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Summary

Grouting as a method of strengthening and sealing rock, soil and concrete is widely
used. The possibilities of sealing structures are of great importance from both an
economical and environmental point of view. The cost of grouting has in certain
projects been as high as the cost for the blasting and excavation of the tunnel. To
improve the technique of grouting with cement based material, it is necessary to
focus on the properties of the used grout mixture. The ability of a grout to penetrate
cavities, channels and porous material, the penetrability, depends on two things, the
theology and the filtration tendency. Extensive laboratory tests on stable, low w/c-
ratio, injection grouts show that the most significant limitation to their penetrability
is the tendency of cement grains to agglomerate into an impermeable filter cake.
The properties of a grout that may prevent passing obstructions in the flow path
without the cement grains clogging and preventing further penetration is in this
work called filtration tendency. An inert material mixture and a cement-based
mixture are used for the investigations in this work. The inert material, which is
crushed dolomite stone, does not react with the added water in the mixture. The
used cement grouts are based upon three types of commercial available Portland
cements and four Portland cements with modified grain size distribution curves.

Performed tests show that the grain size and grain size distribution is of great
importance for the filtration tendency. According to performed experiments with
inert and cement material, it seems to be advantageous for the penetrability to have
a grain size distribution that contains neither too many fine or coarse grains. It is
reasonable to believe that the grain size distribution should be relatively steep
(narrow grain size range) between minimum and maximum grain size. The
maximum grain size is of importance in terms of for example d¢s. Too large
maximum grain size will prevent penetration of the mixture through obstructions in
the flow path. According to performed tests, the value of dgs, should be between
4-10 times smaller than the aperture to be penetrated by the cement based mixture.
The small grain sizes are also of importance in order to achieve a low filtration
tendency of the grout. This is because of the increased tendency for the small grains
to flocculation into larger agglomerates, compared to larger grain sizes.

The filtration experiments with cement based grouts show that influences of
parameters like surface chemistry (use of superplastisisers) and cement chemistry
(hydration of cement grains) will strongly affect the filtration tendency of the
mixture.

To visualize the phenomenon of filtration tendency it can be investigated on a
larger scale than usually takes place. Filtration experiments in the scale of
approximately 100:1 have been performed in order to see influences of grain
concentration, grain shape and the penetrated slot aperture. It can be seen that used
grain sizes (monodisperse and inert mixture) should be approximately at least 2-3
times smaller than the aperture to be penetrated by the mixture. Numerical
experiments of filtration tendency have also been performed to investigate the
possibilities to numerically simulate the influence of grain concentration and slot
aperture. The numerical experiments are based on Eulerian flow modelling.
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1 Introduction

1.1 Background

Grouting as a method of strengthening and sealing rock and concrete is widely used. A
historical review of the grouting technology on an international level has been made
by A.C Houlsby, 1990. Generally, holes are drilled into the structure of rock/concrete
mass in order to make the cracks or leached channels accessible to pump a grout
mixture into the same. Knowledge about the grouting technique and grouting material
is to a high extent founded on empirical relations and improvisation. Possibilities of
sealing structures are of great importance from both an economic and environmental
point of view. For example, the requirements of closeness on a rock structure affect
both the functions as achieving a dry tunnel and the influence on the surrounding
environment (Palmqvist K, 1983). Problems with settlement of the surrounding ground
surface around a tunnel, caused by insufficient sealing of the tunnel, can be caused by
an insufficient grouting operation.

Grouting is, in this work the method where liquid material flow into cracks in rock or
concrete structures. The force that creates the flow is commonly created by
overpressure from pumping. The term grouting is usually synonymous with the whole
technique and execution of the grouting operation. The used pressure in the grouting
operation is the pressure applied to the liquid. The pressure applied to the grout has
probably no influence on the properties of the liquid, unless the liquid contains air
bubbles. The air bubbles can give rise to the air being compressed in different ways,
which create differences in the behaviour of the liquid (Crowe, 1998). The differential
pressure that pushes the flow is the important factor. The differential pressure is the
difference of pressure between the ground water pressure and the used pump pressure
(adjusted by the loss of pressure in pipes). This pressure, in this work, is called the
grouting pressure. If the grouting pressure is divided by the length of the flow
direction of the liquid that is grouted, the pressure gradient is found. The pressure
gradient is an important parameter in order to predict the flow rate and penetrated
length for a given liquid in a given geometry.

Penetrability is a summarised term for the grout’s ability to penetrate crack apertures,
cracks and channels. The limiting factor can be rheology (flow properties like
viscosity and yield value) or plug formation when the grains stick together (filtration
tendency).

Also the method chosen for drilling and cleaning of the drill hole is probably of great
importance for the penetrability. Concerning the drilling method (hammer drill) it is probable
that the design of the drill head and drilling rod influence the shape of the crossing between
drill hole and crack. The texture of the drill cuttings is also a possible critical parameter to
avoid initialisation of plug formation at the crack entrance. Description of grouting equipment
and grouting procedures can be found in Pettersson (1999).



Figure 1.1,

which makes the composition of the grout mixture difficult. Work has been done by
Eriksson M, (2002) to develop a model for prediction of grout spread and sealing
effect based on the penetrability of the grout.

Even lack of accurate testing methods is a consequence of the lack of fundamental
understanding of the performance of the grouting material. One of the major
difficulties when accurately measuring the properties of the grout mixture is its
changing properties with time.

The crack system and crack apertures are often relatively unknown
(Fransson, 2001). Above all these uncertainties it is difficult to predict the grouting
result and attempts to do this are seldom performed with a more theoretical approach.

Planning

&
organisation

Succesful grouting
-To a reasonable price

Growt performance

Description of the ingredients required for a good grouting result.

Growt equipment

Several requirements have to be fulfilled for a good grouting result, see Figure 1.1.
The requirements can roughly be divided into two groups, first the requirements of the
grouting operation (short run) and second the long term requirements (long run). The
short run requirements are for example to avoid hydraulic cracking, rewind pressure
and to avoid washout of the grout in the borehole. It is necessary to control the setting
time of the grout and the design of the packers. In the long run one has to secure the
sealing effect when the construction has been taken into use. To achieve a resistant
grouting result one has to know the grouts bleeding during setting, hardening time and
even its solubility in the surrounding water environment (chemical resistence). Of
course, the penetrability of small cracks is also of certain interest to achieve a resistant
grouting result. More about performance and requirements of grouting can be read in
Nonveiller E (1989) and Dalmalm (2004).



To fulfil the requirements of more water tight tunnels with requirements of limited
ingress of water in urban areas of 1-4 I/ min/ 100 m tunnel, cracks wihh an aperture of
approximately 50 um have to be sealed against ingress of water. Experiences from
several tunnelling projects show that one can reduce the inflow of water to
approximately 107 m/s with the first pregrouting operation. It is then only possible to
reduce the permeability to approximately 0,3*107 m/s with normally existing
regrouting technique (Stille H, 2001). The developments after 2001 indicate that 10
times better results can be achieved (Emmelin et al 2004). The conclusion regarding
water sealing of tunnels with cement based grouting is probably that one has to via
pregrouting seal the whole tunnel in order to fulfil the requirements. The cost of
grouting have, in certain projects, been as high as the cost for the blasting and
excavation of the tunnel. To improve the technique of pregrouting with cement based
material it is necessary to focus on the properties of the used grout mixture.

Other types of structures, which are subject for grouting, are hydropower structures.
Hydropower structures are often subjected to internal damage that can impair both
structural integrity and water tightness. One of the most common types of damage are
cracks due to thermal movement shortly after pouring and porous areas due to
leaching, the latter often caused by the former or by pervious concrete. Injection
grouting is often an economically advantageous method to repair this kind of damage.
Grouting is, in this case, a method for rejuvenation of the concrete structure (VAST,
1991).

The grouting material can be based on solutions of e.g. alkali-silicate-hydrate, epoxy
or polyurethane or it can consist of cement and other mineral binders. This
classification of the chemical grouts is rough and their only common denominator is
that they are all solutions. On the contrary the cementitious ones are suspensions of
grains in water. Each category of grouts has its advantages and disadvantages. The
main advantages of cementitious injection grouts are their low cost, compatibility with
the environment and predictable durability. Concrete is always pervious to water to
some extent and if impervious layers of e.g. epoxy are introduced into for example a
hydropower structure, water enrichments can occur and give rise to spalling due to
frost action in cold climates. This is not likely to happen if a cement grout is used
since the hardened grout has approximately the same permeability as the original
concrete. Other benefits are environmental friendliness and that they can be handled
without special safety equipment for the workers. The disadvantages, compared to the
solution grouts, are the limited ability to penetrate fine cracks due to its content of
solid grains.

