distance follows from the calculation described above and needs no 
further discussion. The achieved conductivity however has not yet been discussed. Several 
authors have described that how efficiently the grout fills a fracture depends on the bleed. If 
a grout possesses a high bleed only a limited sealing effect is achieved in that channel. The 
bleed ,as such, has been described in Chapter 3. Conceptually the sealing effect is relative to 
the bleed in the calculations, i.e. zero percent bleed results in one hundred percent sealing 
if the element in the network is grouted. In the calculations the aperture after grouting is 
calculated as the aperture before grouting times the bleed. In the model it is possible to take 
into consideration that the bleed will change due to filtration. The bleed in the filtered grout 
is in the model determined by the density.

4.4 Summary and Discussion 

This chapter have presented a method for prediction of grouting result. The method have 
been developed to include most of the issues that governs the flow of water and grout. The 
basic  calculation procedure was tested on two previously reported experiments with a good 
result.

Concerning the geometry of fractures the issues of spatial variability in aperture and contact 
areas have been included in the model. In Chapter 6 a detailed analysis is performed to 
investigate the effect on grouting results of these aspects.

A model for including the limited penetration ability in grouts have been developed and 
included in the model. This important aspect will be tested in a laboratory experiment and 
a small field test in Chapter 5 to verify that the model is adequate.

Furthermore, some aspects of boundary conditions relating to practical operation have been 
included. The impact of these aspects on the grouting result will be tested in Chapter 6.

The method have been developed for studying the grouting result in a singular fracture. It 
is however of interest to expand the use and also study a certain length of a tunnel. Such a 
study requires a basic assumption that the interaction between different fractures is limited. 
This will be further discussed in Chapter 7 where the model is used for a synthetic grouting 
of sparsely fractured rock. 
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5 Verifying laboratory experiment and field measurements

5.1 Introduction

The objective of this chapter is to present verifying experiments that has been performed. 
The experiments, one in the laboratory and one in the field, have both been designed to be 
verifying experiments by presenting model predictions of the experimental result prior to the 
actual execution of the experiment. Earlier in Eriksson (1999) laboratory experiments were 
presented where the analysis was carried out in advance. In those experiments the objective 
was to verify that the calculated flow agreed with the one obtained in the experiments and 
to study aspects of the grouting process such as filtration. In Eriksson (1999) it was found that 
when the flow is undisturbed, i.e. when filtration does not occur the calculated flow agrees 
with the obtained one. 

The first experiment is a laboratory experiment in which the geometry is known. The 
objective is to validate the model for filtration that was presented in Chapter 4. The second 
experiment was carried out in the field and concerned grouting of a fracture with a limited 
aperture. Since the geometry in that experiment only was known in terms of transmissivity 
several different realisations were potential solutions. The objective with the experiment was 
to calculate a distribution of possible result and to compare it with the obtained one.

5.2 Laboratory experiments on grout propagation when subjected to 
filtration

5.2.1 Background

When calculating the grout spread and sealing effect from grouting several aspects are of 
importance. One of these aspect is the limited penetration ability a grout possesses. This 
limited penetrability causes filtration. Filtration occurs when particles are withheld from 
passing an obstacle such as a constriction. Then, the larger particles form a filter cake that 
can block the flow.

The objective of the experiments was to study grout propagation of cement based grout 
when subjected to filtration, i.e. when the flow is influenced by the limited penetration 
ability a grout possesses.

Two hypotheses were tested in the experiment:

• The penetration of a cement based grout is significantly altered if filtration occurs.

• The behaviour can be predicted prior to the experiment using the developed model and 
based on the measurement of the properties of a grout mixture.

The first hypothesis was tested by comparing a grout that can penetrate the set-up without 
filtration to a grout that can not. The selection of grouts was based on the proposed model 
in Section 4.2.4. The two grouts were mixed in such a way that the rheology of each was 
comparable and so that the flow behaviour ought to be the same if filtration does not change 
it. 

The second hypothesis was tested by comparing the predicted penetration against time and 
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the predicted stop position to the obtained one. This hypothesis had to be tested with the 
condition that results would vary to a certain degree. An exact description in every detail 
was not possible.

The laboratory experiments were performed during the summer of 2000 in the laboratory 
of the Soil- and Rock Mechanics section at the Royal Institute of Technology (KTH).

The laboratory experiments were carried out in the following principle ways:

• Prior to the experiments different grout compositions were tested and evaluated.

• Predictions of water loss and grout flow in the set-up were made

• The actual experiment started with a water loss test which had the main objective of 
verifying that the set-up was correctly put together.

• The grout was mixed and tested for rheology and penetration ability

• The grout was injected into the set-up and measurements of penetration against time 
was made.

• After the grout has hardened a density test was done.

5.2.2 Laboratory set-up

The principle laboratory set-up is illustrated in Figure 5.1. After the grout was mixed it was 
placed in a pressurised container. From the container the grout flowed through a transfer 
hose to the actual set-up consisting of a network of hoses of different diameter. At the other 
end of the network the hoses were open allowing the material that flowed through to be 
collected.

Figure 5.1  Principle  laboratory set-up. 

The network was constructed of hoses attached to each other with nodes. Hoses of three 
different radii were used in the network, 0.29 mm, 0.43 mm and 0.89 mm. Figure 5.2 shows 
the network with the radii of the hoses and the lengths marked. In Figure 5.3 a photo shows 
a node.
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Figure 5.2 Hose radii and hose lengths in the network

Figure 5.3  A photo of a node in the set-up

5.2.3 Grout mixture and measurement of grout properties

In the four experiments two different grouts were used. One was a mixture based on a 
standard cement (d

max
 =120µm) with a w/c ratio 0.5 and with 1% of additive. The other 

was a mixture based on grouting cement (d
max

 =30µm) with a w/c ratio of 0.8 and 0.65% of 
additive.

The two mixtures were chosen to obtain similar rheology. In that way the only difference 
between the two mixtures was in the penetration ability and comparing tests is simplified.

Prior to the experiments the mixtures were carefully tested in several rounds to obtain average 
properties to use in the predictions. This concerns the penetration ability, the rheology and 
the separation. All test were performed at room temperature (around 20 degrees).

5.2.3.1 Measurements

Penetration ability:

The penetration ability was measured with the penetrability meter test with different filters 
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and evaluated in accordance with the description given in Section 4.2.4. A picture of the 
penetrability is shown in Figure 5.4. 

Figure 5.4  Picture of the penetrability meter used for measurement of penetration 
ability. In front of the container filter caps with different filters attached are 
visible.

Rheology test

The rheology was tested with a rotational viscometer and the Bingham parameters were 
evaluated according to Hässler (1991). Figure 5.5 shows the viscometer set up. In the 
calculations the rheological parameters of the grout were set as time constant due to the 
short duration of the injection.

Figure 5.5  Rotational viscometer and connected computer used for evaluation.

5.2.3.2 Standard cement

The grout properties of the standard cement based grout used in the predictions were as 
set out below.
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Figure 5.6  The curve shows the mean of three measurements with the penetrability 
meter and a linear trend of the curve.

Penetration  ability:

b
critical

 is found where y=300 ⇒ x = 898 µm 

b
min

 is found where y=0 ⇒ x = 120 µm 

The filter cake length varied with the used filter. A filter cake length of 10mm was found as 
average value. 

Rheology test

Measurements of rheology with a viscometer gave values according to Table 5.1 where 
the values are mean values based on three measurements. The initial values refers to the 
measured values 5 minutes after mixture. The minimum values given refers to the rheology 
in heavily filter grout according to Chapter 4. These values were assumed.

Table 5.1  Rheology for a grout based on standard cement at a w/c ratio of 0.5 and 
1% of additive. The values are mean values based on three measurements.

Initial

Yield value [Pa] 1 0.2

Viscosity [Pas] 0.07 0.02

* Assumed values

5.2.3.3 Grouting cement
The grout properties for the grouting cement based grout used in the predictions were as 
set out as below.
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Figure 5.7  The curve shows the mean of three measurements taken with the 
Penetrability meter and a linear trend of the curve.

Penetration  ability

b
critical

 is found where y=300 => x=110 µm 

b
min

 is found where y=0 => x=53 µm 

The filter cake length varied with the used filter. A filter cake length of 10mm was found as 
average value. 

Rheology test

Table 5.2  Rheology for a grout based on grouting cement at a w/c ratio of 0.8 and 
0.65% of additive. The values are based on several measurements

Initial Minimum*

Yield value [Pa] 1.3 0.2

Viscosity [Pas] 0.12 0.02

* Assumed values

5.2.4  Experiments – comparison between grouting cement and standard cement

The experiments were carried out in such a way that a direct comparison between two 
experiments could be made. Experiments 1 and 2 were injection of grout under a excess 
pressure of 100 kPa and Experiment 3 and 4 under a excess pressure of 50 kPa. Experiments 
1 and 3 were with grout based standard cement and Experiments 2 and 4 with grout based 
on grouting cement. An overview of the performed experiments is given in Table 5.3.

Table 5.3  Overview of experiments

Experiment

no.

Pressure

[kPa]

Grout

1 100 Standard cement (d95=120µm)

2 100 Grouting cement (d95=30µm)

3 50 Standard cement (d95=120µm)

4 50 Grouting cement (d95=30µm)
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The obtained stop positions in Experiment 1 and 2 are as in the Figure 5.8.

Figure 5.8  Stop position in Experiment 1 (left) and Experiment 2 (right). 

It is clear in Figure 5.8 that an obvious difference in penetration of grout between the two 
tests was obtained. It should be noted that the unfilled part in Experiment 2 is due to the fact 
that a too low pressure difference was obtained in the hose and not due to filtration. This is 
shown by the calculations that is presented in Figure 5.15. All kinds of hoses were penetrated 
in Experiment 2 but not in Experiment 1. 

The obtained stop positions in Experiment 3 and 4 are shown in Figure 5.9.

 
Figure 5.9  Stop position in Experiment 3 (left) and Experiment 4 (right).

The figure shows that the same main difference in grout penetration was obtained in these 
experiments as in the former ones. One minor difference though compared to the prior 
experiments is in the node at (2.5, 1.5) where in Experiment 1 the grout passed through the 
node and into the wide hoses but not in Experiment 3. This could be due to variation in the 
grout properties but it may not be. Since the grout starts to filtrate due to the small aperture 
in one of the hoses, a filter cake starts to build. It could be that the pressure in Experiment 1 
was high enough to break this cake and transport it away. In Experiment 3 the pressure was 
lower and it is possible that the cake could remain.

5.2.5 Comparison of predicted result and obtained

In order to further validate the calculations a comparison of predicted penetration against 
time is compared to obtained. It should be noted that it is difficult to exactly register where 
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the front is during the experiments and the measured penetration against time is therefore 
somewhat uncertain. Experiments 1-3 was successfully registered but in the forth experiment 
a mistake was made and no registration was obtained. In Figures 5.10 – 5.19 comparisons of 
predicted penetration against time is compared to the registered for Experiments 1-3.

Experiment 1

 

Figure 5.10  Penetration after 5 sec in Experiment 1. On the left is predicted penetration 
and on the right is the obtained one.

 

Figure 5.11  Penetration after 10 sec in Experiment 1. On the left is predicted penetration 
and on the right is the obtained one.

 

Figure 5.12  Penetration after 20 sec in Experiment 1 On the left is predicted penetration 

and on the right is the obtained one. This is also the stop position.



57

Experiment 2

 

Figure 5.13  Penetration after 5 sec in Experiment 2. On the left is predicted penetration 
and on the right is the obtained one.

 

Figure 5.14  Penetration after 10 sec in Experiment 2. On the left is predicted penetration 
and on the right is the obtained one.

 

Figure 5.15  Penetration after 20 sec in Experiment 2. On the left is predicted penetration 
and on the right is the obtained one. This is also the stop position.
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Experiment 3

 

Figure 5.16  Penetration after 5 sec in Experiment 3. On the left is predicted penetration 
and on the right is the obtained one.

 

Figure 5.17 Penetration after 10 sec in Experiment 3. On the left is predicted penetration 
and on the right is the obtained one.

 

Figure 5.18  Penetration after 20 sec in Experiment 3. On the left is predicted penetration 
and on the right is the obtained one.
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Figure 5.19  Stop position in Experiment 3. On the left is predicted penetration (t=36sec) 
and to the right is the obtained (t≈40sec).

Density measurements

In Experiments 3 and 4 density measurements were taken for comparison with the model 
and for verification of the filtration.

According to the model an increased density should be obtained before a constriction 
in which filtration occurs. This means that the model predicts an increased density in 
Experiment 3 where filtration occurs but not in Experiment 4 where filtration does not 
occur. Figure 5.20 illustrates where the sample for the density measurement was taken.

Figure 5.20  Sample for density measurement was taken just outside the node.

By measuring empty hoses and hoses filled with water the uncertainty in the density 
measurements was found to be ±30kg/m3. 

The densities in Experiment 3 and 4 are shown in Figure 5.21 in relation to the their initial, 
densities.
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Figure 5.21  Density measurements in experiment 3 and 4 in front of constriction, i.e. 
where a density increase is expected. On the left the relative density and on 
the right the positions of the density measurements.

The result shows that a clear difference was found between the two experiments. In 
Experiment 3 a general increase in the densities was found but in Experiment 4 this was not 
found. In stead two measurements in Experiment 4 show lower density than expected. The 
only found explanation is undetected bubbles of air in the samples. Such bubbles could be 
seen on other places in the hoses.

In order to find out if any difference could be seen where no density increase was expected, 
the same kind of measurements were taken in other positions as well, see Figure 5.22.

Figure 5.22  Density measurements in experiments 3 and 4 where no density increase was 
expected. On the left the relative density and on the right the positions of the 
density measurements.

In this case no general increase in density was seen in either Experiment 3 or in Experiment 
4. Again, some values indicate densities somewhat lower than the initial density, which was 
not expected. Two values are outside ±30kg/m3. This could be due to air in the samples.