Classification of grouts has also been made in the handbook Preliminary Glossary of
Terms Relating to Grouting (1980). This handbook is published by the Geo Institute of
America (Committee on Grouting, 1980). Four broad categories of grouts are
classified:

Cementitious
Chemical solution
Resinous
Miscellaneous



The cementitious ones are those that use hydraulic cement as a primary binding
component. Chemical solutions are defined as those compounds that have a basically
waterlike appearance prior to injection. The resinous category is mainly solvent based
and normally supplied in two or more components that have to be mixed properly in
order to harden and cure. The fourth category (Miscellaneous) includes the ones that
do not fit into the other categories, like for example bitumen and clays.

Grouts can also be classified due to other properties like its engineering and
rheological properties. The engineering classification is based on grout characteristics
and its engineering performance. It includes the flow, penetrability and strength
characteristics of grouts, but also the strength and permeability of the grouted mass as
related to its interaction with the grout. Based on their initial viscosity, rheologically,
particulate and chemical grouts are classed as granular Bingham and non-granular
Newtonian grouts respectively.

Initial viscosity is determined from the shear stress- shear rate relationship of the grout
using a rtheometer. The flow curve for a Newtonian grout is a straight line that passes
through the origin, for a Bingham grout the line no longer passes through the origin
but makes an intercept with the shear stress axis, which is commonly referred to as the
yield value.

To obtain a durable and high strength hardened cementitious grout it is necessary that
the grout is stable in terms of bleeding and sedimentation. Sedimentation and bleeding
can cause incomplete filling of the crack volume, which creates paths for leaching
through a grouted crack, see Figure 1.2. Furthermore, the w/c-ratio has to be kept as
low as possible to avoid a hardened cement paste with an extensive pore system. A
hardened cement paste with an originally low w/c-ratio has few capillary pores which
connect to each other. Few connected pores make the paste more insensitive to
leaching of binder material in the paste (Hansson P, 1994, Alemo J 1988).

Figure 1.2, lllustration of a crack that is partly filled with grout, the plane of the crack is in the
plane of the paper. The white colour indicates areas not filled with grout, black colour is
areas filled with grout. Hansson P. (1994).



Regarding grouting in hard rock and concrete structures, it is said that it is possible to
grout a crack when its aperture exceeds three times the maximum grain size of the
cement (A.M Crawford, 1984). A similar rule of a thumb for soil grouting is that the
soil can be grouted if the quotient of the soil's grain size at 15 percent passing to the
cement's grain size at 85 percent passing (Djs/dgs) is more than 20 to 25 (Mitchell J,
1970).

A summary of different authors views of a groutable crack aperture can be found in
Brantberger et al, 1998. Bergman (1970) stated that a crack could be penetrated if the
crack aperture was 3 times bigger than dos of grains in the dry cement powder. None
of these established rules-of-thumb concerning the filtration effect is applicable to
predict penetration ability for grouts with low w/c-ratio. These kind rules of thumb are
probably more valid for older types of grout mixes with high W/C ratio and no
superplasticizer agent added. These older types of grouting cements generally also
contained a coarser grain size distribution then that is used today. Laboratory work at
Vattenfall Utveckling AB has shown that a quotient between groutable crack aperture
and maximum grain size can be as high as about 10, for more modern types of micro
cements with a grain diameter <30 um. (Alemo J, Hansson P 1997).

The penetration characteristics of particulate Bingham grouts are very different from
those of Newtonian chemical grouts. Commercial laboratory tests at Vattenfall
Utveckling on stable, low w/c-ratio, Bingham grouts show that the most significant
limitation to their penetrability is the tendency of cement grains to agglomerate into an
impermeable filter cake (plug formation). Grout refusal due to inappropriate rheology,
can often be avoided by using superplastisiser (Hansson P, Eklund D, 2001). In
Newtonian grouts the penetrability is mainly dependent of the initial viscosity and gel
time.

1.2 Objective

The main target with this project is to improve the knowledge about how to compose
grout mixtures to fulfil the requirements of penetrability. The detailed objectives of
this thesis can be summarised in:

e Map and explain the mechanisms of the fresh mixed grout that govern the plug
formation.

e Recommendations of how a grout should be composed to avoid plug formation.



Figure 1.3,

1.3 Hypothesis

Plug formation occurs when the grains in the grout sticks together and create a plug.
Plug formation can occur from a constriction in the flow path or at the entrance of a
crack aperture. The property of a grout to penetrate cracks and porous material, the
penetrability, depends on two things, the rheology and the plug formation. When
grouting fine cracks one has to take into account the fact that cement grouts contain
solid grains.

The properties of a grout that may prevent passing obstructions in the flow path is in
this thesis called filtration tendency, see Figure 1.3. Low filtration tendency is
according to this thesis, both a question of total passed amount of mixture and the
quality of the passed mixture (concentration of grains in the mixture after filtration).

The figure show the influence of plug formation. Arches and agglomerates are formed
(plug formation) at the entrances of cracks (Alt. 1) and at changes of crack aperture
(Alt. 2), which obstruct further penetration of the grout. Hansson (1994).

One of the hypotheses of this work is that the filtration tendency of a grout is not
solely governed by the maximum grain size of the cement, or by some other single
point of the grain size distribution curve.

The maximum grain size of the cement (djgp), dos or dss, is not expected to be as
influential on the penetrability as it was considered earlier. The appearance of the
entire grain size distribution curve contributes to the behaviour of the grout as well as
pore water chemistry, physiochemical aspects and practical issues such as mixing
efficiency. Filtration tendency becomes the property of the fresh mixed grout that
dominates the penetrability of the grout when the aperture is in the range of 0.3 mm or
less, according to tests by (Hansson P, 1996).

The basic idea, in this work, of evaluating the filtration tendency of different grouts is
to measure the minimum aperture a certain grout may pass. The aperture that the grout
passes is a property of the grout mixture.



The chemical composition is dependent on for example, superplastisiser used and type
of cement. The chemical composition of the cement has in this work been kept
constant, with the study being confined to the use of Portland clinker. Variation of the
grain distribution (grain sizes) will affect the speed of reaction and the flocculation
effect in the grout mixture.

The influence of grain concentration, grain size, grain size distribution and chemical

properties, on the minimum aperture a certain grout may pass has by Eriksson (2003)
been summarised in parameters like b, and by, (Eriksson 2003), see Figure 1.4.
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Figure 1.4, Simplified model of the passed amount as a function of used aperture
(Eriksson 2003).

The aperture size below which plug formation occurs is denoted bgi;. The aperture size
below which no mixture at all passes is denoted byin. The parameter byq which will
further be described in this work, is dependent on the performance of the grouting
operation and should therefore not be seen as a pure property of the grout mixture. breq
represents the slot aperture when a sufficient amount of mixture can pass. To fulfil the
requirements of by a sufficient amount of mixture shall with a sufficient quality pass
the actual slot aperture.
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Figure 1.5, More detailed model of the passed amount as a function of used aperture.



When using a larger aperture than b, the passed amount will approaches infinity if
the available amount of mixture and time is infinite, see Figure 1.5. In practice, during
penetration experiments, will b will represent a certain amount of passed mixture
during a certain time.

Practically b, is relatively hard to define from the measurements when this aperture
represents the aperture when no mixture is passing. Practically there will almost
always be some mixture that is passing, containing more or less cement grains
(different W/C ratio).

breq has to be connected to an actual case to be evaluated (requirements of the results
of the grouting operation).

1.4 Limitations

The design and even the results of the experiments have been influenced by the limited
available amount of material (dry powder in the used mixtures). It might be possible
that a larger passed amount of mixture has caused plug formation even for the
filtration experiments were no plug formation has occurred (low filtration tendency).
The design of the apparatus for filtration experiments can practically not be designed
for use of an infinite passed mixture volume through the filter. The limited amount of
used material is in these experiments due to problems in producing larger amount of
powder (inert and cement) in certain grain fraction intervals.