A statistical test of the deviation from a relative density can be made based on the values 
in Table 3 with a small-sample test concerning mean, t-test. The results show that on a 
significance level of α=0.005 the relative density deviates from 1 in Experiment 3 but not in 
Experiment 4.
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Table 5.4 Mean and standard deviation of the density measurements

Experiment Mean Standard deviation Number of values

3 1.117 0.0243 5

4 0.968 0.0225 5

5.2.6 Conclusions and discussion

Based on the results it can be concluded that the limited penetration ability significantly 
altered the penetration of the grout. This is an interesting observation and verifies the first 
hypothesis. Since the experiments clearly indicated the importance of limited penetration 
ability in the grout this motivates to include it in predictions of grout spread. The second 
hypothesis was also positively verified in that the predictions more or less agreed with the 
obtained result. 

The prediction was made on mean values concerning rheology and penetrability of the 
grout. This aspect is important for predicting grouting result since a certain variation in 
grout properties always must be expected. 

The model was further verified by the density measurements in the hoses. It was found a 
density increase in front of hoses where filtration was expected and no density increase where 
no filtration was expected. This gives support to the conceptual model over filtration.

5.3 Field experiment at Äspö Hard Rock Laboratory

5.3.1 Background and presumptions

A field experiment was performed in co-operation with Chalmers University of Technology 
(Fransson, 2001). The site was described by Fransson (2001). Based on this a suitable 
technique for grouting was proposed and a prediction of the grouting result to be made. The 
actual field test included performing the grouting, taking samples for analysis and describing 
the result. The objectives of the experiment were several:

• Check how well a prediction of grout spread for a single fracture matches grout spread 
in the field.

• Find out if filtration of the grout and the limited penetration ability occur in a way that 
is similar to laboratory.

• Study if any chemical change in the penetrated grout can be found.

• Study and observe the spreading pattern of grout in the fracture.

The first point includes also how usefull the results of the characterisation are for a prediction 
of grout spread. The characterised site was obtained prior to the experiment from Fransson 
(2001) and is outlined below. A more detailed description can be found in Fransson (2001).  

Two core drilled bore holes were drilled at 1m centre to centre distance in the pillar between 
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the access tunnel and a niche tunnel in Äspö Hard Rock Laboratory (see Figure 5.23). The 
two holes were used for hydraulic measurements and geological mapping.

Figure 5.23  Plan view over the test area (Fransson, 2001). The main tunnel is the access 
tunnel to the Äspö Laboratory and the nisch is the so called method tunnel. 
The two bore holes used for characterisation are marked. 

The results showed that the right bore hole (KB0007B01) was more permeable than the left 
one and the permeability was found mainly in the section 2.0-2.5 m. Table 5.5 presents the 
results found by Fransson, (2001), given prior to the experiment.

Table 5.5 Obtained results from Fransson (2001) concerning the transmissivity and specific 
capacity in the two bore holes.

KM0007B01 KM0008B01

Full hole

Transmissivity, T [m2/s] 5.0⋅10-8 2.0⋅10-10

Section 2.0-2.5m

Transmissivity, T [m2/s] 4.0⋅10-8

Specific capacity Q/dh [m2/s] 6.0⋅10-8

b(T) [m]* 3.9⋅10-5

b(Q/dh) [m]* 4.6⋅10-5

*) Based on the assumption (hypothesis) that one fracture is conductive.

Based on the core mapping and BIPS analysis three fractures were discovered present in 
section 2.0-2.5 m. Under the assumption (hypothesis) that only one fracture is conductive 
the resulting hydraulic aperture was 40-50 µm, based on the cubic law. The somewhat larger 
aperture that was found when analysing the specific capacity could indicate (according to 
Fransson, 2001) a larger aperture in the vicinity of the bore hole compared to the average.

The three possible conducting fractures had different strike and dip angles but were 
described as planar and rough.

The above information was known prior to the experiment. After grouting was performed a 
complementary testing with additional holes was performed (Fransson, 2001).
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5.3.2 Prediction of result

It was necessary to carry out evaluations in several steps before any prediction of the grouting 
result was possible. The first step was to interpret the geometry of the fracture based on the 
information obtained from the characterisation. The next step was to suggest a grout and 
to obtain the behaviour parameters of that grout. After this, a decision concerning choice of 
technique and prediction of the grouting result could be made.

Interpretation of geometry and simulation of water conductivity

The  interpretation of the geometry of the fracture started out from the hydraulic aperture 
39 µm which was found from the analysis of the transmissivity, see Table 5.4. One way to do 
this is to ignore all likely aperture variation and interpret the hydraulic aperture as a physical 
aperture. Another way is to state that there is a variation in aperture. A necessity in both 
cases is to fulfill the transmissivity 4.0⋅10-8 m/s2, which was measured in the bore hole over 
the section 2.0-2.5 meter.

Two cases of mean aperture were studied. The first assumes that the hydraulic aperture 
was the same as the arithmetic mean value, i.e. 39 µm. The second one uses the relation 
of Zimmerman et al (1991) stating that the physical aperture is larger than the hydraulic 
aperture when there is a variation in aperture, see Equation 2.3. With a standard deviation 
of half the arithmetic mean value this results in a mean aperture of 44 µm.

Apart from the above, three cases of different amount of contact area were simulated, 30, 
50 and 70% of contact. The dip and strike of the fracture were not exactly known exactly 
but the three fractures were steep and sub-perpendicular to the bore hole. That is why a dip 
angle of 90 degrees and a strike of 45 degrees in respect to the bore hole was used.

Grout behaviour

To obtain a suitable grout with “known”  behaviour several testing rounds were performed 
prior to the experiment. The limited aperture of the fracture required a grout optimised on 
penetration ability, which gave rise to the choice of a micro cement. Grout based on micro 
cement does not always possess a better penetration ability than grouting cements in general 
but directly after mixing they can show good penetration ability (Eriksson et al, 1999).

First the grout based on micro cement (d
95

<12µm) with a w/c ration of 2.5 was tested in the 
laboratory at KTH. Three rounds of testing were carried out at the temperature 10 degrees 
Centigrade. In these tests the results was similar in each round of testing, and the average 
properties were found as below.
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Table 5.6  Obtained results in relation to grout behaviour measured in the laboratory 
prior to the experiment. 

After 10 min After 20 min After 30 min

Density [kg/m3] 1210

Separation [%] 17%

Penetration ability b
critical

 [µm] 89 118 124

b
min

 [µm] 36 54 63

Rheology Yield value [Pa] 0.1 0.3 0.3

Viscosity [Pas] 0.023 0.025 0.025

The filter cake length was found to be less than 10 mm for all filter widths and the density 
around 2000 kg/m3. 

After this the same recipe was tested on site in the tunnel to validate the results. This time 
1000 ppm Eosin Y was added to the mixture with the purpose of facilitate analysis of the 
spreading pattern later. It turned out that the temperature in the tunnel was somewhat 
higher than expected, 12o C. The results of the grout testing are presented in Table 5.7. 
As is seen the grout properties differed to some extent between laboratory and field. Two 
circumstances could be identified as possible causes, the adding of 1000 ppm of eosin and 
the somewhat higher temperature.

Table 5.7  Grout behaviour measured on site in the tunnel prior to the experiment. 
1000 ppm of Eosin was added to the grout.

After 10 min After 20 min After 30 min

Density [kg/m3] 1210

Separation [%] 19%

Penetration ability b
critical

 [µm] 128 - 131

b
min

 [µm] 58 - 62

Rheology Yield value [Pa] 0.1 0.9 1.2

Viscosity [Pas] 0.02 0.02 0.03

The penetration ability of the grout in field was not satisfactory for the experiment. It was 
assumed that this result might have been partly caused by the additive Eosin Y why it was 
decided that a lower amount should be added. Another decision was to increase the mixing 
time.

In connection with the experiment another test of the grout behaviour was performed. This 
time with increased mixing from 2 minutes to 5 minutes and a reduced amount of Eosin Y 
(around 300 ppm). The behaviour that was obtained in the grout that was injected is shown 
in Table 5.8. 
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Table 5.8  Grout behaviour measured during the experiment. 300 ppm of Eosin was 
added to the grout

After 10 min After 20 min After 30 min

Density [kg/m3] 1210

Separation [%] 20%

Penetration ability b
critical

 [µm] 104 104 121

b
min

 [µm] 46 46 42

Rheology Yield value [Pa] 0.3 0.4 1.4

Viscosity [Pas] 0.02 0.02 0.04

Calculations
In order to test and verify the developed model, calculations of water flow and grout flow a 
number of numerical tests were made prior to the experiment. The calculations in relation 
to water flow was mainly performed to see if the same values relating to transmissivity 
and specific capacity as reported by Fransson (2001), could be obtained together with the 
evaluated aperture, see Table 5.4. The calculations relating to grout flow were made as a 
prediction of the result to be verified in the analyse of the experiment.

The calculations was performed with 100 realisations which fulfilled the criteria of a mean 
aperture of 39 µm (Case A) and 44 µm (Case B), each with 3 cases where the amount of 
contact area was 30, 50 and 70 % respectively.

Of 100 realisations the first 5 in each case that fulfilled the criteria T
calculated

= 4±0.5⋅10-8 m2/s, 
i.e. matched the measured values, were used for prediction of the grouting. In all this gives 
30 realisations in the prediction. 

The relation between transmissivity and specific capacity was analysed as a hydraulic 
boundary influencing the radius of influence according to

      (5.1)

This, in combination with the actual bore hole radius according to Equation 4.1, gives a 
radius of influence of 3.5 m. 

For the calculations a geometrical net 2⋅2m, with an element length of 0.1m was used. The 
boundary conditions was set as open boundaries.

The 100 realisations that were made gave the results concerning calculated transmissivity 
and specific capacity shown in Figures 5.24 and 5.25. The five selected realisations in each 
case are shown in Figures 5.26 and 5.27.
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Figure 5.24  Result of 100 realisations concerning mean and variation in calculated 
transmissivity. The input parameters in each calculation are mean aperture, 
standard deviation of the aperture and the amount of contact area.

Figure 5.25  Result of 100 realisations concerning mean and variation in calculated 
specific capacity. The input parameters in each calculation are mean 
aperture, standard deviation of the aperture and the amount of contact area.

Figure 5.26  Distribution of transmissivity within the five selected realisations for case A 
(mean aperture 39 µm) on the left and case B (mean aperture 44 µm) on the 
right.

Figure 5.27  Distribution of specific capacity within the five selected realisations for case 
A (mean aperture 39 µm) on the left and case B (mean aperture 44 µm) on 
the right.



67

It was concluded that different geometries had been found that fulfilled the measured 
criteria, the specific capacity, and the interpreted values of transmissivity and aperture given 
by Fransson (2001). The geometries together with the values on grout behaviour, were used 
for the prediction of the grouting result. In the predictions a grouting pressure of 400 kPa 
and a grouting time of 600 seconds was used which also was used in field later.

The results of the calculations relating to grout spread are shown in Figure 5.28, expressed in 
terms of grouted volume. It can be seen that no actual grout volume penetrated the fracture 
in cases where there was a low amount of contact area. In the cases where a contact area of 
70% was simulated a small amount of grout could penetrate. In all cases the stop was due to 
the limited penetration ability, i.e the grout formed an impermeable filter cake.

 Figure 5.28  Distribution of grouted volume within the five selected realisations for case A 
(mean aperture 39 µm) on the left and case B (mean aperture 44 µm) on the 
right.

To obtain the span of possible result based on the known and on the assumed geometrical 
condition all calculated values are plotted in the same diagram and is shown in Figure 5.29. 
The curve consists of the 30 values of grout take that was calculated. It is seen that the most 
likely result was that no grout would enter the fractured and not more than 0.015 litre.

Figure 5.29  Calculated frequency distribution of grout take in the experiment.

Some examples of spreading pattern where grout entered the fracture are shown in Figure 
5.30.
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Figure 5.30  Examples of obtained spreading patterns. (a) Mean aperture 39µm, 50% 
contact, V=7ml  (b) Mean aperture 39µm, 70% contact, V=8ml  (c) Mean 
aperture 44µm, 50% contact, V=4ml  (d) Mean aperture 44µm, 70% contact, 
V=10ml. 

5.3.3 Short description of field work

The physical field work was divided into two parts, one to perform the grouting of the 
fracture and one to collect material for analyse of the result.

Grout was injected into the fracture with specially developed equipment. It was recognised 
that it was necessary for the evaluation of the experiment to have exact control over pressure 
and grouted volume and that is why a common grouting rig was not considered suitable. 
The developed grouting equipment was one with a pressurised container, which was 
weighed during the experiment to register the grouted volume. In the grout hole a double 
packer with a fixed packer distance (0.5 m) was positioned over the section where water loss 
was found. The procedure during the experiment was as listed below.

• The packers where installed in fixed positions.

• The grout was mixed.

• The grouting equipment was filled with grout and the amount to fill between the packers 
was measured. Pressure was applied and the time was registered.
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• After 10 minutes of pressure the pressure was reduced and the hoses blocked, i.e. the 
grouting stopped.

• The grouted volume was registered.

• The grout properties was tested simultaneously with the grouting.

The next part was to obtain the material for analyses, i.e. to obtain samples of the grouted 
fracture to study penetration and chemical composition. It was found that the best way 
was to take large core samples (200 mm) from the fracture to obtain these parameters. A 
pattern of core drills was decided on which gave information about the spreading pattern. 
As it turned out, only one core drill was necessary to obtain the full grouted area within the 
fracture.

After the injected grout had reached around 1 kPa in strength the double packer was 
removed. A piece of iron was positioned over the grouted section as a reinforcement and the 
bore hole was filled with a different grout from the original. After this grout had hardened 
fully drilling of the large diameter core (200 mm) was performed. The fracture could in this 
way be analysed “undisturbed” in the laboratory.

5.3.4 Analysis

The bore core drill that was brought from the field was analysed in two different ways. One 
test was to open the fracture and register by visual inspection the grout spread pattern. The 
second was to take samples of the injected grout for a chemical analysis. 

The first test, to register the spreading pattern, gave as a result the spreading pattern shown 
in Figure 5.31. It was visually estimated that the grout had penetrated the fracture on 50% 
which was interpreted as that the amount of contact was 50%. The spreading distance was 
visually found to be around 50 mm. In some positions it was found by chemical analysis that 
more soluble components of the grout had spread somewhat further, up till 10 cm away from 
the bore hole.

Figure 5.31  A picture of the opened fracture with one surface (left part) exposed. A line 
has been placed in the figure showing where the main grout was found.
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The volume that entered the fracture was too small to measure with the weigh but the 
volume can be back-calculated based on the spread area and the aperture (40 µm). This 
results in an approximate volume of  π(0.0882-0.0382)/2⋅40⋅10-6=3.96⋅10-7 m3≈ 0.0004 litre 
and is shown in Figure 5.32.  As seen in the figure the grouted volume is well inside the 
prediction.

Figure 5.32  Frequency distribution of calculated result with the approximate obtained 
grouted volume marked with a straight line.

A chemical analysis of the grout in the fracture was performed by the Swedish Cement 
and Concrete Research Institute (CBI), for more information concerning the method used 
see Lagerblad (1998). The chemical analysis of the injected grout confirmed the visual 
picture of the grout spread. This means that in the area surrounding the bore hole in 
Figure 5.31 the grout had a chemical composition similar to the grout that was injected, 
but further away from the bore hole the chemistry deviated. This means that the limited 
penetration that blocked the flow also changed the chemical composition of the grout. 
Figure 5.33 shows the chemical composition at various positions on the fracture surface, 
shown on the right hand side of the figure.

A comparison of the samples from the various positions to the composition of UF12 
shows that the samples from position 1,2 and 6 are almost the same as the original. In the 
other samples a clear difference was found. In position 3 and 4 traces of more solvable 
components were found whereas in position 5 and 7 only fracture minerals were found. 
The results show that the more solvable components can travel further than other parts 
of the grouts, which results in a chemical separation due to the mechanical filtration, as 
was the conclusion in Lagerblad (1998). The chemical analysis verified that filtration had 
occurred.
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Figure 5.33  Result of the chemical analysis of grout samples taken from the fracture 
surface. The chemical analysis is compared to the original composition of 
UF12. The diagram on top illustrates where the samples were taken on the 
two fracture surfaces and in the diagram below the chemical composition in 
the different positions.

5.3.5 Conclusions from field experiment

The main objective with the field experiment was to find out if the method of predicting 
the grouting result produced a similar result to actual test in the field. 

Based on a description of transmissivity and specific capacity obtained from Fransson 
(2001) and tests on grout material a prediction of the grouting result was made. It turned 
out that the result depended on assumptions on amount of contact area and the variability 
in fracture aperture. The prediction based on this found that the span of possible results 
was between “zero” grout spread and around 200 mm, with a median result around zero. 
The prediction showed that independent of the amount of contact and variability, the 
fracture was too small in aperture to be grouted more than to a very limited distance. The 
obtained result agreed with the predicted one and the model was confirmed. The test did 
not reveal how significant the influence of amount of contact area and variability would be 
in a fracture with a larger aperture. 
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5.4 Conclusions

In this chapter, two tests of the developed model have been presented. Both tests have had a 
strong focus on penetration ability, which is an important part in the prediction. Earlier, in 
Eriksson (1999) and in Chapter 4, the model was tested on flow where filtration of the grout 
did not occur. There it was concluded that the flow of grout with a known rheology can be 
calculated if it is not disturbed by filtration. The experiments presented here have been with 
the objective of testing the calculation tool when limited penetration occurs as well.

The results show that under known geometrical conditions, as in the laboratory experiments, 
it is possible to predict the grout spread based on prior measurements of the grout properties. 
In the field test, the exact geometry was not known and the prediction was based on finding 
realisations that matched the measured values of transmissivity and specific capacity of the 
fracture. Since this could be made for different alternative geometries the prediction resulted 
in a span of possible results. 

The result of the prediction of the field experiment was centred around zero penetration. 
This was due to the limited penetration in the grout. The result from the field test gave that 
a very small volume of grout had been injected in the fracture. The predicted result and the 
obtained result agreed which supports the model. 

As the result turned out in the field test a different net size and discretisation could have been 
chosen. If a smaller net size and shorter elements had been used a more detailed spectra of 
penetration could have been predicted. 

In both the laboratory and the field test the model for limited penetration ability was found 
to be necessary to do a relevant prediction. The conceptual model for filtration was verified 
by density measurement and chemical analysis as well as with visual inspections of the 
grout.

Based on the obtained result, concerning the undisturbed flow and when the flow is 
subjected to filtration, it is concluded that the model is well verified and it is worthwhile 
doing the numerical studies of the grouting as discussed in the conclusions of Chapter 4.
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6 Analysis of factors influencing grout spread and sealing effect 

6.1 Introduction

6.1.1 General

This chapter has the objective of highlighting properties and factors concerning the features 
of fractures, grout and technique that influence the grouting result. The method to do this 
will be by calculating flow of water, grout take and sealing effect for different cases and 
comparing the results. The flow of water, the grout take and sealing effect are all multiple 
variable results, meaning that they depend on several aspects that interact with each other. 
This complicates the identification and the presentation of the effect of one single factor. To 
overcome this a set of calculations called “basic cases” will firstly be calculated, which are 
based on simplified conditions concerning grout properties and technique and where the 
difference only lies in the geometrical features. These basic cases will be compared to new 
calculations, called “special cases”, where alterations in grout properties and technique have 
been implemented.

The calculations are made with a stochastic view and the true geometrical appearance 
of the fracture is considered unknown. Instead the geometrical features of the fractures 
are described by statistical parameters and several realisations give a range of possible 
appearances. This means that the results are presented mainly in the form of diagrams 
showing the probabilistic result based on a number of model runs.

The amount of calculations made is large and a detailed presentation of all results is 
impossible. A selection of results is presented in diagrams and all runs are presented in tables 
giving the median result and the span.

Flow of water is discussed from two aspects, the cross-fracture flow and the specific capacity. 
The cross-fracture flow is calculated as the flow from one boundary to the opposite. For the 
calculation of this the boundary conditions are set as constant pressure in the boundaries 
where flow occurs and no flow in the other two. One boundary with constant pressure is 
given the hydrostatic pressure and the other a zero pressure, simulating the presence of a 
tunnel. The specific capacity is calculated with the purpose to facilitate comparisons of the 
grout take. The specific capacity is calculated based on the flow in the injection node (Q

node
) 

and excess pressure (∆h).

     (6.1)

The numerically calculated grout take is in some situations compared to a theoretical grout 

take. This grout take is calculated based on the physical stop criterion, i.e. that the grout has 
reached a maximum penetration length (L

max
) due to its inherent strength (τ

0
) (Hässler, 1991). 

The grout take in these cases is calculated as

     (6.2)
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as is denoted theoretical grout take. The excess pressure is denoted dP and the arithmetic 
mean aperture of the fracture (  ). The harmonic mean of the aperture (b

harm
) can be 

evaluated based on the mean aperture and the standard deviation in aperture for the 
normally distributed variable X = ln b. The expression for the harmonic mean is (Gustafsson 
& Stille, 1996)

     (6.3)

where µ
X
 denotes the mean aperture of the normally distributed variable X and σ

X
 the 

standard deviation in the normally distributed variable X. 

Sealing effect is in some situations practical for comparing the result of one grouting 
operation with another. In the calculations presented here the sealing effect is calculated 
as the difference in cross-fracture flow between the grouted and ungrouted fracture and 
expressed in percent.

 (6.4)

6.1.2 Geometrical model 

The calculations are performed in a net as shown in Figure 6.1, i.e. a net with size 10⋅10 m 
and an element length of 0.25 m, placed at the depth level 50 m. During the pre-grouting, 
two boundaries in the net are given no flow conditions and two boundaries are given a 
prescribed pressure. This is done to represent grouting in a single fracture connected to 
other fractures in the boundaries with a prescribed pressure (y=0 and y=10 in Figure 6.1). 
The injection hole is placed in the centre of the net. Calculation of the flow of water from 
one boundary and across the fracture (cross-fracture flow) is made with the boundary at y=0 
in Figure 6.1 opened with a prescribed pressure equal to zero, which simulates the presence 
of a tunnel. 

Figure 6.1 Network in which the calculations are performed. The line width represents 
the aperture of an individual element and is randomly generated. White areas 
represent contact areas. The injection hole is placed in the centre of the net.

All calculations are performed in fractures with rock-related parameters according to Table 
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6.1. The variations in the rock-related parameters are chosen to represent an interesting 
interval of fractures, since in most rock masses a large number of small aperture fractures 
(< 0.1mm) are noted and a fewer number of large aperture fractures (>0.2 mm). Figure 6.2 
shows example aperture distributions for Case 2 to 7 according to the method presented in 
Chapter 4. 

Table 6.1 Presentation of the rock- related parameters in the geometrical model. The 
parameter that is distinctive for that case is marked with grey.  refers to the arithmetic 
mean aperture among the elements and σ  to the standard deviation in aperture.

Figure 6.2  Distribution of channel aperture in the basic Case 2 to 4 and 5 to 7. The 
difference due to variation in mean aperture is seen in the left picture, and 
the difference due to variation in standard deviation in aperture in right 
picture.

6.1.3 Concept of calculations

In order to judge the importance and effect of different governing factors, the calculations 
need to be compared with each other. A set of calculations is used as reference objects, 
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to which other calculated results can be compared and are called basic cases. The basic 
cases are calculated based on simplified conditions. These simplified conditions are a time-
constant grout, a total penetrability, reduced pressure in comparison to a real grouting 
situation and an “infinite” grouting time.

The time-dependent rheology can have different effects in different geometrical situations. 
This could complicate the analysis, and to simplify the comparison of results, it is therefore 
convenient to use a time-constant grout. In the basic cases, the yield value is τ=1 Pa and the 
viscosity µ=0.005 Pas. Also, a total penetrability, that is a penetrability like water, is chosen, 
and b

min
=0 mm and b

critical
=0 mm. In order to make the calculations fast, a large hole radius 

(0.05 m) is used.

The calculations are performed with reduced pressures to retain the spreading mainly inside 
the defined geometries. The pressure used in the basic cases is 60 kPa, but some of the 
special cases use different grouting pressures, which is explicitly noticed.

The grout penetration continues for a very long time if the hardening process in the grout is 
neglected. In the calculations of the grout propagation, the grouting is allowed to continue 
until the flow is below 1⋅10-8 m3/s. There is also a maximum time criterion on the grouting. 
This maximum time is 100,000 s.

The basic cases are calculated first and the results are presented in Section 6.2. The basic 
cases are analysed in respect to the influence on calculated flow of water and grouting result, 
based on the variations in fracture properties. After the basic cases have been presented, 
variations in various parameters within the grout properties and the technique are made. 
The results of this are presented in Section 6.3 as special cases. In Section 6.3.2 effects of 
variations in grout properties are analysed and 6.3.3 some technical aspects technique are 
evaluated. In 6.3.4 effects of variations in dip and strike are evaluated. 

Each calculation case is based on 100 realisations. This exceeds the necessary number 
of model runs for a well-defined probability distribution. This have been examined by 
successively increasing the number of model runs, see Appendix A. The diagrams present in 
general the results on a linear-logarithmic scale.

6.2 Presentation of basic cases

6.2.1 Introduction

In this section the calculations concerning the basic cases are presented. The effect of 
different issues on the flow of water, grout take and sealing effect will be presented in sections 
6.2.2 to 6.2.4. A summary of the results is given in Section 6.2.5.

6.2.2 Flow of water

The interpretation of hydraulic aperture in relation to the geometrical aperture is not 
obvious, as discussed in Chapter 2. To facilitate estimations of the flow properties in 
fractures, hydraulic measurements are often performed. These can be evaluated in different 
ways to obtain the hydraulic properties. 
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In Figure 6.3 the influence of a variation in aperture is seen by comparing the calculated 
specific capacity for Case 1 with that of Case 2. The calculated specific capacity for Case 
1 is 0.84 mm2/s and the median calculated specific capacity for Case 2, 0.83 mm2/s. The 
theoretical value of specific capacity for Case 1 is, calculated based on cubic law, 0.82 mm2/
s. A large span is obtained in the case of a varying aperture but the median value is close to 
the plan-parallel value. The value of specific capacity in Case 2 varies between around 0.20 
mm2/s and 1.5 mm2/s and the coefficient of variation, i.e. the standard deviation divided 
by the mean, is 40%. This indicates that the position of the hole in the fracture has a large 
impact on the result. 

There is almost no difference between the plan-parallel case (Case 1) and the median value 
specific capacity in the case of a varying aperture (Case 2). In Zimmerman et al (1991) it 
was shown that the hydraulic aperture depends on the aperture variation, as discussed in 
Chapter 2. Based on Equation 2.3, the relation between the mean and hydraulic aperture 
should be 67%. In the flow analysis of specific capacity this difference is not seen in the 
median value, since the flow is highly determined by the aperture in the near field of the bore 
hole. However, in the cross-fracture flow analysis, this difference is obtained, as can be seen 
in Figure 6.4. The cross-fracture flow in Case 1 is 0.244 litre/(min⋅m) and the median cross-
fracture flow in Case 2 0.217 litre/(min⋅m), i.e. (0.217/0.244)3=70%. This is in good agreement 
with Zimmerman et al (1991). In the case of cross-fracture flow, the full appearance of the 
fracture will influence the flow, and this is why this difference is seen.

Figure 6.3 Calculated results concerning specific capacity for Case 1 and 2. 
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Figure 6.4 Calculated results concerning cross-fracture flow for Case 1 and 2. 

From comparing the diagrams for the specific capacity and the cross-fracture flow, it is 
seen that the range of the results is lower in the case of cross-fracture flow. This is verified 
by the coefficient of variation, which is for the calculated cross-fracture flow 8% and for the 
calculated specific capacity 40%. This indicates that the single measured value in a bore 
hole is a poor representative of the expected cross-fracture flow. This is also verified by 
the correlation coefficient between the specific capacity and the cross-fracture flow, which 
based on the 100 realisations is found to be 0.21.

In Figure 6.5 the result of calculated specific capacity for different mean apertures (case 2-4) 
is shown. The median calculated specific capacity in Case 2 to 4 is 0.83, 2.55 and 5.93 mm2/
s and the relation is approximately the relation in aperture cubed. It is seen that a variation 
in aperture has a large impact on the calculated results.

Figure 6.5 Calculated results concerning specific capacity for Case 2 to 4 where the 
mean aperture is different between the cases. In all three cases the standard 
deviation is half the mean aperture and the amount of contact 0%.
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Another issue is the influence of spatial variability in aperture. In Figure 6.6 the calculated 
specific capacities in Case 5 to 7 are presented. In this cases the mean aperture is 0.15 mm 
but and the standard deviation in aperture 0.05, 0.075 and 0.10 mm. 