The filtration tendency has just been studied at the entrance of for example a slot
aperture, not in a constriction further in along a simulated slot plane. It might be
reasonable to believe that the initialisation of the plug formation further in along a slot
plane, can be influenced by other properties along the slot plane then in the case of
plug formation at the entrance of the slot. The plug formation at the slot aperture is
mainly a two dimensional phenomenon (slot length is much longer than slot aperture
and the extension of the slot plane is small compared to slot length).

Plug formation along the slot plane with a larger extension will probably even be
affected by a third dimension, the extension of the slot plane. Surface roughness and
electrostatic surface charge along the slot plane can probably affect the plug
formation.

15 Disposition of the thesis

The first tests carried out deal with an inert material in order to study the filtration
tendency. Inert material is used in order to eliminate the time dependent and chemical
changes in ordinary cement based grout mixture. The inert material, which is crushed
dolomite stone, does not react with the added water in the suspension. The first tests
also include scaled-up filtration experiments with plastic grains (2-4mm) and
numerical simulation of plug formation in the scaled-up model.



The second tests deal with cementitious grouts based on Portland cement. This work
also mainly includes mixtures with a limited maximum bleeding of approximately 5%.

The grouted mediums that are considered are cracks in hard rock and concrete
structures. In order to get an overview of the structure of this thesis, a short description
of each chapters’s content is given below.

Chapter 2 contains a description of the medium that is supposed to be grouted. The
mediums, which are described, are fractured rock structures and fractured concrete
structures. Short descriptions of different sealing methods are given in this chapter.

Chapter 3 contains a fundamental description of the mechanisms and parameters,
which obstruct grout penetration of crack volumes. Attempts to develop theoretical
models for filtration tendency have been made.

Chapter 4 introduces cementitious grouts. Used materials like cement and
superplastisisers are presented. Experiences from former penetrability experiments
with cement based mixtures are discussed.

Chapter 5. Test equipment and test methods are described in detail. A concept to
quantify filtration tendency has been developed. Description of used numerical and
physical models.

Chapter 6. The results of the penetration experiments with inert and cement based
material are presented.

Chapter 7 analyses the test results presented in chapter 6. Feedback of the results is
given. Some general guidelines for the composition of a cement based grout mixture
with low filtration tendency are given.

Chapter 8 deals with a proposal to further research based on the conclusions and analyse
made in chapter 6 and 7. Five different fields for further research are identified.
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2 Characteristics of the grouted structure

2.1 General

The geometries, which in this work, are supposed to be penetrated are cracks or porous
material. Much work has done in the field of characterisation of cracks in rock and
concrete structures. The purpose of characterisation of the cracks is mainly to describe
the properties of interest for the grouting process, such as crack apertures, roughness
of the crack plane and water conditions of the crack. Different models of cracks in
rock structures have been tested in order to better predict the grouting process (Jansson
1998). This section of the work will very briefly illustrate some parts of the knowledge
about the medium that is supposed to be grouted.

The aims of grouting structures are often to fill voids, cracks and pores and sometimes
strengthen the structure. The sealing of the structure prevents further attack on the
structure. The structure consists of rock, concrete or soil. This work deals with rock
and concrete grouting, as the technique is almost the same for both. Cracks can be stiff
or flexible. The movement in cracks can depend on different causes, daily temperature
changes or movement due to seasonal variation. Cracks can be either dry or wet. The
choice of grouting agent will be made, depending on the requirements and purpose of
the grouting, construction material, type of cracks, aperture, movements and degree of
moisture in the cracks.

2.2 Rock structure

Little is known about the way in which cracks are formed (geological background) in a
rock (Fransson 2001). Hard rock can be described as a system of cracks and zones of
weakness in a solid rock mass. The cracks and zones of weakness can be due to
tectonic, thermal, lithostatic and high water pressure. Their appearance mainly
depends on the stress configuration in the rock, both at present and during
petrogenesis, and on the mechanical and physical properties of the rock mass. There
are different types of cracks, cracks with flow of water and tight cracks. Cracks can be
very conductive due to crack aperture. From an engineers point of view it is of
importance to characterize the aperture, frequency and direction of the cracks, in order
to succeed with the grouting operation.

A rock mass structure contains discontinuities, which may be described individually or
as an entire system. Flow of water in cracks is usually a problem when constructing
tunnels or other underground facilities. Models for describing the crack or crack
systems has been made by several researchers, see for example (Fransson 1999). There
are mainly two approaches, the continuums and the discrete modelling. The continuum
models describe a homogenous and porous material, where the pores are fully
connected. The continuum approach is limited due to the scale of the problem.
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The volume of rock needed for a continuum approach is often relatively large, about
100-1000 m’, even if the frequency of cracks is high (~10 st/m) (Rehbinder et al
1995).

Discrete crack modelling attempts to include every important conductive crack in a
volume. Fractures in a discrete crack model are defined by a number of characteristics
(Dershowitz and Doe 1997). The characteristics are location, shape, orientation, size,
intensity, transmissivity and storativity. Usually there is a problem to define the actual
geometry of the crack on the basis of performed measurements as for example a water
loss test. The basic idea of crack modelling is to via results (conductivity or
transmissivity) from water loss test, translate the hydraulic crack aperture into a
geometric crack aperture. The possibility to evaluate the actual geometric crack
aperture (b) is fundamental to using the crack aperture as a measure of the grout
mixtures filtration tendency.

In order to predict the behaviour of mass from a grouting point of view it is of interest
to look closer to the discrete modelling of cracks. Channel network is one type of
discrete modelling of cracks and has been used by several authors for different
application. Héssler (1991), Gylling (1997) and Eriksson (2003) used this model to
predict the spread of grout.

To obtain a suitable model, Hakami (1995) listed a number of important crack
properties, which affects the flow behaviour in the crack. The crack should be seen as
a three dimensional geometry (crack volume), which has some specific properties. The
important properties of the crack are aperture, roughness, contact area, matedness,
spatial correlation, tortuosity, channelling and stiffness.

The three dimensional behaviour of the water flow in cracks makes it interesting to not
only analyse the crack aperture, but even the roughness of the walls and asperity
regions (contact areas), i.e. where the two opposite faces of the crack walls are in
contact to each other. Pure measurement of the water flow through the crack, is not
sufficient to predict the penetrability of a particulate mixture (grout). It is of interest to
estimate the distribution and sizes of the crack apertures along a crack plane, in order
to predict the penetrability of the crack. The variable crack aperture is a widely studied
problem. (Tsang & Tsang, 1989; Hakami, 1995; Nordqvist et al, 1992; Larsson, 1997
among others).
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Figure 2.1, Characterization of crack properties that controls the flow in a crack, Hakami (1995).

A proposal to relationship between the hydraulic aperture and the physical aperture
was made by Zimmerman et al (1991) and Cheng et al (2000). The relationship stated
that an increasing difference between the hydraulic aperture (bnyg) and the physical
aperture (b) was found as the standard deviation (o) of b increases. The relation is
described by the eq 2.1.

eq 2.1
(bhyd /b)3 = 1 — e_0-56<b/o-

The characterisation of a cracks in a hard rock structure can be done in several ways.
Experiments (Gustavsson, 2004) show that the crack planes are hardly horizontally
parallel to each other, the apertures will vary and fragments of rock pieces (alteration
products from rock and ground water) can be found in the cracks. Different crack
apertures and fillings along the crack plane are connected to each other via a network
of fine cracks that cross between the planes. The boreholes into the rock structure will
cross a number of these crack planes. A number cracks and voids will be accessible to
grout.

Cracks with difrent apertures » \
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for grouting

|
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L
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<

Grout
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Figure 2.2, Description of grout spread in the rock structure (Gustavsson, 2004).
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2.3 Concrete structure

Concrete structures are often subjected to internal damage that can impair both
structural integrity and water tightness. The most common types of damage are cracks
due to thermal movement shortly after pouring and porous areas due to leaching, the
latter often caused by the former or by pervious concrete. Injection grouting is often an
economically advantageous method to repair this kind of damage. Grouting is in this
case, a method for rejuvenation of the concrete structure. The cause and extension of
the damage and its influence on the structure must be made. The crack system and
crack apertures are often relatively unknown. Above all these uncertainties is the fact
that it is difficult to evaluate the grouting result and attempts are seldom performed.