In Figure 6.6 it is noticed that the difference in median calculated specific capacity is small 
for the cases with difference in standard deviation in aperture. In Case 5 the median specific 
capacity is 2.76 mm2/s, in Case 6 2.55 mm2/s and in Case 7 2.50 mm2/s. The median value 
is mainly determined by the mean aperture, which in all three cases is 0.15 mm. However, it 
is seen that coefficient in variation is affected. The coefficient of variation in the three cases 
is 28, 43 and 45%. It is logical that the coefficient of variation in specific capacity increases 
with increased standard deviation in aperture, since the probability of having large or small 
apertures in the vicinity of the grouting hole increases.

In the same cases the calculated cross-fracture flow shows a dependency on the standard 
deviation in aperture, as shown in Figure 6.7. The median value cross-fracture flow decreases 
as the standard deviation increases. This is in good agreement with Zimmerman et al (1991) 
and Equation 2.3.

Figure 6.6 Calculated results concerning specific capacity for Case 5 to 7 where the 
mean value is 0.15 mm and the standard deviation in aperture is 0.05, 0.075 
and 0.10 mm, respectively. In all cases the amount of contact is 0%.



80

Figure 6.7 Calculated results concerning cross-fracture flow for Case 5 to 7 where the 
mean aperture is 0.15 mm and the standard deviation in aperture is 0.05, 
0.075 and 0.10 mm, respectively. In all cases the amount of contact is 0%.

Contact areas within the fracture surface also influence the flow. To study this, calculations 
of the specific capacity for three different amounts of contact (Case 8 to 10) are made and 
are presented in Figures 6.8 and 6.9. In Figure 6.8 the cumulative values for all calculations 
are shown and in Figure 6.9 all zero values are excluded. The model is such that the mean 
value of the aperture decreases as the amount of contact is increased. This means that the 
three cases shown (Case 8 to 10) will not have the same hydraulic aperture even though the 
open voids in the net have the same distribution.  

Figure 6.8 Calculated specific capacity for different amounts of contact.
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Figure 6.9 Calculated specific capacity for different amounts of contact with all zero 
values excluded.

It is seen in Figure 6.8 and 6.9 that the calculated specific capacity is strongly affected by the 
presence of contact. It is seen that even if a conductive part of the fracture is hit, the flow will 
be affected by the contact areas so that a decreased specific capacity is obtained.

The effect of presence of contact areas on cross-fracture flow is shown in Figure 6.10. In 
the figure the cross-fracture flow for Case 2, i.e. the case with 0% contact, is included for 
comparison.

Figure 6.10 Calculated cross-fracture flow for Case 2 and Case 8.

The effect of contact areas within the surface is seen as a drastic decrease in cross-fracture 
flow. The median value in the case with 10% contact is 0.14 litre/(min⋅m), with 20% contact 
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0.08 litre/(min⋅m) and with 30% contact 0.03 litre/(min⋅m). In the case without contact, the 
cross-fracture is 0.22 litre/(min⋅m). Compared to Chen et al (1989) the calculated reduction 
in permeability is higher then the values seen in Figure 2.5. The deviation in the results 
compared to Chen et al (1989) is explained by the difference in definition of contact area. As 
discussed in Chapter 4 the distribution of aperture is made for the nodes and the elements 
obtain a different distribution. In the case of 30% contact, almost 50% contact among the 
elements is obtained. 

6.2.3 Grout take

In this section the grout take in each case is calculated to study how variations in geometrical 
features influence the grout take. 

In Figure 6.11 the calculation of the grout take in the fracture with 0.10 mm mean aperture 
and a standard deviation of 0.05 mm (Case 2) is compared with the value calculated for a 
plane parallel fracture with no variability in aperture (Case 1). It is seen that the grout take 
in the fracture with a varying aperture is at median the same as the grout take for the plane 
parallel case. The influence of the variability in aperture is seen in the span of result that is 
obtained. The calculated grout take varies between 0.9 and 2.7 litres, which indicates that 
the grout take and grout spread depend on the position at which the bore hole strikes the 
fracture. The coefficient of variation is 24%.

Figure 6.11  Calculated grout take in a plane parallel fracture with an aperture of 0.10 
mm (Case 1) and in a fracture of mean aperture 0.10 mm with a standard 
deviation of 0.05 mm (Case 2). 

The calculated grout takes for Cases 2 to 4 are shown in Figure 6.12. It is seen that a clear 
difference in result is obtained as an effect of the aperture difference. The median grout take 
in the three different cases is 1.6, 5.2 and 9.3 litres. The coefficient of variation decreases 
somewhat with increasing aperture, 24, 19 and 16%. 



83

Comparing the calculated median grout takes shows that their relation is close to the 
aperture cubed, which agrees with Equation 6.2.

Figure 6.12  Grout take in Cases 2 to 4. 

To calculate the theoretical grout take based on Equation 6.2, the harmonic mean apertures 
of the different cases need to be calculated first. These are calculated with Equation 6.3 which 
gives the harmonic apertures 0.08, 0.12 and 0.16 mm. Based on these, the theoretical grout 
take has the volumes 1.8, 6.1 and 14.5 litres in the three different cases. These theoretical 
values are larger than those obtained from the numerical calculations. This depends on the 
fact that the flow of grout becomes too low for the calculation to continue. Even though 
the calculations are continued until the flow reaches 1⋅10-8 m3/s the calculation is stopped 
before theoretical penetration has been reached. This deviation between theoretical grout 
take and numerically “obtainable” grout take is increased with the theoretical penetration 
length. Even if the flow is high in the vicinity of the grouting hole, only a low front velocity 
is obtained when there is a large distance between the grouting hole and the front. Later in 
this chapter the influence of a minimum flow criterion will be further discussed.

In Figure 6.13 the calculated grout takes for Cases 5 to 7 are shown. These cases all have 
a mean aperture of 0.15 mm but vary in the standard deviation in aperture. It is seen in 
the figure that the median values of grout take only differ moderately, but that a more 
pronounced span in the results is obtained with increasing standard deviation in aperture. 
The median values are 5.4, 5.2 and 5.0 litres for Case 5 to 7 and the coefficients of variation 
are 10, 19 and 24%. 
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Figure 6.13  Calculated grout take in basic Cases 5 to 7.

Figure 6.14 presents the calculated grout take for three cases of different amounts of contact 
(Case 8-10). To facilitate comparing the result, Case 2 has been added to the figure. In 
Figure 6.15 the results are presented with all zero values excluded.

Figure 6.14 Calculated grout take for three different cases of contact area (Cases 8 to 10) 
and with Case 2 included for comparison.  
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Figure 6.15 Calculated grout take for three different cases of contact area (Cases 8 to 10) 
with all zero values excluded. 

Presence of contact area in the fracture is found to have two major effects on calculated 
grout take. One effect is that some of the potential grouting holes will strike the fracture in a 
contact area and hence not contribute to the sealing of that fracture, and the other effect is 
that even if a conductive part of the fracture is hit with the bore hole, the grout take reduces 
as the amount of contact increases. The results can be assumed to be highly affected by how 
the amount of contact is distributed. In the model, the amount of contact is defined in areas 
larger than the bore hole diameter, meaning that some grouting holes will strike areas of 
contact fully and then not be conductive. 

6.2.4 Sealing effect

The calculated sealing effects in the basic cases are presented in this section. As mentioned 
earlier, the sealing effect can be a good measure of the relative influence of various 
alterations. 

In Figure 6.16 the calculated sealing effects in basic Cases 2 to 4 are presented. The median 
calculated sealing effects in the three cases are 39, 72 and 94%. The sealing effect in Case 1 
is 35%.

Since the net size is the same in all cases, it is natural that a higher sealing effect is obtained 
in the larger fracture. The grout spread will be longer and more or less the whole model 
is filled in Case 4. The requirements on sealing effect are  also higher in larger fractures 
than in smaller ones, since the permeability of those fracture is higher. It must therefore be 
emphasised that comparing sealing effect between different fractures can be misleading.
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Figure 6.16 Calculated sealing effect in the cases with different mean apertures (Cases 2-4).

In Figure 6.17, the calculated sealing effects in Cases 5 to 7 are presented. Clear differences 
in calculated results are obtained due to the variation in standard deviation in aperture. The 
median values for Cases 5 to 7 are 70, 72 and 77% and the coefficients of variation 12, 16 
and 20%.

Figure 6.17 Calculated sealing effects in the cases with 0.15 in mean apertures with 
different values of standard deviation (Cases 5-7).

It has been shown that the grout take decreases as the amount of contact increases. How this 
effects the sealing effect is shown in Figure 6.18.

The results show that the sealing effects in the cases with 10 and 20% of contact (Cases 8 and 
9) are similar and that a clear reduction in sealing effect is obtained in the case with 30% 
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contact (Case 10). Comparing Cases 8 and 9 shows that a larger span in result is calculated 
in Case 9 than in Case 8.

Figure 6.18 Comparison of calculated sealing in cases with presence of contact (Cases 8-
10). All zero values are excluded.

6.2.5 Summary of results for basic cases

A summary of the results concerning the basic cases is presented in this section. In Table 6.2 
all calculated results concerning the median value or the coefficient of variation are given. 
Q/dh

50
 refers to the median value of the specific capacity and Q/dh

coeff
 is the coefficient of 

variation of the same. V
50

 and V
coeff

 refer to the median grout take and the coefficient of 
variation of grout take, respectively. SE

50
 and SE

coeff
 refer to the calculated sealing effect and 

CF
50

 and CF
coeff

 to the cross-fracture flow before grouting.

It is seen in the table by comparing Case 2 to Case 4 that the aperture is the most dominant 
fracture property for each specific capacity, grout take and sealing effect. It is seen by 
comparing Case 5 to Case 7 that the variability in aperture has an influence, even though 
less pronounced than the influence of aperture. One important aspect of variability is seen 
in the coefficient of variation of the different results. This is clearly increased with increasing 
standard deviation in aperture. Concerning the cases where contact areas are present, it is 
noticeable that the coefficient of variation in the results is clearly increased.  
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Table 6.2  Summary of calculated results for the basic cases

Case

Q/dh
50

[m2/s]

Q/dh
coeff

[%]

V
50

[m3]

V
coeff

[%]

V
50

/ Q/dh
50

SE
50

[%]

SE
coeff

[%]

CF
50

[l/s⋅m]

CF
coeff

[%]

1 8.4E-07 - 1.6E-03 - 1924 35 - 0.24 -
2 8.3E-07 40 1.6E-03 24 1907 39 24 0.22 8
3 2.6E-06 43 5.2E-03 19 2047 72 16 0.77 8
4 5.9E-06 42 9.3E-03 16 1570 94 12 1.84 7

5 2.8E-06 28 5.4E-03 10 1948 70 12 0.81 5
6 2.6E-06 43 5.2E-03 19 2047 72 16 0.77 8
7 2.5E-06 45 5.0E-03 24 2020 77 20 0.69 10

8 6.3E-07 71 1.1E-03 40 1673 37 43 0.14 13
9 4.1E-07 109 6.0E-04 63 1470 34 71 0.08 22
10 8.7E-08 108 1.2E-04 114 1404 2 132 0.03 41

Table 6.3 presents the correlation coefficient between the different results in each case. It 
is seen that the correlation between calculated specific capacity and grout take is generally 
high, as is that between calculated grout take and sealing effect. It is also interesting to notice 
how weak the correlation that is seen between the specific capacity and cross-fracture flow 
is. This indicates that the water loss test is a poor indicator of expected inflow but a good 
indicator of grout take. 

Table 6.3 Correlation coefficient between calculated results

Case

Correlation coefficient

Q/dh-V

Correlation coefficient

Q/dh-CF

Correlation coefficient

V-SE
1 - - -
2 0.84 0.21 0.78
3 0.87 0.11 0.87
4 0.85 0.32 0.81
5 0.79 0.25 0.71
6 0.87 0.11 0.87
7 0.85 0.25 0.82
8 0.58 0.78 0.74
9 0.61 0.87 0.72
10 0.96 0.23 0.72

6.3 Presentation of special cases

6.3.1 Introduction

Special cases are presented in this section. The special cases concerns aspects related to the 
material properties and aspects related to technique. A presentation of effects from variation 
in dip and strike on the calculated results is also given. In the last section a summary of 
presented results is made.

6.3.2 Aspects related to the material

The aspects concerning the grouting material are rheology and penetration ability for 
spreading, and penetration ability and bleed for sealing effect.
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The viscosity of the grout has an especially strong effect on the flow since it is directly 
proportional to the viscosity, according to Equation 4.17. The yield value also influences 
the flow, but to a more limited degree. The yield value can be important when the grout is 
close to its longest theoretical penetration length, according to Equation 4.21. However, it 
is noted that the theoretical penetration is almost never reached due to practical issues. The 
hardening effect is also not considered in this equation. The flow is so low in most situations 
that the time to reach the theoretical penetration length is extremely long. This is in 
agreement with Janson (1998), where laboratory tests showed that full penetration requires 
a considerably longer grouting process than that applied.

To study the effect of variation in rheological parameters, calculations with different 
viscosities and different yield values are made. In Figure 6.19 the grout spread against 
time is shown for different viscosities. The theoretical penetration length in these situations 
according to Equation 4.21 is 50 m. 

In recent years, grouts composed of smaller particles and with a higher specific surface 
have been developed. This type of grout has a higher viscosity (Håkansson, 1993) and it 
is interesting to see how this affects the grouting result. Figure 6.19 shows three different 
calculations where the only difference is in the viscosity, ranging between 0.01 Pas and 0.2 
Pas. The calculations have been performed with an excess pressure of 1 MPa. As seen in the 
figure, the difference in grout spread due to differences in viscosity can be large. Common 
values of the viscosity of modern grouts are between 0.05 Pas and 0.3 Pas, depending on the 
w/c ratio, cement type and additives.

Figure 6.19 Penetration versus time for grouts with different viscosity. The calculations is 
performed in the Case 1 geometry with an excess pressure of 1 MPa. 

The yield value can in the same way be solely changed to isolate and study the effect. The 
yield value in most commercial grouts is quite limited at regular w/c ratio and after adding 
super-plasticizer. In Figure 6.20 the effect of different yield values on the penetration against 
time is shown. The yield values range between 0.1 Pa and 4 Pa, which represents common 
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values today. The calculations were performed with an excess pressure of 1 MPa. As seen in 
the figure, the curves are similar even though the yield values are different. This is a natural 
cause of the flow equation, but is still interesting to see it illustrated.

Figure 6.20 Penetration versus time for grouts with different yield value. The calculations 
is performed in the Case 1 geometry with an excess pressure of 1 MPa. 

The effect of time-dependent rheology was shown by Hässler (1991). A demonstration of the 
effect is also given here for completeness. In Figure 6.21 the results concerning grout take 
are shown when the grout is allowed to harden. In these cases, the hardening process rate 
gives a doubled viscosity and yield value one hour after mixture. This rate of increase can 
be considered common in commercial grouts today. It is clear from Figure 6.25 that the 
hardening of the grout results in a lowered grout take. The effect on calculated sealing effect 
is shown in Figure 6.22. 

Figure 6.21 Comparison of calculated grout take for Case 2 geometry with a hardening 
grout and a grout with constant properties. 
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Figure 6.22 Comparison of calculated sealing effect for Case 2 geometry with a 
hardening grout and a grout with constant properties. 

Comparing the results of hardening grouts with those obtained from grouts of constant 
properties reveals that large effects must be expected due to the hardening. Table 6.4 presents 
the results concerning grout take and Table 6.5 the results concerning sealing effect.

Table 6.4 Results concerning median grout take in basic cases and in cases with 
hardening grout.

Case 1 Case 2 Case 3 Case 4 Case5 Case 6 Case 7 Case 8 Case 9 Case 10

Basic 1.62 1.58 5.23 9.31 5.38 5.23 5.05 1.05 0.60 0.24
Hardening 0.10 0.45 1.58 3.62 1.65 1.58 1.44 0.67 0.45 0.15

Table 6.5 Results concerning median sealing effect in basic cases and in cases with 
hardening grout.

Case 1 Case 2 Case 3 Case 4 Case5 Case 6 Case 7 Case 8 Case 9 Case 10

Basic 35 39 72 94 70 72 77 37 34 13
Hardening 4 14 29 43 27 29 27 26 24 8

Another issue in the properties of cement-based grouts is the limited penetration ability. 
The limited penetration ability can have a significant effect on the grout spread in fractures 
of limited aperture. The issue of limited penetration ability has gained increasing interest 
in recent time due to the requirements for a low inflow of water. The requirement for low 
inflow means that also fractures of small aperture must be sealed. Since the majority of the 
fractures are of fairly limited aperture in the most common situations, the limited penetration 
ability is an important issue. 

To illustrate the effect of limited penetration ability, the same calculations as in Figure 
6.12 are presented in Figure 6.23 with the difference that the limited penetration ability is 
included. The parameters for the penetrability are shown in Table 6.6. These parameters 
were evaluated from measurements on a grouting cement (d

95
=30 µm) with a w/c ratio of 0.7 

and 0.2% of super-plasticizer (see Eriksson et al, 2000). 
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Table 6.6 Evaluated grout properties to be used in the calculations. The grout is based 
on grouting cement (d

95
=30 µm) with a w/c ratio of 0.7 and 0.2% of super-plasticizer.

b
critical

b
min

ρ
ini

ρ
min

ρ
max

120 µm 80 µm 1660 kg/m3 1460 kg/m3 2100 kg/m3

Figure 6.23 Results concerning grout take in geometrical Cases 2-4 and with limited 
penetration ability included. To be compared to Figure 6.12.

It is seen by comparing Figure 6.23 and Figure 6.12 that the limited penetration ability 
affects the grout take mostly in the fracture with 0.1 mm in mean aperture. The larger 
fractures, 0.15 mm and 0.2 mm, are not affected to the same degree. The grout takes in the 
three cases are calculated to be 0.2, 3.9 and 9.1 litres. Comparing these values to the values 
obtained when the limited penetration ability was not considered, i.e. 1.6, 5.2 and 9.3 litres, 
shows that in all three cases the grout take is restricted due to the limited penetration ability. 
It is interesting to notice that also the grout take in the 0.2 mm fracture was affected even 
though the critical aperture was 120 µm. 

The same kind of comparison can be made in the case where different standard deviations 
in the aperture are used. The results concerning grout takes in Cases 5 to 7 are shown in 
Figure 6.28 and can be compared to Figure 6.13. In Figure 6.25 the calculated sealing effect 
in the three cases is presented.
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Figure 6.24 Result showing the calculated grout take when limited penetration ability is 
included in geometrical Cases 5 to 7. To be compared to Figure 6.13.

Figure 6.25 Result showing the calculated sealing effect when limited penetration ability 
is included in geometrical Cases 5 to 7. To be compared to Figure 6.27.

In Figure 6.24 it is noticed that when the standard deviation in aperture increases, the 
significance of limited penetration also increases. The median grout take in Cases 5 to 7 
decreases from 5.4, 5.2 and 5.0 litres to 4.5, 3.9 and 3.2 litres, i.e. a reduction in grout take 
of 11, 25 and 36%. This means that there is not a fixed mean value in relation to a grout’s 
penetrability that determines its groutability, but a combination of mean and standard 
deviation. It is found that the degree of standard deviation is of importance in some 
situations. This is further emphasised from Figure 6.25, where the calculated sealing effects 
for the three cases are clearly different. 

As with the rheology the penetration ability is also time-dependent as discussed in Chapter 
3. This can be seen in Figure 6.26, which shows evaluated parameters against time. The 
strongest time dependency is seen early after mixture, and the dependency levels off 
approximately one hour after mixture for the grout examined here. The measurement 
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shown in Figure 6.26 is made on grouting cement (d
95

=30 µm) with a w/c ratio of 0.7 and 
0.2% of super-plasticizer. 

Figure 6.26 A measurement on the two parameters b
min

 and b
critical

 versus time. The grout 
is based on grouting cement (d

95
=30 µm) with a w/c ratio of 0.7 and 0.2% of 

super-plasticizer.

A calculation where the time-dependent behaviour is also incorporated is shown in Figure 
6.27. Additional strong effects are seen when the full behaviour is acknowledged. The 
median grout takes without the time dependency were in the three cases 0.2, 3.9 and 9.1 
litres and with time dependency 0.1, 1.5 and 7.0 litres.

Figure 6.27 Calculated results of grout take as the time-dependent behaviour in limited 
penetration ability is incorporated for geometrical Cases 2 to 4.

The grout takes for cases of different standard deviations and with time-dependent 
penetrability are shown in Figure 6.28. It can be seen how the degree of variability has a 
strong effect on the grout take. The median values of grout take for the three cases were 
approximately the same  in all these cases, around 1.5 litres. A larger difference, however, is 
seen in the coefficients of variation, which in the three cases are 38, 59 and 65%.
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Figure 6.28 Calculated results of penetration as the time dependent behaviour in limited 
penetration ability is incorporated for geometrical Case 5 to 7. 

In Figure 6.29 the calculated sealing effect is shown after including the time-dependent 
penetration ability for Cases 5 to 7. A difference in obtained sealing is observed between the 
three cases, which is a result of the difference in standard deviation. 

Figure 6.29 Calculated sealing effects in the cases with different standard deviation and a 
grout with a time-dependent penetrability (Cases 5 to 7). 

To summarise, the results of effects of limited penetration ability in the grouts are presented 
in Tables 6.7 and 6.8. These show the median calculated grout take and the median 
calculated sealing for the basic cases  with time-independent (Penetrability 1), and with 
time-dependent (Penetrability 2) limited penetration ability. It is seen that a large effect in 
general is obtained. 
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Table 6.7 Results concerning median grout take in basic cases and in cases with 
limited penetration.

Case 1 Case 2 Case 3 Case 4 Case5 Case 6 Case 7 Case 8 Case 9 Case 10

Basic 1.62 1.58 5.23 9.31 5.38 5.23 5.05 1.05 0.60 0.24
Penetrability 1 0.02 0.22 3.93 9.13 4.55 3.93 3.27 0.11 0.05 0.00
Penetrability 2 0.02 0.12 1.52 6.84 1.46 1.52 1.46 0.09 0.05 0.00

Table 6.8 Results concerning median sealing effect in basic cases and in cases with 
limited penetration.

Case 1 Case 2 Case 3 Case 4 Case5 Case 6 Case 7 Case 8 Case 9 Case 10

Basic 35 39 72 94 70 72 77 37 34 13
Penetrability 1 4 10 66 90 67 66 65 8 8 0
Penetrability 2 4 7 35 81 33 35 36 6 6 0

Another issue in the grout is the occurrence of bleed. The bleed that occurs in some grouts 
could result in an unfilled space even after grouting. The model for bleed is based on this 
unfilled space affecting the aperture of the individual elements in the calculations, as 
presented in Chapter 4. This means that if the grout has a bleed, a grouted element in the 
calculations will not have a zero conductivity. Figure 30 shows calculations of sealing effect 
and cross-fracture flow after grouting for one realisation of Cases 2 to 4.

In the three examples, the sealing effect is reduced due to the bleed. It is seen that in spite of 
a significant bleed only a limited decrease in sealing effect is obtained, and that this decrease 
is largely the same in the three cases. However, this reduction in sealing effect can mean the 
difference between a successful and an unsuccessful operation in some situations. It is seen 
in the right hand figure that the effect of bleed on cross-fracture flow is of larger importance 
in larger fractures. In the Case 1 fracture the grout has not fully penetrated the fracture. The 
influence on bleed in this case is limited. The Case 4 fracture is fully penetrated by the grout, 
but an inflow is in spite of this obtained if bleed occurs.

Figure 6.30 Calculated sealing effect and inflow after different degrees of bleed.

6.3.3 Aspects related to the technique

The technique with which the grouting is performed is often less discussed than, for instance, 
the choice of grout mix. Technical issues include such matters as hole density, grouting 
pressure and special refusal criterion, flow and volume criterion. 

The grouting pressure refers to the maximum pressure to be used, and this is often set to 2-4 
MPa over the existing ground water pressure. During the grouting it is more often the case 
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that the pump is restricted in flow so that the grouting is performed most of the time at a 
lower pressure than the maximum. The pump can use a higher pressure in the later part of 
the grouting when the flow decreases. Grouting is stopped when the pressure reaches the 
maximum and the flow is less than the minimum flow criterion. Sometimes this does not 
occur, and the grouting continues for a very long time. In such situations it can occur that 
a volume criterion is reached, stating that when a certain grouted volume is reached the 
grouting is to be stopped.

It is obvious that these kinds of alterations change the grouting result compared to the 
theoretical and must therefore be evaluated.

The time to reach full (theoretical) penetration is in the normal case very long, as has been 
pointed out earlier. This is the reason why in practical grouting a limit on the flow is set 
under which the grouting is stopped. This flow criterion is often set in the range of 0.5 litre / 
min. If a bore hole only hits a single fracture, this given flow criterion can limit the grouting 
to a great extent. If the bore hole instead strikes several fractures, the limitation of the flow 
criterion can be less significant.

Figure 6.31 shows a calculation of f low and penetration against time in a plane parallel 
fracture with an aperture of 0.1 mm (Case 1) and the accumulated flow for 1, 2 and 4 
fractures. The calculation was performed with a somewhat higher pressure than that used 
before, 120 kPa.

Figure 6.31 The total flow in bore hole for 1, 2 and 4 fractures, each 0.1 mm in aperture 
and plane parallel (Case 1) with a grouting pressure of 120 kPa. The 
penetration in each fracture is also given. 

From the results presented in Figure 6.31 it can be concluded that the level of the minimum 
flow criterion can be of different significance depending on whether one or several fractures 
are met. If, for instance, the minimum flow criteria in these situations is set 0.25 litres / min, 
different grouting results are obtained due to the number of fractures. If only one fracture is 
present the grouting is stopped immediately, as seen in Figure 6.31, since the flow undergoes 
the limit value. If instead 2 or more fractures are met a certain penetration is reached before 
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the grouting is stopped. In the case of 2 fractures approximately 0.8 meter penetration is 
reached and in the case of 4 fractures approximately 1.2 meter is reached. 

An example of obtained sealing effect as function of different minimum flow is shown in 
Figure 6.32. The values are for a single fracture with Case 1 geometry and a grouting 
pressure of 120 kPa, i.e. the same calculation as in Figure 6.31 for one fracture.

Figure 6.32 Pump flow during grouting of a single fracture. To the left is shown the pump 
flow and penetration length in the fracture against time. To the right is shown 
the obtained sealing effect at different levels of minimum pump flow. The 
calculations were performed for Case 1 with a grouting pressure of 120 kPa. 

Figures 6.33 and 6.34 illustrate the effect of a minimum flow criterion on the calculated 
result. In Figure 6.33 the calculated result concerning grout take with and without a 
minimum flow criterion is shown for Case 2. It is seen that the grout take is heavily reduced 
by the inclusion of the flow criterion. The flow criterion was in the calculations set to 0.1 
l/min.

Figure 6.33 Comparison of calculated results concerning grout take for geometrical Case 
2 with and without a minimum flow criterion.

The calculated sealing effect is affected in the same way by the minimum flow criterion as 
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has been discussed already. Figure 6.34 shows the calculated result concerning the sealing 
effect for Case 2 with and without a minimum flow criterion. 

Figure 6.34 Comparison of calculated results concerning sealing effect for geometrical 
Case 2 with and without a minimum flow criterion.

The volume criterion can also be of importance in some situations. If, for instance, several 
larger fractures are found together with fractures of smaller apertures, the volume criterion 
can result in an unsatisfying sealing of the smaller fracture. However, the effect is likely to 
depend to a high degree on the situation. For instance, if the volume criterion is set to 250 
litres of grout and if two fractures are struck by the bore hole, one with an aperture of 1 mm 
and one with an aperture of 0.1 mm, the situation shown in Figure 6.35 is found. The figure 
shows that only a limited grout spread is obtained in the smaller fracture due to the volume 
criterion. 

Figure 6.35 Two fractures grouted at the same time. One fracture has an aperture of 1.0 
mm and the other one an aperture of 0.1 mm
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6.3.4 Influence of dip and strike

The influence of dip and strike on the fracture can take two different forms. One is due to the 
fact that the effective contact length increases with a pronounced dip and strike in relation 
to the bore hole direction, while the other is that the dip can cause different gravitational 
effects on the grout spread.