Crack patterns, crack apertures, depth and orientation must be surveyed as well as the
location and size of the voids. The moisture state, cleanness and possible movement of
the cracks are also of significance. The moisture state can vary from dry to flowing
water. The movements can be frequent (traffic load), daily or yearly. The examination
can be visual, include core drilling and use of non-destructive methods or water loss
tests.

The requirements of the structure and the repaired structure as load bearing capacity
must be clear before starting the grouting operation. Grouts for force transmitting
filling of cracks are products, which are able to bond to the concrete surface and
transmit forces across them. Grouts for ductile fillings of cracks are products, which
are able to accommodate subsequent movements. When the grout has filled the cracks,
pre-stressed reinforcement can be mounted in order to increase the strength of the
structure. It is of great importance to fill all cracks, because if movements occur in the
structure it can cause loss of pre-stress in the reinforcement bars.
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Table 2.1,

It is normal with cracks in reinforced concrete structures. In some cases measures have
to be taken in order to reduce their effects on the structure, see Table 2.1.

Characterisation of cracks in concrete structures. (Alemo, 2003)

Type of cracking Sub-division Time of appearance Phase
Over reinforcement Ten minutes to three
Plastic settlement Arching hours
Change of depth
Formwork settlement Very early age
Random Half an hour to six hours
Plastic shrinkage Over reinforcement
Parallel
Self desiccation W/C <0.45 During hardening Early age
Crazing After surface treatment One to seven days, during the
Against formwork sometimes much later hardening of

Thermal cracking

Surface cracking

Through cracking

One day to some weeks

the concrete

Drying shrinkage

One-side drying

External restraint

Differential final shrinkage

One to several months

Thermal cracking

Surface cracking

Through cracking

During cooling to long-
term ambient
temperature

Pre-stressed concrete

Cracks at anchorage

After pre-stressing

After part of
the structure
has been
completed

Loading cracks

Micro cracks

Tensile cracks

Flexural cracks

Shear cracks

Torsional cracks

At loading

Long-term loading cracks

After completion of
creep

Imposed deformation

Ground settlement

Corrosion in reinforcement

Chloride initiated

More than one year

Carbonation initiated

More than five years

Sulphate attack

More than five years

Alkali-silica reaction

More than five years

Alkali-carbonate reaction

More than five years

Freezing and thawing

Fire

During service
life
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According to Table 2.1 there exist a vast number of reasons for a concrete to crack and
each type of crack shall be treated in different way depending on their origin. Two
main methods exist to take care of sealing of cracks in concrete structures (Injection
and surface sealing). Injections is an internal treatment to fill most of the cracks and
voids and thus seal the cracks. The crack apertures of damaged concrete structures can
vary between small ones of approximately 50 pm up to apertures of several
millimetres. The ones that are necessary and possible to seal will of course vary
depending on the actual case. In the case of making a structure waterproof it is
generally necessary to seal cracks down to 100 um and even smaller. The
requirements of grouting in concrete structures will also be linked to the configuration
of the crack plane. A crack plane that crosses the whole structure (for example a dam
wall) has to be penetrated to a larger extent than a crack plane that does not cross to
whole structure. In cases of structural repair (mounting of pre-stressed reinforcements
in the grouted structure) it can generally be enough to fill the apertures in the region of
0,5-1.0 mm. In the case of filing these larger cracks with grout, the purpose is to be
able to transmit the force from the reinforcements through the crack plane, without
deformation of the structure. Grouting is the predominant method of repairing concrete
cracks. The method of grouting concrete structures will also vary according to the type
of crack, generally holes are drilled into the structure (like pre-grouting of rock
structures) but even surface sealing methods can be used.

Surface sealing is the other alternative method. The penetration of the sealing products
(as for example cement mixtures) is driven into the cracks by the force of gravity.
Surface sealing which can be subdivided into two groups one with membranes applied
either as liquids or preformed (bonded or unbonded) sheets and another one in which a
suitable dimensioned groove is made and filled with an appropriate sealant. At surface
sealing of cracks it is important to make the sealing on the most humid side of the
structure. A sealing on the wet side will better withstand possible water pressure and
there is less risk for an increase of the humidity behind the sealing, which can lead to
frost damage. There are examples where sealing on the wrong side have decreased the
durability (VAST, 1991).
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2.4 Conclusion and discussion

Based on literature studies the following important factors, regarding the properties of
the grouted medium (rock and concrete), can be stated with respect to the penetrability
of cracks.

e The size of the crack aperture is of critical importance for the penetrability of
the grout into the crack.

e The geometric crack aperture is practically hard to measure in the structure.
Estimation of the hydraulic aperture can be made by methods like water loss
test. Translation of the hydraulic aperture into a geometrical aperture is
essential in order to evaluate the grout mixtures filtration tendency in terms of
the geometrical crack aperture (b).

e The aperture varies widely along a crack plane, with the result that the main
flow of fluids takes place along a few channels and that a large proportion of
the surface is tight, these are referred to as contact areas.

e It is of great importance to investigate the cause of cracks in a concrete
structure, in order to repair the cracks in a proper way. This includes, of course,
selection of material, equipment and method of the grouting operation.

e The distribution and location of minor and larger crack apertures and voids
have to be located in order to propose a plan for the grouting operation.

e In order to get a representative mean value of the hydraulic conductivity of the
rock mass, a large rock mass must be tested. The hydraulic conductivity can be
interpreted to a hydraulic aperture if the number of cracks is known.
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3 Penetrability

3.1 General

The penetrability of the fresh mixed grout can probably be seen as the single most
important property in order to achieve a good grouting result. A good grouting result is
usually synonymous to a durable filling of the grouted geometries. Durability of the
hardened grout requires that the W/C ratio should be kept as low as possible (Hansson,
1998). The lowest possible W/C ratio will vary depending on the properties of the
mixture and the purpose of the grouting performance (for example grain size, grain
size distribution of the dry cement powder, superplastisiser and crack aperture).
Commonly, with the use of modern micro cements, W/C ratio will vary between 0.7-
1.5 and still maintain a durable grouting performance. Performed laboratory
experiments (Alemo, 1988) show that an increase of the W/C ratio from 0.3 to 0.5 may
cause leaching in the paste to increase with 90 %. The penetrability of this type of
highly concentrated mixture can not be described solely by a rheological model
because the grains are more or less in constant contact with each other. In a grout with
low W/C ratio the packing ratio of grains can be as high as in the dry cement powder.
That can be illustrated through a grout mixture with a W/C ratio of 0.8, which has
almost the same packing ratio as a dry cement powder. The packing ratio, in the
mixture, is defined as the ratio between the volume of solid grains and the volume of
surrounding fluid in the sample. In a dry powder is the packing ratio the quotient
between volume of grains and the surrounding volume of air in a specified volume of
sample.

The packing ratio is generally expressed as the volumetric concentration (c) of grains
in the mixture. The porosity (¢) in the mixture is equal to one minus the volumetric
concentration (¢p=1-c).

There exist models for predication of the penetrability of grout mixtures with low
grain concentrations (high W/C ratio). Most of these types of models are based upon a
rheological approach, where the mixture is seen as a homogeneous fluid.

An equilibrium equation can be written (Héssler, 1991) in which the pushing force
from the pump pressure and the shear force from the yield value of the grout is in
balance. In a given geometry the penetration length can then be calculated for the
grout. Eriksson 2002, developed Hésslers models further by introducing a restriction
in the penetrability due to grain size of the grout.

To achieve a good penetrability of the grout it is probably necessary to both optimize
the rheology (flow properties) and the filtration tendency of the fresly mixed grout.
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Figure 3.1, Parameters that influence the penetrability of the fresly mixed grout. The parameters (?)
of the freshly mixed grout that govern the filtration tendency of the grout is today not
fully understood.

Exactly which properties influence the penetrability, and the magnitude of their
influence, are still not entirely understood, see Figure 3.1. The lack of knowledge
about filtration tendency of cement based grouts is the background to this project. A
method of assessing the penetrability of a grout by measuring the filtration tendency
has been developed in this project. The testing is performed on freshly mixed grout
and properties such as cement quality, admixtures and mixing efficiency that affect the
penetrability are considered.