As has been mentioned, water-loss testing in bore holes is often used to estimate the aperture 
of the fractures. Previously, when discussing basic cases, the influence on estimated aperture 
of aperture variability was discussed. Another issue is how the bore hole effective radius 
influences the interpreted aperture of the fracture. The specific capacity (Q/dh) directly 
measured during the water-loss test increases with increasing bore hole radius, as seen in 
Figure 6.36, which is a calculation in the plane parallel geometry (Case 1). This is due to the 
increase in the flow of water. 

Figure 6.36 Calculated specific capacity at different hole radii and based on cross-
fracture flow in a plane parallel geometry (Case 1). The two vertical lines 
indicate common variation in effective bore hole radius based on a 76 mm 
drill diameter.

Based on the case presented above with a plane parallel geometry, the specific flow at a 
likely effective bore hole radius is, in agreement with Fransson (2001), near the theoretical 
transmissivity. This supports the use of the specific capacity. We conclude therefore that the 
effect on measured specific capacity due to variations in effective bore hole radius is limited 
in comparison to variability in aperture. 

It is noted that the specific capacity gives an appreciation of the aperture in the vicinity 
of the bore hole, as discussed earlier. This is explained by the large pressure drop that is 
obtained close to the bore hole. The pressure drops approximately 50% at a distance of 1-2 
meters from the bore hole in the plane parallel f low. Figure 6.37 shows this for two cases of 
bore hole radii. 
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Figure 6.37 Pressure distribution in steady state injection in the fracture at two different 
bore hole radii (Case 1 geometry).

The grout penetration is also influenced by the effective bore hole radius and an increased 
penetration is noted with increasing effective hole radius, as shown in Figure 6.38. The hole 
radius depends on the dip and strike, but it also depends on the radius of the drill core. This 
means that this is also a technical issue in that a larger drill core can be chosen to obtain 
a faster and a longer grout spread in practice. It should be noted that for a bore hole with 
76 mm diameter an effective bore hole radius between 38 mm and  approximately 70 mm 
is most likely, due to variation in dip and strike. The studied range in Figure 6.38 is larger 
than this expected range. The effect can, however, be important though when analysed in 
connection to a minimum flow criterion.

Figure 6.38 Penetration versus time at different hole radii in Case 1 geometry.

The effect of fracture dip on grout spread has been discussed by Hässler (1991). A calculation 
of the grout take for Case 1 with a vertical and a horizontal net results in a grout take of 1.6 
litres in the vertical case and 1.5 litres in the horizontal case. We can conclude that the effect 
of gravitation is small in the illustrated basic cases.
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The gravitational effects are, however, more complicated in the real situation. If, for instance, 
the grouting is stopped due to a flow criterion, it is not evident that any gravitational effects 
are seen. This is due to the fact that the influence of gravity relative to high excess pressure 
will be limited. Figure 6.39 shows the results of two calculations in the plane parallel case 
(Case 1). The left diagram in Figure 6.39 shows a calculation with low pressure and close 
to the theoretical stop. The right diagram in Figure 6.39 presents a calculation where 
regular grouting pressure been used (1 MPa) and the grouting was stopped during flow (at 
a grouting time of 100 s). It is seen that the closer the grouting is to the theoretical stop, the 
more pronounced the gravitational effects are. 

Figure 6.39 Illustration of gravitational effects. In the left-hand figure gravitational effects 
are seen since the flow is close to zero. In the right-hand figure gravitational 
effects are not seen since the grouting has been stopped during flow. Both 
calculations were performed in Case 1 geometry.

6.3.5 Summary of results for special cases

A summary of the results for the special cases is given in this section. The objective is to pin-
point the relative effect of the different aspects that have been discussed and presented. It is 
emphasised that the values of the results depend on the parameter choices and the designed 
model. The results should therefore be evaluated together with the presented diagrams. The 
median value and the span in the results for grout take and sealing effect are presented in 
tables.

Table 6.9 shows the median calculated grout take in each case, and Table 6.10 the span in 
the calculated grout take. The median grout take is expressed in Table 6.9 in relation to the 
basic cases to illustrate more clearly the relative effects for different cases. It is seen that there 
is not a linear relationship between the effect of the different factors and the geometrical 
factors. It is seen that the largest effects occur when the aperture is limited (Case 2), when the 
variability in aperture is high (Case 7) and when the amount of contact is high (Case 10). It 
is also seen that the flow criterion in all fracture cases has a large impact on the result. This 
result is obtained even though a value is used (0.1 litre/min) that is much lower than values 
used in practice. The issue concerning limited penetrability is important for the result in the 
smaller aperture fractures. The hardening of the grout has a larger influence on the results 
In the larger fractures.
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The results concerning the span in result of the grout take are presented in Table 6.10 and 
are presented as absolute values. It is seen that generally large variations are obtained when 
the flow criterion issue is included. Based on these results the additional effect of contact 
area is seen on the matter of penetrability. The variation in result increases with increasing 
amount of contact. 

Table 6.9 Results concerning calculated median grout take
Case 1 Case 2 Case 3 Case 4 Case5 Case 6 Case 7 Case 8 Case 9 Case 10

Basic 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Hardening 0.06 0.29 0.30 0.39 0.31 0.30 0.29 0.63 0.75 0.65
Flow criterion 0.01 0.01 0.04 0.42 0.05 0.04 0.05 0.00 0.00 0.01
Penetrability 1 0.01 0.14 0.75 0.98 0.84 0.75 0.65 0.10 0.08 0.00
Penetrability 2 0.01 0.07 0.29 0.74 0.27 0.29 0.29 0.09 0.08 0.00

Table 6.10 Results concerning coefficient of variation in calculated grout take
Case 1 Case 2 Case 3 Case 4 Case5 Case 6 Case 7 Case 8 Case 9 Case 10

Basic - 24 19 16 10 19 24 40 63 101
Hardening - 44 30 29 25 30 48 49 66 108
Flow criterion - 219 118 67 112 118 122 102 150 131
Penetrability 1 - 93 30 17 15 30 44 95 126 179
Penetrability 2 - 83 59 30 38 59 65 86 108 162

Table 6.11 shows the median sealing effect for all cases. The values of the calculated median 
sealing effect for the basic cases are included for comparison. Table 6.12 presents the values 
concerning the coefficient of variation in the calculated results. The two tables support the 
conclusions concerning the effect on grout take. It is seen that the flow criterion has an 
especially strong effect, while other criteria have less effect. It is also seen that the effect of a 
flow criterion and the penetrability of grout are most pronounced in the smaller fractures.

Table 6.11 Results concerning obtained median sealing effect
Case 1 Case 2 Case 3 Case 4 Case5 Case 6 Case 7 Case 8 Case 9 Case 10

Basic 35 39 72 94 70 72 77 37 34 13
Hardening 4 14 29 43 27 29 27 26 24 8
Flow criterion 0 1 6 45 6 6 8 0 1 0
Penetrability 1 4 10 66 90 67 66 65 8 8 0
Penetrability 2 4 7 35 81 33 35 36 6 6 0

Table 6.12 Results concerning coefficient of variation in calculated sealing effect
Case 1 Case 2 Case 3 Case 4 Case5 Case 6 Case 7 Case 8 Case 9 Case 10

Basic - 24 16 12 12 16 20 43 71 132
Hardening - 251 354 391 482 354 231 204 142 80
Flow criterion - 63 102 180 123 102 98 61 52 38
Penetrability 1 - 129 401 821 637 401 283 110 81 44
Penetrability 2 - 147 185 426 283 185 188 116 76 39

The correlation of calculated result is presented in Table 6.13 for each of the special cases. It 
is seen that a high correlation in result is maintained, even though the results are significantly 
influenced in magnitude as described earlier.
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Table 6.13 Correlation between results 
Correlation with flow 

criterion

Correlation with 

hardening grout

Correlation with 

time independent 

penetrability

Correlation with 

time dependent 

penetrability

Case Q/dh-V V-SE Q/dh-V V-SE Q/dh-V V-SE Q/dh-V V-SE

2 0.70 0.82 0.97 0.86 0.38 0.92 0.66 0.87
3 0.92 0.96 0.94 0.83 0.73 0.88 0.87 0.95
4 0.95 0.98 0.97 0.89 0.81 0.76 0.80 0.86
5 0.93 0.97 0.96 0.86 0.67 0.75 0.88 0.88
6 0.92 0.96 0.94 0.83 0.73 0.88 0.87 0.95
7 0.93 0.97 0.95 0.87 0.72 0.89 0.80 0.91
8 0.86 0.69 0.94 0.84 0.56 0.75 0.75 0.74
9 0.64 0.12 0.88 0.80 0.59 0.68 0.71 0.62
10 0.79 0.28 0.94 0.64 0.69 0.66 0.74 0.38

6.4 Conclusions and discussion

6.4.1 General

The calculations presented in this chapter have concerned factors that govern the grouting 
result. The calculations have been performed for a set of simplified cases to illustrate different 
effects from variations in geometrical features, grout properties and the technique used. The 
objective has been to present the results in a way that facilitates comparisons of the effect of 
different issues. 

The geometry of fractures has a large impact on both water flow and grout take. The 
aperture of the fracture is particularly important. Concerning the aperture, the arithmetic 
mean aperture was compared to the hydraulic aperture, and it was shown that the hydraulic 
aperture that was calculated based on the specific capacity in the single case was poorly 
correlated to the arithmetic mean aperture and the cross-fracture flow. The median value, 
however, was well correlated. The grout take and the specific capacity were well correlated, 
which suggests that good estimations of grout take can be obtained based on the specific 
capacity value. The grout take, however, was poorly correlated to the obtained sealing effect 
and the grout take is therefore a poor estimator of the result. There are in principle two 
ways to attack this problem. If both the transmissivity and the specific capacity are known, 
good estimations on sealing effect and inflow can be obtained. Another way is to use the 
probabilistic approach and determine suitable technique and grout based on the specific 
capacity and a safe solution. 

Aspects of the grouting material and the technique used were investigated in special cases. 
It was found that aspects of hardening, flow criterion and penetrability of the grout highly 
influence the results. The degree to which these aspects influence the result depends on the 
values used. The effect of the technical issues can be of the same magnitude as the variations 
in geometry. 

The relative importance of the penetrability of the grouts changes with the aperture of 
the fracture. This is natural and is included in the model. However, it is more interesting 
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to observe that fractures with a mean aperture that is considerably larger than the critical 
aperture for the grout were also influenced. The reason for this is the variability in aperture 
and the effect depends on how large a fraction of the channels is smaller than the critical 
aperture. This is the reason that a variation in variability in aperture gave rise to a variation 
in grout take. It is difficult to make general conclusions about the sealing effect, since the 
variability in aperture also restrains some of the cross-fracture flow and thus the requirements 
on the sealing effect also change. 

The effect of hardening was of approximately equal importance in all cases. In the smaller-
sized fractures hardening was found to be comparable to the influence of penetrability and 
in the larger-sized fractures of similar influence as the minimum flow criterion. In the cases 
with contact areas, a limited influence of hardening compared to the other factors was 
observed.

The most important aspects in the smaller fractures are the penetrability and flow criterion, 
while the flow criterion and hardening effect are more important for larger fractures. 

A general conclusion is that the probabilistic description of the results is valuable for the 
analysis of grouting results. If the level of randomness is fairly large, this limits the value of 
deterministic descriptions. The specific capacity and the grout take show large variations in 
the range of aperture variation studied. In the cases with a standard deviation in aperture 
that was half the arithmetic mean aperture, the coefficient of variation in the specific 
capacity was around 40%, while the coefficient of variation in grout take was around 20% in 
the basic cases. The coefficient of variation in cross-fracture flow was smaller, around 10%. 
A large variation in grout take was seen in the special cases, and this variation depended 
particularly strongly on the flow criterion. 

6.4.2 Potential practical implications of the results 

Table 6.14 summarises the results concerning the importance for the sealing effect of different 
geometrical factors and factors connected to the grout functionality. The importance of each 
factor has been assessed based on the calculations presented in this thesis and on engineering 
judgement. The importance of each factor is assessed for fractures of an aperture less than 
0.1 mm, between 0.1 and 0.2 mm and larger than 0.2 mm.

Table 6.14 The assessed importance for the sealing effect of the factors concerning 
geometrical features of the fracture and the functionality of the grout. ++ represents high 
importance, + important, - not important 

Factor ← 0.1 mm 0.1 mm – 0.2 mm 0.2 mm→
Standard deviation of 
aperture

++ + -

Amount of contact ++ + -

High Yield value - - +

Low Viscosity ++ ++ +

High Penetrability ++ + -

Low Bleed - + ++
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It can be concluded that the different features of the fracture geometry have an impact on 
the grout spreading and the sealing effect obtained. The geometrical features of the fracture 
cannot, in general, be changed (unless hydraulic jacking or similar techniques are used), and 
the technique must be carefully chosen in order to compensate for this. Table 6.15 provides 
a basis for discussion concerning the choice of technique in different situations. 

Table 6.15 Proposed matters to consider when choosing grouting technique for 
fractures of different apertures. ++ represents high importance, + important, - not 
important 

Factor ← 0.1 mm 0.1 mm – 0.2 mm 0.2 mm→

T
ec

hn
ic

al
 

is
su

es
 

High pressure ++ + -

Low minimum flow ++ + -

High max volume - + ++

Small distance between 
grouting holes

++ + - 

Of course, all four issues concerning the choice of technique have a favourable effect on the 
grouting result. However, all four issues also increase the amount of grouting work necessary, 
leading to an increase in cost. The objective is to pin-point the minimum amount of work 
required to achieve a sufficiently inflow. Table 6.15 can be considered when making this 
decision.

It must be emphasised that other issues also influence the choice of grouting technique. One 
such issue is the risk of hydraulic uplift when grouting near the surface. 
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7 Test of a design philosophy on two different grouting situations

7.1 Introduction

This chapter analyses two grouting concepts tested on two types of rock mass. The purpose 
is to illustrate how theoretical calculations can be used to both explain practical experiences 
and to be used as a guide for achieving better grouting performance.

The underlying hypothesis is:

It can be shown that one design for grouting is better than another one for a given rock 

mass.

This hypothesis will be tested by introducing two types of rock mass (A and B) and two cases 
of grouting concepts (a and b) based on the findings in Chapter 6. Both rock masses will be 
numerically grouted according to both grouting concepts. If no difference (or a very small 
difference) can be found between the different combinations the hypothesis must be rejected 
at this stage. However, if a significant difference appears between the different combinations 
then the hypothesis can not be rejected.

7.1.1 The model

The geometrical model of the fractures have the dimension of 30m x 30m as illustrated 
in Fig. 7.1. The fractures have two open boundaries, representing their connection to 
other fractures. The specific features of the fractures are presented for each case of rock 
mass separately in sections 7.2.1 and 7.2.2. A tunnel of size 10 by 10 m is to be made and 
positioned in the centre of the fractures. The flow can enter the tunnel as illustrated with 
arrows in Figure 7.1. 

To reduce the amount of calculation work the fractures are divided into four parts and the 
calculations are made for one of the parts, i.e. the calculations are performed with a vertical 
and horizontal line of symmetry. 

In the calculations the following scheme is followed:

• The tunnel is excavated in the model and the flow into the tunnel is calculated.

• The original model is recreated and then numerically grouted, and the grout take and 
the grouting time are calculated.

• The tunnel is excavated in the grouted model and the flow after grouting is calculated.

The total flow of water into the tunnel is taken as four times the calculated flow and the total 
grout take is taken as four times the calculated take. The model used in the calculations is 
shown in Figure 7.2.
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Figure 7.1  Conceptual model of the fractures (left) and illustration of quadrant used in 
the calculations (right). 

Figure 7.2 Geometrical model used in the calculations. On the left a fracture ahead of 
the tunnel face in which the grouting is performed is shown and on the right 
the fracture after the tunnel has been excavated in the model is shown.

7.2 Two cases of rock masses

7.2.1 Case A

It is assumed that the case A rock mass is a low permeable rock with a low in situ water 
head (∼20m). The fractures have a mean aperture between 0.1 and 0.15 mm and appear on 
average every fourth meter. This rock mass corresponds in principle to the rock conditions 
for the South link project in Stockholm, as described by Dalmalm (2001). 

The fractures have a small amount of contact (10%) and the variability in aperture is found 
to be in the range of half the arithmetic mean aperture. The fractures are rather large in 
extension, around 30 meter, mainly vertical and striking an angle of 45 degrees in relation to 
the tunnel. Figure 7.3 illustrates the situation. In the model, the four fractures found in the 
fan have the apertures shown in Table 7.1.
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Figure 7.3  Illustration of the Case A rock mass. Four major conductive fractures are 
found in the grouting section. The straight lines represents the tunnel 
periphery. 

Table 7.1 Quantity and apertures of the four conductive fractures found in the fan in 
Rock mass A

Fracture number Quantity Mean aperture

1 1 0.100

2 1 0.117

3 1 0.134

4 1 0.150

7.2.2 Case B

It is assumed that the case B rock mass is highly permeable with fractures of significant 
hydraulic aperture, a mean aperture between 0.1 and 0.5 mm and a high in situ water head 
(∼100 m). This rock conditions correspond in principle to the conditions met in parts of the 
Hallandsås ridge project in Sweden as described in Fransson (1999).  

The fractures extend around 30 meters and cross the tunnel totally. The fracture density is 
larger than in case A, and generally one conductive fracture per meter tunnel is found. The 
fractures are subvertical, dipping 45 degrees and the tunnel strikes the fractures orthogonally. 
Furthermore the amount of contact is around 30%. In the model the twenty fractures found 
in the fan have the apertures shown in Table 7.2.
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Table 7.2 Quantity and apertures of the twenty conductive fractures found in the fan 
in Rock mass B

Fracture number Quantity Mean aperture

1 2 0.10

2 2 0.15

3 3 0.20

4 2 0.25

5 2 0.30

6 2 0.35

7 3 0.40

8 2 0.45

9 2 0.50

7.3 Two different concepts of grouting

7.3.1 Design a

The following proposed design for rock mass A, called Design ‘a’, is based on both the 
calculations presented in Chapter 6 and engineering judgement.

From the description of rock mass A, the penetrability of the grout is the most important 
property since the identified fractures have small apertures (0.10mm-0.15mm). It is important 
to aim at a high grouting flow to reach an acceptable penetration distance in the fractures, 
which suggests that a grout with low viscosity is preferable. A grout specially developed for 
high penetrability and with a rather high w/c ratio is therefore chosen. The negative effect 
resulting from bleed can be accepted. The properties of this grout are found in Table 7.3.

Table 7.3 Properties of the grout used in the a design

After 10 
min

After 30 
min

After 60 
min

After 120 
min

Density [kg/m3] 1445

Bleed [%] 20%

Penetration 
ability

b
critical

 [m] 120 130 140 140

b
min

 [m] 80 90 100 100

Max density ρ
max 

[kg/m3] 2100

Min density ρ
min 

[kg/m3] 1350

Rheology Yield value [Pa] 0.5 0.8 1 2

Viscosity [Pas] 0.05 0.08 0.1 0.2

It is considered possible to reach a grout spreading distance of around 2 meter and this 
distance is decided between the grouting holes in the end of the fan. This results in a centre 
to centre distance of 1.1 meter, which means that, in total, 28 holes are grouted.
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The grouting is to be carried out with a maximum pressure of 20 bar over the ground water 
pressure in order to reduce the risk of uplift, and continued until either a 1000 litre (per 
hole) has been injected or the flow is less than 0.5 litre per minute. The grouting sequence 
is counter clock wise.

7.3.2 Design b

The following proposed design for rock mass B, called Design ‘b’, is based both on the 
calculations presented in Chapter 6 and engineering judgement.

For the Case B rock mass, a grout with no bleed is the most appropriate because large 
apertures in combination with high water pressure requires a low conductivity to reach a low 
resulting inflow. Since the fractures are wide, it is possible to obtain an acceptably high flow 
even though the viscosity of the grout is high. A grout is chosen based on a grouting cement 
with a low w/c ratio so that no bleed is obtained. The properties of the grout is shown in 
Table 7.4.

The grouting is to be performed with a maximum pressure of 40 bar over the ground water 
pressure and continued until either a 1000 litres (per hole) has been injected or the flow is 
less than 0.5 litre per minute. The grouting sequence is counter clock wise.

In the smaller fractures it will be difficult to reach an acceptable spreading distance and this 
could be problematic for the sealing of those fractures. It is found that a centre distance of 3 
meters is appropriate in the end of the fan since it is possible to reach this distance in most 
of the fractures. With an angle of 10 degrees of the grouting holes, this is obtained if the 
grouting holes are drilled with a c/c distance 2.2 meters in the fan, i.e. in total 18 holes.

Table 7.4 Properties of the grout used in the b design

After 10 
min

After 30 
min

After 60 
min

After 120 
min

Density [kg/m3] 1660

Bleed [%] 0%

Penetration 
ability

b
critical

 [m] 140 150 160 160

b
min

 [m] 100 110 120 120

Max density ρ
max 

[kg/m3] 2100

Min density ρ
min 

[kg/m3] 1460

Rheology Yield value 
[Pa]

3 4.5 6 12

Viscosity [Pas] 0.3 0.45 0.6 1.2

7.4 Calculations

7.4.1 Case A rock mass and case ‘a’ design

The results of the calculations with case ‘A’ rock mass and case ‘a’ design are presented in 
Fig. 7.4. The figure shows the median sealing effect of ten model runs for each fracture and 
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the inflow from each fracture to the tunnel. A more detailed presentation of the grouting 
result in each fracture is given in Appendix B1.

Figure 7.4 Calculated median sealing effect and inflow to the tunnel in the four different 
fractures found in the A rock mass, grouted with the ‘a’ design.

Figure 7.4 shows that the sealing effect is the least in the smallest fracture and this fracture 
also has a large resulting inflow after grouting. The median total inflow, that is the most 
likely value, after grouting, is calculated to be 3.5 litres/minute for the grouted length of 20 
m, which means that over 100 meters the most likely result is around 17 litres/minute.

A total grout take of 680 litres in the fan was calculated for the grouted length of 20 m. If 
the volume for filling the holes is included, the total amount of grout reaches 3200 litres, 
calculated as 680+28⋅90. The average grouting time for the fan was 147 minutes. 

7.4.2 Case B rock mass and case ‘b’ design

The results of the calculations with case ‘B’ rock mass with case ‘b’ design are presented 
in Figure 7.5. The figure shows the medium sealing effect for each fracture and the inflow 
from each fracture to the tunnel. A more detailed presentation of the grouting result in each 
fracture is given in Appendix B2.
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Figure 7.5 Calculated median sealing effect and inflow to the tunnel in the four different 
fractures found in the B rock mass, grouted according to the ‘b’ design.

Again it can be seen that the sealing effect is the least in the smallest fracture and also the 
resulting inflow after grouting is greatest in this fracture. Fractures with an aperture of 0.2 
and above are fully sealed. The median total inflow, after grouting,  is calculated to be 15.1 
litres/minute for the grouted length of 20 m, which means that over 100 meters the most 
likely result is around 76 litres/minute.

A total grout take of 1370 litres in the fan was calculated for the grouted length of 20 m. If the 
volume for filling the holes is included, the total amount of grout reaches 2990, calculated as 
1370+18⋅90. The average grouting time for the fan was 362 minutes.

7.4.3 Case A rock mass and case ‘b’ design

The results of the calculations with case ‘A’ rock mass and case ‘b’ design are presented in 
Figure 7.6. The figure shows the medium sealing effect for each fracture and the inflow 
from each fracture to the tunnel. A more detailed presentation of the grouting result in each 
fracture is given in Appendix B3.

Figure 7.6 Calculated median sealing effect and inflow to the tunnel in the four different 
fractures found in the A rock mass, grouted using the ‘b’ design.
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It can be seen that the sealing effect is between 20 and 30 % and that the largest resulting 
inflow after grouting is found in the larger fractures. The median total inflow, that is the 
most likely value, after grouting,  is calculated to be 27.6 litres/minute on a grouted length 
of 20 m, which means that on 100 meters the most likely result is around 138 litres/minute. 
The sealing effect in this case is only around 25%

The calculations show that there is a total grout take of only 2 litres in the fan for the grouted 
length of 20 m. If the volume for filling the holes is included, the total amount of grout 
reaches 1622, calculated as 2+18⋅90. The average grouting time for the fan was 33 minutes.

7.4.4 Case B rock mass and case a design

The results of the calculations with case ‘B’ rock mass and case ‘a’ design are presented in 
Figure 7.7. The figure shows the medium sealing effect for each fracture and the inflow 
from each fracture to the tunnel. A more detailed presentation of the grouting result in each 
fracture is given in Appendix B4.

Figure 7.7 Calculated medium sealing effect and inflow to the tunnel in the nine 
different fractures found in the B rock mass, grouted with the ‘a’ design.

It can be seen that the sealing effect is between 70 and 100 % but that a resulting inflow was 
calculated in all fractures. The calculations show that the larger fractures give the largest 
resulting inflow after grouting. The median total inflow, after grouting,  is calculated to be 
42.7 litres/minute on a grouted length of 20 m, which means on 100 meters that the most 
likely result is around 213 litres/minute.

A total grout take of 1860 litres in the fan was calculated for the grouted length of 20 m. If the 
volume for filling the holes is included, the total amount of grout reaches 4380, calculated as 
1860+28⋅90. The average grouting time for the fan was 825 minutes.

7.5 Results and discussion

The expected results concerning sealing effect and calculated inflow are summarised in 
Table 7.5. It is found that the proposed design for each rock mass is better than the design 
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for the other rock mass. In this way the hypothesis, that grouting design can be theoretically 
evaluated, is accepted. Comparing the two design for rock mass ‘A’, it is seen that with ‘a’ 
design a medium sealing effect of 89.1 % is calculated and with ‘b’ design a medium sealing 
effect 9.9 % is calculated. The same comparison for rock mass ’B’ shows on a calculated 
sealing effect of 99.4 % with the proposed design ‘b’ and a calculated sealing effect of 98.4 
% with design ‘a’.

Table 7.5 Summary of the calculated results concerning expected sealing effect and 
inflow to the tunnel

Case Sealing effect Medium inflow Grout take excluding 
filling of grouting 
holes

Average grouting time 
excluding filling of 
holes

[%] [litres/min/100 m] [litres] [min]

A⋅a 89.1 17 680 147

A⋅b 9.9 138 2 16

B⋅b 99.4 76 1370 361

B⋅a 98.4 213 1860 825

It is interesting to observe that besides giving a higher sealing effect, the better design 
also gives significant differences in grout take and grouting time. In rock mass ‘A’ the best 
design required a longer grouting time and a larger volume of grout which increases the 
cost for sealing the tunnel with according to this design. In rock mass ‘B’ the best design 
also used a lower amount of grout and a shorter grouting time. The main objective is to 
reduce the inflow but if this can be made faster and with use of less material, both costs and 
environmental impact are reduced. 

Compared to practical grouting the calculated values of inflow is high. This can have several 
explanations. One is that the model does in it self have limitations in the calculation of 
inflow. The model assumes hydrostatic conditions on the boundaries of the fractures. For 
this reason the calculation of sealing effect can be more valuable than the actual calculated 
inflows. Other reasons can be, in this case, that variance reduction is not recognised. It is 
possible that a poor grouting result when grouting one quarter of a fan is compensated by a 
better result in the other three quarters. A further extension, if one fan is poorly grouted this 
is often noticed with a complementary test with water loss measurement. A poor grouting 
result in a fan can give that the fan is regrouted before excavation is continued.

Another issue is to see if it is possible to see any pattern in the span of results. Figure 7.8 
shows the calculated span in sealing effect in the different fractures.
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Figure 7.8 Variation in sealing effect in fracture in Case A⋅a (left) and Case B⋅b (right)

It is seen in Figure 7.8 that the span of variation is large and the expected sealing effect is low 
in the small fractures. This is due mainly due to the limited penetration ability. In the larger 
fractures a more stable result is found since the whole model is filled in most cases. In some 
cases, where less conductive areas in the fracture were hit with several bore holes, the result 
differ remarkable from the mean value. 