3.2 Multiphase flow

3.2.1 General

The basic idea of using the theory and tools of multiphase flow in order to predict plug
formation in a grouting process, aims to explain in a theoretical manner the important
mechanisms. The theory and mathematics of multiphase flow of dense mixtures is
generally difficult and rapidly becomes complex. Therefore numerical methods have
to be utilized in order to solve the equations that govern such flows. In general the
equations that govern the flow of dense mixtures are a system of partial differential
equations. CFD (Computational Fluid Dynamics) calculations have proven to be a
successful approach to model multiphase flow. The method of CFD usually solves the
equations by using a numerical scheme called the finite volume method.

This section of the work will highlight the multiphase flow approach as a
complementary aid to the physical experiments in the work of understanding and
explaining the mechanisms of plug formation. This chapter is a summary of the work
performed in a master thesis (Saaidi 2004) performed within the field of multiphase
flow.
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Table 3.1,

Multiphase flow covers a wide range of applications from the flow of mud to the flow
field in gas turbine engines. In the past few years there have been significant advances
in the science and technology of multiphase flows.

The field is evolving from one where empiricism played a major role to one in which
analysis and modelling can now be used to complement design and control. However,
the technology is far from mature and many challenges still remain (Crowe et al,
1998).

Multiphase flows are important in a vast number of industrial applications. In general
the flow situations that arise in real applications are very complex. Multiphase flow is
the most common flow of fluids in nature. Some examples of multiphase flows are the
flow of blood, the drifts of clouds in the atmosphere, boiling liquids, transport of
grains in rivers etc. (Hestroni, 1982)

Multiphase flows can be divided into a number of subcategories depending on the
components in the flow. The flow of grains in liquid is a subcategory of multiphase
flows. A phase refers to the liquid, solid or vapour state of matter. The best example of
a single-phase flow is the flow of air, which is a mixture of gases. These types of
flows are treated as single component flows with a viscosity and thermal conductivity
representative of the mixture of gases as a whole.

The multicomponent nature of air will be important at high temperatures where

dissociation can occur, or at very low temperatures where some species may condense
out. Examples of four different categories of multiphase flows are given in Table 3.1.

Categories and examples of multiphase flows. (Crow, 1998)

Gas-liquid flows Bubbly flows
Gas-droplets flows

Gas-solid flows Gas-grain flows
Pneumatic transport

Liquid-solid flows | Slurry flows
Sediment transport

Three-phase flows | Bubbles in a slurry flow
Grains in gaseous flow

Liquid-solid flows are flows where liquid carries solid particles. This type of flow is of
considerable interest in the study of the filtration tendency of cementitious grouts. The
liquid-solid flow is often called slurry flow or dispersed flow.

Single phase flow of fluids has occupied the attention of scientists and engineers for

many years. The governing equation (Navier-Stokes equations) for the motion and
thermal properties of single-phase fluids are well accepted.
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The major difficulty in single-phase flows is the modelling and quantification of
turbulence and its influence on mass, momentum and energy transfer. Contrary to
single-phase flows the field of multiphase flows are much more primitive in that
correct formulations of the governing equations are used.

Multiphase flows can be modelled in many different ways, see Table 3.1. In some two-
phase flow applications it might be sufficient to model each phase with well
established single-phase flow equations with a moving boundary between the phases.

However depending on the applications different types of methods are more or less
suitable to use. However the method of modelling each phase with a moving boundary
between them is not useful when the phases are well mixed, as in the case of a
cementitious injection grout. In a dense and well mixed mixture the number of grains
are large thus averaging procedures are necessary to make the equations solvable. The
most common and important averaging procedures are space averaging, time
averaging and ensemble averaging.

The developments of numerical modelling are in many cases driven by the improved
capacity of computers. With modern computer technology it is possible to solve the
partial differential equations describing multidimensional, time dependent two-phase
flow problems. Development of the theoretical background is needs to be done in
order to perform better numerical simulations and to understand the physics behind the
flows. In addition empirical data from carefully conducted experiments are needed in
order to close the set of equations that govern the flow. Hence successful numerical
modelling is strongly dependent on accurate experimental data (Enwald et al 1996).

3.2.2 Two-phase flow models

There are numerous ways to model two-phase flow problems depending on the nature
of the problem. One way is to use a numerical mesh finer than the smallest length
scales and time steps smaller than the fastest fluctuations of the flow. This method is
usually called Direct Numerical Modelling (DNS). DNS is the subject for an extensive
amount of research but is today not feasible to be used in problems of interest
regarding penetrability of grouts, due to lack of computer capacity. In the techniques
described below the local instantaneous equations for the continuous phases are
averaged in a suitable way that allows a coarser mesh and a longer time step to be used
in the calculations.

Another way to model multiphase flows is the Lagrangian modelling technique.
However this method keeps track of each individual solid particle (grain), i.e., it solves
Newtons’s second law of motion for each grain. Thus it generates an unrealistic
amount of equations if the volume concentration of grains is high, which unfortunately
is the case for cement based grouts. The Lagrangian technique would demand an
unrealistic amount of computer power.
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Due to the extensive amount of computer power needed to use the Lagrangian
technique it is obviously not a technique that is feasible to use for dense mixtures with
many grains. As an example it can be mentioned that if the CFD model would
calculate the position and interaction of each grain (¢= 50 pm) in a mixture with a
volume concentration of 1%, the number of grains in one cm® would approximately be
one million. In the case of mixtures used for grouting the volume concentration of
grains seldom goes under 15 % (W/C ratio~1.5).

A third way of modelling multiphase flows is the Eulerian modelling technique. In
Eulerian modelling both phases are modelled as two intersecting continua, therefore it
is not possible to model the interaction between specific grains. Moreover it is not
possible to explicitly account for the size of grains, meaning that the grains can be
specified to have a larger diameter than the actual crack aperture and still penetrate
through the crack. This is possible since the grain phase is interpreted as a continuous
phase. However the size of the grains has an indirect effect on the penetrability of the
grain phase, because of the direct effect it has on to the shear viscosity for the grain
phase. The main focus of the present study is the Eulerian two-dimensional modelling
technique.

The Eulerian models can be divided into two different sub categories:

o Diffusion models

Diffusion models are formulated by considering the mixture as a whole, they can
be represented by one continuity and one momentum equation in each coordinate
direction. Additionally there should be one energy equation and one diffusion
equation to account for the effect of concentration gradients.

e Two-fluid models

A two-fluid model consists of two continuity equations and two momentum
equations in each coordinate direction. Moreover there are two energy equations.
To close the set of equations different closure laws are needed. The Eulerian
model is a two-fluid model.

In the present work the Eulerian two-phase model is used.

3.2.3 Basic governing equations

To be able to translate Navier-Stokes equations for the fluid and Newton’s equation of
a single grain directly into continuum equations representing momentum balances for
the fluid and solid phase, researchers mathematically define local mean values. The
point variables are averaged over regions which are large with respect to the solid
grain diameter but small with respect to the characteristic dimension of the complete
system. There are two types of equations that govern the flow of the mixture, the
continuity equation for mass balance and the Navier Stokes equation for momentum
transfer.
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For a single-phase fluid model, a single set of conservation equations for momentum
and continuity are solved. However, in a multiphase flow model additional sets of
conservation equations must be introduced, in this process the original set must also be
modified. This modification involves the introduction of volume fractions for the
different phases, moreover on extra term has to be added to account for the momentum
exchange between the phases. The equations presented in this chapter can be found in
any fundamental multiphase flow textbook.

Continuity equation, mass balance

In general form the continuity equation can be written as:
eq3.1

%(aipi )"‘v'(“ipivi): 0

The continuum assumption is the foundation for all the basic laws in fluid mechanics.
The continuum assumption states that macroscopic quantities such as; density,
velocity and pressure varies continuously from point to point throughout a fluid.

The continuity equations for the fluid and solid phases can be expressed as:
Fluid phase:
eq 3.2

%(afpf)+A-(afpf \7sz0

Solid phase:

eq 3.3
g(asps)-’_A' asps\_;s =0
ot

Where a is the void fraction of grains. By definition the sum of the void fractions
(Otig and oLsojig) Must be unity.

The volume of phase q is defined as:
eq 34

V, = L a,dv
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The effective density (or bulk density) of phase q is:
eq 3.5

P =a.p,

The bulk density is the density of the q:th phase in a given material region with respect
to the total volume in that specific region.

The physical principle underlying the continuity equation is the conservation of mass.
In words the equation may be stated as “the time rate of change of the mass of a
material region is zero”. A material region is defined to be a volume where the
velocity of the surface enclosing the volume is equal to the fluid velocity
(Panton, 1996).

To obtain a better physical understanding of the terms in the continuity equation it can
be evaluated at a fixed point, i.e. a fixed point P in space, at the center of a fixed
differential volume. From this point of view the continuity equation is a balance
between the rate of accumulation of mass and the net outflow of mass. The first term
on the left hand side (eq 3.2 and eq 3.3) describes the rate of accumulation of mass per
unit volume at P. The second term describes the net flow of mass out of P per unit
volume.

Navier-Stokes equation, momentum transfer

Navier-Stokes equation for a single phase fluid can be written as:

eq 3.6
a Vv - - ) - -
Yo, E+V-VV =-Vp+u-V'v+F
1%
Where  —— is the material derivative, which has the physical interpretation of the
time derivative, following a fluid particle'. eq 3.6 can be interpreted from

the same point of view as the continuity equation, i.e., we evaluate the equation at a
fixed point, P, in space at the center of a differential volume.

The first term on the left hand side in eq 3.6 describes the rate of momentum increase
at the fixed point P, sometimes referred to as the local rate of change. The second term
on the left and side describes the net rate of momentum that is carried into P by the
fluid flow, commonly referred to as the convective change.

" In this context a fluid particle and a material region is exactly the same thing.
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The first term on the right hand side denotes the net pressure force at P. The second
term on the right hand side represents the net viscous force at P and the third term
describes the body forces at P (gravity is an example of a body force).

In words the equation states that the mass per unit volume (p) times the acceleration of
a fluid particle (the left hand side) is equal to the net force acting on the particle, which
corresponds to Newton's second law of motion.

Extended Navier-Stokes equation

Focusing on two-phase flows, which are the flow of interest regarding the filtration
tendency problem, the conservation of momentum for the fluid-phase is given by an
extended Navier-Stokes equation. The effective (bulk) density replaces the density in
the single-phase Navier-Stokes equation. Moreover one extra term (B) is added to
account for the interphase momentum transfer.

The momentum balance equation for the fluid-phase is given by:
eq 3.7
0

a(afpfvf)+v'<afpf\7f\7f)=v'?f +afpfg_afvp_ﬂ<\7f _\75)

Here P is the fluid phase pressure, g is the gravity acceleration, B is the interphase
momentum transfer coefficient, t; is the fluid phase shear stress tensor which is
assumed to be Newtonian.

The momentum balance equation for the solid-phase is even more modified to account
for the particle-particle (grain-grain) interactions. Thus comparing it to the single-
phase Navier-Stokes equation there are two additional terms added. As in the case of the
fluid phase momentum equation, the single-phase density is replaced by the bulk
density. The momentum transfer term (f) is also included but with the opposite sign
compared to the fluid phase equation. Additionally, a solid-phase stress tensor,
sometimes referred to as the solid-phase pressure (P;) is included in the equation. This
term should account for the grain-grain interactions.
eq 3.8

%(aspsvs)w (a,p9,9,)=V T, +a.p,§-a,VP-VP - BV, -V,)

Here Ps is the solids phase stress tensor with a kinetic, collisional and frictional
contribution. The two first contributions are derived from kinetic theory
(Saaidi 2004) and the latter one is given by empirical or semi-empirical relations.
Hence the solid phase stress tensor reads:

eq 3.9

Ps = Ps,kinetic + Ps,collision + Ps,friction
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Since the main interest in the present work is to investigate the clogging of grains in a
narrow slot it is believed that the frictional contribution will be the most dominant
contribution. Hence it is of great importance to have a high-quality frictional model
(Saaidi, 2004).

The interphase momentum transfer coefficient (B) is an empirical parameter that
describes the momentum transfer between the fluid and grain phases. The drag
coefficient is typically obtained from pressure drop measurements in fixed, fluidized
or settling beds. As seen from the equation, the term containing the interphase transfer
coefficient is directly proportional to the velocity difference between the phases. As a
consequence this term will become increasingly important as the velocity difference
between the phases increases, which is a logical argument from a physical point of
view. Thus the momentum exchange between the phases will increase as the velocity
difference increase. In a grout this term will probably be of significant importance if
the phases start to separate (Saaidi, 2004).

The fluid phase shear stress tensor (tr) describes the shear stresses acting in the fluid
because of the viscous forces. In a Newtonian fluid these stresses are proportional to
the rate of strain within the fluid.

The solid’s pressure ( Ps kinetic and P's.coniision ) is more difficult to interpret than the fluid
phase pressure. Both the kinetic and collision part is derived from the kinetic theory of
granular flow, which is an extension of the kinetic theory of dense gases. The
collisional part denotes the momentum transferred by direct collisions and the kinetic
part physically represents the momentum transferred through the system by grains
moving across imaginary shear layers in the flow. Figure 3.2 gives a schematic
description of the kinetic, collision and frictional part of the solid phase stresses. At
high solid volume fractions, sustained contacts between grains occur. The resulting
frictional stresses ( Ps. frictior.) must be accounted for in the description of the solid-
phase stress. Hence the frictional stress is added to the stresses predicted by the kinetic
theory for o, 2 «

S, min *

eq 3.10

Ps, kinetic + Ps,collision if 28 2‘755, min

Ps = Ps,kinetic theory + Ps, friction

where o min 1S the smallest value for which the frictional stresses start to become
important. When the solid’s volume fractions become high the frictional stress part
will dominate the solid phase stresses. Thus to obtain correct numerical results it is
crucial to have a good model for the frictional stress. Since most of the frictional stress
models are semi-empirical a correct model for the frictional stress could be obtained
through carefully conducted experiments.
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Figure 3.2, Kinetic effect (left hand side), random grain motions across a plane. The mean fluid

velocity gradient gives rise to momentum transfer across the plane. Collisional effect,
(right hand side) frictional interparticulate forces may become very large when the
solids concentration is high

The three different the particle pressures described above (eq 3.10) contribute to the
solid phase stress tensor. Hence they will have an impact on the outcome of the
numerical simulations for the filtration tendency problem. Thus it is crucial to have
accurate models for these physical parameters. As mentioned above kinetic theory
gives the values for the normal forces due to grain-grain interactions, whereas for the
frictional part we have to rely on empirical relations. An extensive review on kinetic
theory can be found in (Wachem, 2000).

3.2.4 Closure laws

For the Eulerian modelling approach the local instantaneous equations are averaged.
The averaging procedure introduces a closure problem, i.e., the system gets more
unknown variables than equations. In order to solve the closure problem a set of
additional expressions is needed. These expressions are commonly referred to as
closure laws. There exist three different types of closure laws:

e Topological laws
The topological closure laws describe the spatial distribution of the phase
specific quantities.

o Constitutive laws
The constitutive closure laws describe the physical properties of the phases.

e Transfer laws

The transfer closure laws describe the different interactions between the
phases.
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Since most of the closure laws are empirical, experiments are vital for the
development and verification of the closure laws. The key to accurate numerical
modelling is to a large extent dependent on the formulation of the closure laws that are
used. A considerable amount of different closure laws have been used in two-phase
flow modelling, but still it can be difficult to find suitable closure laws for a specific
case (Enwald et al. 1996).

The different types of closure laws are sometimes grouped together and simply
referred to as constitutive laws. The laws do not describe the transport of mass,
momentum or energy across the interface between the phases. For the solid phase
there are two different ways to model such physical properties as dynamic viscosity,
bulk viscosity and the solids pressure.

One way, sometimes referred to as the traditional way, is when the empirical models
are constructed based on the grain properties and the local grain concentration. The
other way is to apply the so-called kinetic theory of granular flow that many
researchers believe have a wider range of applicability. The empirical models are
simpler and hence easier to implement in a computer code. Figure 3.3 schematically
shows how a two-fluid model is constructed.