In Figures 7.9 and 7.10 the obtained sealing effect is compared to the grout volume and cross 
fracture flow for various fractures and for ten simulations. From the results shown in Figures 
7.9 and 7.10 it can be concluded that neither the grouted volume nor the inflow before 
grouting appear to govern the obtained sealing effect in the smaller fractures. 

Figure 7.9 Sealing effect compared to grouted volume (left) and compared to cross 
fracture flow before grouting (right). The calculation concerns Case A⋅a with 
a mean aperture of 0.10 mm. 
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Figure 7.10 Sealing effect compared to grouted volume (left) and compared to cross 
fracture flow before grouting (right). The calculation concerns Case B⋅b with 
a mean aperture of 0.10 mm.

The poor correlation between cross fracture flow and used volume of grout concluded in 
Chapter 6 is further emphasised by the calculations presented here. The conclusions from 
the single hole analysis in Chapter 6 is therefor found valid also when several bore holes are 
included. 

It is seen in Figures 7.11 and 7.12 that this also is found if the larger fractures are compared, 
meaning that the finding is found to be independent of fracture aperture.

Figure 7.11 Sealing effect compared to grouted volume (left) and compared to cross 
fracture flow before grouting (right). The calculation concerns Case A⋅a with 
a mean aperture of 0.15 mm. 

Figure 7.12 Sealing effect compared to grouted volume (left) and compared to cross 
fracture flow before grouting (right). The calculation concerns Case B⋅b with 
a mean aperture of 0.50 mm.
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7.6 Conclusions and discussion

The objective with this chapter was to test the hypothesis that it can be shown that one 
grouting design is better than another for a given rock mass, i.e. that there is a base for 
determining what is the best grouting method to use. 

It was found that grouting the two cases of rock masses with their respective proposed designs 
(A⋅a and B⋅b), in both cases gave better calculated grouting results than with the other design 
(A⋅b and B⋅a). In this way the hypothesis was found to be true. The different designs that 
were proposed were based on the results of both Chapter 6 and on engineering judgement. 

The results of the synthetic prediction of two cases of rock masses show that a difference in 
the predicted results was obtained. This shows that there is a theoretical base for deciding 
the most suitable design in a given situation. The rock mass called A was proposed to be 
grouted according to a design ‘a’ and the rock mass denoted B according to a design ‘b’. The 
expected result of the calculations A⋅a and B⋅b was better in both cases than A⋅b and B⋅a 
based on 10 simulations. Significant differences in the amount of grout used and grouting 
time were also found. 

The objective of the study was to evaluate the difference in calculated results as described 
above. However, a natural extension in practise would be to search the most suitable design, 
based on a given inflow criteria. 

The analysis contains simplifications compared to the real situation which can limit the 
value of a direct prediction of the inflow. On the other hand, the prediction is based on 
a solid theoretical ground that supports the prediction. As in many other geotechnical 
engineering problems, the theoretical uncertainty can be treated with a “factor of safety”. 
Another aspect is that regarding the complicated structures of a rock mass, the simplified 
conditions on which the model is based ought to be of less significance than the uncertainty 
in describing the rock mass. Therefor, a second possible way of using the method is to search 
the optimal design for a given span of rock mass structures. In this way the method can be 
of engineering value. 
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8 Conclusions and suggestions for grouting design and 
recommendations for future research

8.1 Conclusions

A method for predicting grouting results has been presented in this thesis. The method has 
been tested and verified in a laboratory experiment and in a field experiment. The method 
includes models for the calculation of grout spread and the sealing effect, and factors that 
govern the grouting result have been studied using the model. Grouting results have also 
been predicted using the model. 

The complicated geometry of fractures in rock makes it difficult to predict the flow of fluids 
in rock. I have implemented a geometrical model of fractures using the main properties of 
rock fractures that have been studied previously. These main properties are the aperture 
size, the variability in aperture size and the magnitude of areas of contact. The numerical 
studies showed that these three properties are important for fracture flow and govern the 
grouting result. The aperture size was the most important of the three. The variability in 
aperture size will increase the occurrence of constrictions through which the particles in 
the grout cannot pass, leading to filtration of the grout. In addition, the flow will depend 
strongly on the position at which the bore hole is placed. Limited sealing can result if the 
bore hole strikes a less conductive area or a tight area in the fracture. 

The results of the numerical study concerning the flow of water agreed well with published 
results. The specific capacity in a bore hole correlated well with the grout take. Neither 
the grout take nor the specific capacity, however, correlated well with the cross-fracture 
flow. Grout take was also poorly correlated with the sealing effect obtained. This means 
that predicting the inflow to a tunnel based on simple water-loss measurements may 
give inaccurate results. The amount of contact in the fracture may also be significant. 
Introduction of contact area into the calculations showed that contact area has a significant 
effect on how good the sealing in the fracture is. However, contact areas limit cross-fracture 
flow, which indicates that the inflow to a tunnel should be less through fractures with a high 
contact area than it is through open fractures.

The method presented here uses a Monte-Carlo simulation to obtain a probability 
distribution in the result based on variations in the geometry. The analysis showed that the 
result based on statistical input data describing the fracture can span over a large range. 
The spans in the results for specific flow and grout take were particularly large. The use of 
Monte-Carlo simulation increases the possibilities of making valuable predictions. 

The description of the grout behavior is an important issue. Grout has a different rheology 
than water and a limited penetration ability. The flow equations for grout flow are based 
in the model on the Bingham rheological model. It is generally accepted that the Bingham 
model can be applied to cement-based grouts. Concerning the limited penetration ability, 
a model to include this was presented in this thesis takes. This model uses two values of 
aperture size to describe locations at which grout can pass and those at which it cannot 
pass. The model of the filtration process uses mass balance calculations to predict when 
an impermeable filter cake would be formed. A method for measuring the penetrability of 
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grouts was developed in order to provide the necessary parameters for the predictions. The 
measurements were made with a device called a “penetrability meter”. The measurements 
showed that different amounts of grout penetrate different aperture sizes. It also showed 
that no filtration occurs over a certain aperture size, and the grout can pass unaffected. This 
aperture size was called the “critical aperture”. Filtration occurs at apertures smaller than 
the critical aperture, and a filter cake starts to develop, which blocks further flow when it 
reaches a certain density. The measuring device described here makes it possible to save 
and investigate the filter cake. The length and the density of the filter cake depend on the 
grout that is used. The difference in density and length of the filter cake is included in the 
calculations.

The influence of the limited penetration ability and some technical issues related to grouting 
were tested in a numerical study. The study showed that these issues strongly influence the 
result and they must therefore be considered when predicting grouting results and designing 
grouting work.

The method presented here for predicting the grouting result was tested, and its potential use 
for analysing different designs was evaluated. A numerical study of two different grouting 
designs for two different rock masses gave  different results for the various conditions. 
This verified the hypothesis that the relative merits of different designs can be evaluated 
theoretically for a given rock mass.

The results presented in this thesis allow us to conclude that the results of grouting are 
decided by two issues:

• the requirements

• the properties of the rock.

These will determine how difficult the grouting operation is, and indeed, whether it is at all 
possible.

We can also conclude that the question of which fractures can be grouted and which cannot 
is determined by several factors and an explicit fracture aperture cannot be determined. 
The properties that determine whether good sealing in the fracture can be achieved are the 
penetrability of the grout, the size and spatial variability of the apertures, and the grouting 
technique used. 

8.2 Implication of results for grouting design

One main conclusion of this work is that the spreading of grout, and thus the sealing effect 
obtained, depends on many variables. It is not therefore possible to suggest a general design. 
We suggest that an analysis similar to the one presented in Chapter 7 is carried out in each 
case, based on a characterisation of the rock. The simplifications included in the model as 
such do not introduce uncertainties that are greater than those present in the description of 
the rock mass. 

• It is recommended to characterise the rock mass as thoroughly as possible to discover 
the dominating fracture sets that are present.  Fransson (2001) has proposed a 
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characterisation method for grouting purposes. Assumptions about additional fracture 
features concerning the variability and the amount of contact will probably have to be 
made. These values influence the result significantly, as does the mean aperture size of 
the fracture.

• Furthermore, the most suitable grout for the situation must be chosen. This is not easy, 
but Chapter 6 gives some guidance, based on giving priority to certain properties in 
certain grouting situations. The grout must be fully described with respect to its rheology, 
penetrability and bleed. 

• A third step is to chose a grouting technique where the hole density, pressure and 
minimum flow criteria are variable parameters. Calculations such as those described in 
Chapter 7 will indicate whether it is likely to obtain the desired result. 

The procedure described above can be performed for several different grouts and technical 
variations to obtain the best choices. The probabilistic description of the result allows the 
optimal design for grouting to be determined. 

In practice, this cannot be carried out in each single fan that is to be grouted. Instead, we 
propose that defined classes are used for the grouting work. This is common practice, but 
the classes are defined in most cases based on the inflow in probe holes. This information 
is of limited value, since there is a huge number of fracture set-ups that result in the same 
flow. The classes should instead be defined based on the number of fractures and their 
distribution of aperture sizes. The grouting technique and the type of grout used should also 
be selected to suit the requirements of a particular situation. 

8.3 Suggestions for future research

The work presented in this thesis suggests several lines of future research. Such work 
may cover issues relating to fundamental understanding or those relating to practical 
implementation.

Fundamental issues

One perspective that future work may take up is a better understanding of how grout spreads 
in the rock. Detailed information relating to the impact of fracture-filling and deformations 
due to the excess pressure used is of interest. If these processes were included in the model, 
it would be easier to understand how grout propagates in rock fractures. 

On a larger scale, the coupled flow in three dimensions is of interest. A first step would be 
to study the interactions between fractures in one grouting hole, and how this influences 
the grout spreading in two dimensional fractures. A study that is related to this is how 
deformations arise between adjacent fractures due to excess pressure.

We would also like to refine the description of the grout behaviour. The effect of bleed is 
most important, and how bleed affects the sealing of fractures. We don’t know whether 
bleed also influences the flow as such, and this is an important question. Another topic of 
which we have little understanding is what governs the penetrability of cement-based grouts. 
Fundamental research leading to understanding of the mechanisms involved and proposals 
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for measurement methods would be of great value.

Practical implementation

The most valuable future work for practical implementation would be a system for risk 
analysis and statistical treatment of the grouting work. A first prediction can be made with 
a system similar the one presented in this thesis, with an extended focus on the complete 
grouting process. The calculations in Chapter 7 showed that significant differences in 
grouting results arose due to the alterations in design. However, we do not yet know how 
accurate the prediction of inflow after grouting is. To overcome this uncertainty in the model, 
a risk-based analysis and statistical treatment would be useful. Such a system in combination 
with a defined risk class based on the sensitivity of a special project would not only enable a 
design to be chosen, but also allow an estimate of the cost of the grouting work.
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Appendix A – Illustration of distribution appearance at different 
number of model runs

The figure illustrates the probability distribution for the specific capacity in Case 2 geometry 
(Chapter 6), obtained after different number of model runs. 

Figure A1. Obtained probability distribution after different number of model runs.

The figure illustrates the probability distribution for the grout take in Case 2 geometry 
(Chapter 6), obtained after different number of model runs. 

Figure A2. Obtained probability distribution after different number of model runs.
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The figure illustrates the probability distribution for the cross fracture flow before grouting 
in Case 2 geometry (Chapter 6), obtained after different number of model runs. 

Figure A3. Obtained probability distribution after different number of model runs.

The figure illustrates the probability distribution for the sealing effect in Case 2 geometry 
(Chapter 6), obtained after different number of model runs. 

Figure A4. Obtained probability distribution after different number of model runs.
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Appendix B – Calculated results in Chapter 7

B1 - Case A rock mass with case ‘a’ design.

Figure B1.1. Calculated probability distribution in fracture with a mean aperture of 0.100 
mm

Figure B1.2. Calculated probability distribution in fracture with a mean aperture of 0.117 
mm

Figure B1.3. Calculated probability distribution in fracture with a mean aperture of 0.134 
mm
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Figure B1.4. Calculated probability distribution in fracture with a mean aperture of 0.150 
mm

B2 - Case B rock mass with case ‘b’ design.

Observe different scale x-axis on inflow curve

Figure B2.1. Calculated probability distribution in fracture with a mean aperture of 0.10 
mm

Figure B2.2. Calculated probability distribution in fracture with a mean aperture of 0.15 
mm

Figure B2.3. Calculated probability distribution in fracture with a mean aperture of 0.20 
mm



B-3

Figure B2.4. Calculated probability distribution in fracture with a mean aperture of 0.25 
mm

Figure B2.5. Calculated probability distribution in fracture with a mean aperture of 0.30 
mm

Figure B2.6. Calculated probability distribution in fracture with a mean aperture of 0.35 
mm

Figure B2.7. Calculated probability distribution in fracture with a mean aperture of 0.40 
mm



B-4

Figure B2.8. Calculated probability distribution in fracture with a mean aperture of 0.45 
mm

Figure B2.9. Calculated probability distribution in fracture with a mean aperture of 0.50 
mm

B3 - Case A rock mass with case ‘b’ design.

Figure B3.1. Calculated probability distribution in fracture with a mean aperture of 0.100 
mm

Figure B3.2. Calculated probability distribution in fracture with a mean aperture of 0.117 
mm



B-5

Figure B3.3. Calculated probability distribution in fracture with a mean aperture of 0.134 
mm

Figure B3.4. Calculated probability distribution in fracture with a mean aperture of 0.150 
mm

B4 - Case B rock mass with case ‘a’ design.

Figure B4.1. Calculated probability distribution in fracture with a mean aperture of 0.10 
mm

Figure B4.2. Calculated probability distribution in fracture with a mean aperture of 0.15 
mm



B-6

Figure B4.3. Calculated probability distribution in fracture with a mean aperture of 0.20 
mm

Figure B4.4. Calculated probability distribution in fracture with a mean aperture of 0.25 
mm

Figure B4.5. Calculated probability distribution in fracture with a mean aperture of 0.30 
mm

Figure B4.6. Calculated probability distribution in fracture with a mean aperture of 0.35 
mm



B-7

Figure B4.7. Calculated probability distribution in fracture with a mean aperture of 0.40 
mm

Figure B4.8. Calculated probability distribution in fracture with a mean aperture of 0.45 
mm

Figure B4.9. Calculated probability distribution in fracture with a mean aperture of 0.50 
mm
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