Integral balances of mass,
momentum and energy

Gauss and Leibniz's

Theorems —_—h l STEP 1

Local instantaneous eqgs. and
jurnp condifions

Averaging

o N | STEP 2

Averaged equations

Closure equations

— STEP 3

Closed set of PDE's

Boundary and initial

™| —— | STEP 4

two-fiuid model

Figure 3.3, General outline for the formulation of a two-fluid model.

An even more detailed description on how eq 3.9 is derived and simplified can be
found in Wachem (2000). eq 3.9 do not say anything about the mechanism of plug
formation (the filtration tendency of the mixture), however it is fundamental in order
to understand the numerical modelling of flow behaviour of dense mixtures like grout.
It is possible to predict the risk of plug formation by the help of changes in void
fractions (continuity equation) in different places in an injected geometry.
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High concentration of grains (void fraction of fluid is low) can indicate an increased
risk of plug formation at this specific place.

By the help of Eulerian modelling of flow, differences can be seen between the
volume fractions of fluid and solid phase. Modelling of flow of densely packed
mixtures is today just possible with the type of continuum model like the Eulerian.

3.2.5 Rheology

Rheology is a way of describing fluid properties without paying any attention to
whether it is a homogenous liquid or a mixture of grains in a liquid. Several
rheological models are available to describe the relationship between shear rate and
shear stress in a fluid in movement (Eklund, 2000). The simplest rheological model is
the Newton model where the fluid is described only with a linear relationship between
shear rate and shear stress. The derivative of the curve is the viscosity of the fluid. A
two-parameter model that is often used for cement grouts is the Bingham model where
the viscosity is completed with a yield stress.

The yield stress is a shear strength that has to be exceeded before the fluid begins to
flow (the ketchup effect). The Bingham model can be refined with a parameter
describing a non-linear viscosity relationship, which gives us the Herschel-Bulkley
model (Mork,, 1994).

The Herschel-Bulkley model also covers the two other models. The Newton model
applies for very thin grouts with high water content and/or high dosage of
superplasticisers where the yield value often can be neglected. For slightly thicker
mixes the Bingham model can be used.

The Herschel-Bulkley model can describe grouts with high grain concentrations since
the shear thinning behaviour begins to be more pronounced with higher grain
concentration (Schwarz, 1997).

The parameter in the Bingham and the Herschel-Bulkley models that determines the
potential penetration of a grout is probably the yield value. At a certain penetration
length the yield value will balance the grouting pressure at which the flow will stop.
The viscosity probably determines the rate of penetration. The validity of the yield
value as a determinant of penetrability is probably limited to quite wide apertures
without sharp obstructions in the flow path. Down to an aperture of about 0.5 mm one
can probably regard the yield value as a valid penetrability determinant (Q.D Nguyen,
1986). For an aperture below 0,5 mm, the effect of the grouts filtration tendency has to
be taken into consideration in order to predict the penetrability. Non Newtonian
mixtures have been subjects for several different industrial applications. Many authors
have also discussed the importance of the right grout rheology like Hakansson, (1993),
Hassler, (1991) and Eriksson, (2002). Some special difficulties concerning rheology
measurements of cementitious grout have to be made.
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Hékansson (1993) stated some important parameters for good grout rheology:

e The rheology of a grout mixture is strongly influenced by chemically dependent
factors during hydration of the cement.

e (Cementitious grout has a thixotropic behaviour when measuring in short cycle
times.

e The shape and concentration of the suspended grains is of importance.

e The fluid property of the medium that surrounds the grains is essential to prevent
flocculation of grains.

7 = dynamic viscosity
7= plastic vi
{dyn. viec. of plasiic body)
7)'= apparent viscosity
C = cohesion or yield value
A prm X
dx |/ /
Tt
(3

Figure 3.4, Rheological behaviour. 1) Newtonian fluid, 2) Bingham fluid. (De Paoli et al 1992).

3.3 Filtration tendency

When dealing with stable grouts there are commonly two approaches, the old- and the
new one. The old one says that you should first grout with a thin and unstable mixture.
The unstable grout will then be dewatered and create a stable plug in the crack. The
new one recommends a stable mixture from the beginning.

The approach of dewatering the grout to create a sealing plug is not acceptable,
because one cannot control where the plug is formed. If the sealing effect is dependent
on a tight plug and the rest of the crack volume is badly filled, small movements in the
structure can cause seepage through the plug. This old approach is in some sense a
paradox because thin grouts are more difficult to dewater than stable ones (Hansson,
1995). The meaning of dewatering is in this case the same as plug formation (plug
formation will occur more seldom if the W/C ratio is high compared to a mixture with
low W/C ratio), this has also been shown by (Eriksson, 2002).

When grouting fine cracks or slots one has to take into account the fact that cement
grouts contain solid grains. The cement grains can clog slots of roughly three to ten
times the grains maximum size, even though the grains may be initially well dispersed
by an effective mixer.

31



Figure 3.5,

Many parameters influence the filtration tendency and since their influence is not yet
fully investigated, the filtration tendency is, in this study measured on the freshly
mixed grout.

3.3.1 Introduction

Within other industrial applications of filtration, two types of filtration phenomenon
are mentioned, cake filtration and deep bed filtration (Svarovsky, 1985). The principle
of cake filtration is that the solid material in the mixture is filtrated from the liquid by
a relatively thin and coarse sieve cloth. The filtrated material will after a while create a
thicker and thicker layer upon the sieve clot. Then the filter cake will, after some time
of flow of mixture through the filter, create the filter itself, see Figure 3.5. Cake
filtration can be compared with a grout mixture which is filtered (plug formation)
within or at the entrances of a crack aperture.

suspension flow

N
-.9.-'0:1@5-_'3’5393
NGRS YR

- .,--' ""- filter cake

"'.t'.

1816

" "'

rv'\
1O
$ filtrate

Cake filtration of cement based grout (Svarovsky, 1985).

_"L_ _ fibres of the

filter medium

Deep bed filtration is a gradual filtration process in a porous medium. Deep bed
filtration can be seen as cake filtration in many tiny places, see Figure 3.6. Deep bed
filtration can be compared to a grout mixture which is gradually filtered along a crack
or in a porous material like soil. (Svarovsky, 1985).
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Figure 3.6, Deep Bed filtration of cement based grout (Svarovsky, 1985).

The behaviour for cake filtration and deep bed filtration has been the basic idea behind
the rule of a thumb regarding soil grouting. The soil can be grouted if the quotient of
the soil's grain size at 15 percent passing to the cement's grain size at 85 percent
passing (D;s/dgs) is more than 20 to 25 (Mitchell, 1970). As mentioned earlier, this is
not applicable in order to understand the mechanism of plug formation and what
properties in the grout mixture govern the plug formation.

The scope of the experiences of penetrability of cement based grouts, is in this work
focused on to laboratory work. In this work, the grouts that are of interest to
investigate are those with low W/C ratio and stable in terms of bleeding and
sedimentation. Different types of penetrability tests can be performed. Example of
penetrability tests are tests like the filter pump (prEN 14497) and pressure chamber
(VU:SC 48), sand column tests and injection in concrete crack specimen.

The filtration tendency for a grout is, as mentioned above, dependent on the mixture’s
overall properties and not for example on one single property like the maximum grain
size or the specific surface of the grains. Rough rules can however be stated for the
relation between the filtration tendency and some parameters of the grout. The author
has made a preliminary evaluation based upon commercial test at Vattenfall
Utveckling. The influence of different parameters can be preliminary presented
according to Table 3.2.
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Table 3.2,

Parameters which influence the filtration tendency (Hansson, 1995).

Parameter Influence on filtration tendency (FT)

Increased W/C ratio Lower FT

Added superplasticizer Lower FT

Added stabilisation agent | Higher FT

Added swelling agent Higher FT
Added accelerator agent | Higher FT
Narrow grain size Lower FT
distribution

Effective mixer Lower FT

Lower filtration tendency means that a larger amount of mixture will pass the filter in
the test equipment. Higher filtration tendency will obviously signify a smaller passed
amount of mixture. Of course, some exceptional cases do not fit in to this description.
Generally according to performed experiments at Vattenfall Utveckling (Hansson,
1995) a fine-grained cement is better (better penetrability) than the coarser ones.
Depending on, for example, the used mixing equipment, cement batch and
surrounding air temperature, this relation can be the opposite.

3.3.2 Theory of plug formation

A theoretical approach can be used to look upon the phenomenon of plug formation. It
is desirable to predict plug formation from the basis of the ingredients in the mixture
like grain size distribution, shape of grains and concentration of grains. A theory has
been developed to describe this behaviour by looking at cylindrical grains that create a
plug (arch) between two obstacles, see Figure 3.7 (Martinet, 1998). To simplify the
model the arch is assumed regular with the positive slope angle of y. The friction
between the grains (P;...Py) is negligible in the model, because a thin film of fluid is
supposed to separate the grains. The cohesive forces between the grains are also
considered to be zero.

The only force that acts between the grains is the force F, due to the external force T.

The obstacle C; is cylindrical. The arch is assumed to be stable if the condition 3,>y is
fulfilled (stable if B1-Bo > O is true, because B;-Bo= y), see Figure 3.7.
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The length between the obstacles can be assumed L and the diameter of the grain is d,,.
A simple equation can be set for the formation of a stable arch.

eq 3.11

=4

-1

)

> sin(4, + (i -1) —di

N

Z

-1

> cos(B, +7(i-1)=0

N
—_

Stable >y Unstable B,<y

P

Figure 3.7, Regular arches in contact with cylindrical obstacle (Martinet, 1998).

A more flattened arch is associated to increasing forces F between the grains. Smaller
forces F mean that the arch is more sensitive to movements of individual grains within
the arch. Small movements of grains can then cause collapse of the arch (plug). The
relation of the F/T can be written as:

15 4

eq3.12

/T

10 4

71 T
E =|2%* sin(lj
T 2 5 |

Figure 3.8, Relation between interparticular force F and external force T as a function of the friction
angle y (Martinet, 1998).
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The relation F/T can be seen as an indication of the stability of the formed arch
between the cylindrical obstacles (Figure 3.7). For small values of the angle y the
grains will be placed along a line, the ratio F/T will become infinite, see eq 3.12 and
Figure 3.8

A similar way of describing arch formation based upon Martinet (1998) is to look at
the relation between the number of grains (n) with diameter d and the distance L
between two obstacles.

Figure 3.9, Regular arch of cylindrical grains between two obstacles.

The relation L/d can be written by the equations:

] ) eq 3.13
i l+sing+2 ) sin(a +(i-2)B)
i=2,4,6.. eq 3.14
L =sina +2 Zsin(a +({-1Dp)
d i=3.5.7...
eq 3.15

T T

a=—-np ; 0<a<—

2 p 2
Equation 1.13 is valid for an even numbers of grains and 1.14 is valid for an odd

number. The solution of equation 1.13 and 1.14 describes the number of grains that is
necessary for a stable arch.
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The solution can be plotted as:

° |
§ —=—n=1
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Figure 3.10,Number of grains in a stable arch between two obstacles spaced with the distance L.

The result from the theoretical approaches presented in Figure 3.8 to Figure 3.10 is of
limited value for the understanding of the plug formation. The approach is to a wide
extent a large simplification of a complex system including irregular grain shapes,
electrostatic forces and chemical reactivity. A more detailed approach is needed to
increase the knowledge of plug formation on a theoretical level.

3.3.3 Concentration and packing of grains

A granulate, such as cement is commonly described by a number of geometric
parameters which are of importance for its properties. Packing of grains can often be
regarded as a property that is of importance for the behaviour of the mixture as briefly
discussed in 3.1. Packing of grains regards the surface distance between adjacent grain
surfaces. Packing ratio is therefore of certain interest when looking at flow of mixtures
in a thin slot. Different packing ratios are found for different grain size distribution
and grain shapes. A number of packing theories can be found in literature
(Cumberland, 1985). The packing ratio is also of importance for the mixtures
susceptibility of flocculation and bleeding (Hansson, 1996). Commonly in grout
mixtures, the grain concentration is used as a measure of the packing ratio in the
mixture. A common way of describing the concentration for grout mixtures is the W/C
ratio. The W/C ratio is correlated to the volumetric concentration according to:
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c 1 eq 3.16
1 Pe W/C
Pw
dar :
¢ =Volumetric concentration
pc = Compact density
pw = Density, water

W /C = Water Cement ratio

A typical value for grain concentration in cement based grout mixtures is W/C 0,7,
which corresponds to a volumetric concentration of 33 %. This is a highly
concentrated mixture. Most industrially used mixtures have as a maximum grain
concentration of approximately 5 % (pulp slurry, mineral slurry etc) (Lohmander,
2000). The susceptibility of the mixture to flocculate is also dependent of the surface
distances (free distance) between the grains. The surface distance is both influenced by
the characteristic diameter of the grain and volumetric concentration of grains.

According to the FCC- model (Face Centred Cube) for packing of mono sized spheres,
the surface distance between adjacent spheres is given by (Graton, 1935):

azd-(%/%—q

a = Particle surface distance, pm

eq 3.17

d = Particle diameter, pm

¢ = Volumetric concentration, [-]

This model gives the maximum volumetric concentration of 74 % (when a=0), which
corresponds to a W/C ratio of 0,11.

A way of illustrating the difference in surface distances with changed grain diameter is
to plot the surface distance versus grain diameter. The surface distance (a) is defined
as the shortest distance between nearby surfaces of spherical grains. The distance (a)
also assumes that all grains are in the same size (monodisperse mixture).
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Figure 3.11,Correlation between surface distance and grain diameter.

To illustrate the correlation between packing of grains one can simplify the
investigation to just look at packing of two-dimensional circles instead of three-
dimensional grains. A perfect packing of circles occur if they are inscribed in hexagon
head and the difference between the circle area and the hexagon head area is the
porosity. Maximum packing ratio will then in this case be approximately
91 %.

The packing ratio of grains is affected by the space into which the grains are packed. If
the grains for example are packed into a crack with an aperture of the same size as the
grain diameter, the packing ratio will be much lower than if the aperture had been
remarkably bigger than the grain diameter, see Figure 3.12.

Extra water often needs to be added in the crack aperture to maintain the flowability of
the grains in the small aperture (due to decreased packing ratio). This phenomenon of
decreased packing ratio of grains (increased porosity), is probably an important reason
why grouts with a high W/C ratio have a better penetrability than a grout with lower
W/C ratio.
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Figure 3.12,Packing of grains (circles) into different spaces.

The ability of the grains to reorganise in a densely packed system, as in the case with 2
or 3 layers of grains, is limited, see Figure 3.12. The limited ability to reorganise in
these cases is mainly due to interlocking between the grains. Interlocking means that a
single grain cannot move independently of the surrounding grains. Consequently, all
the surrounding grains in the crack have to be reorganised when a single grain is
moved. Plug flow is a common way of describing this flow of densely packed systems
of grains (Hékansson, 1993). The plug flow is the basis for the Bingham behaviour of
flow of grout.

Figure 3.12 illustrates the relationship between crack aperture/ grain diameter and the
increase of the porosity of the packed grains, see Figure 3.13.

16
14
12

Increase of porosity [%]

0 5 10 15 20
b/d (slot aperture/ grain diameter)

Figure 3.13,Packing of grains (circles) versus increase of porosity (increase from infinite slot
aperture). The Porosity ¢ is 1-c (c is the volumetric concentration of grains in the
mixture). The increase of porosity [%] is consequently calculated as one minus the
porosity.
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One should observe that Figure 3.13 is not a continuous function and that it is just a way of
illustrating a phenomenon. This phenomenon is of importance when measuring the rheology
of the grout in a plate-plate rheometer (Figure 3.15). Increased porosity makes that the water
content in the mixture in some cases is not sufficient when the measuring gap gets close to the
grain sizes. More water has to be added to compensate for this increased porosity in order to
get representative measuring values. If more water is not added, the measuring plate will get
into mechanical contact to the single grains and cause an increase of the friction between the
measuring plate and the mixture. The increase of friction is probably due to an under pressure
that is created in the measuring gap. The increased friction will cause the measuring values
(yield and viscosity) to be out of the measuring range for the rheometer.

The phenomenon of decreased packing ratio may cause it to be difficult for the grains
to maintain the flowability when they come to a constriction (same aperture as the
grain size). More water is then needed to separate the grains and to avoid plug
formation. This phenomenon is of importance if the original porosity in the mixture is
low (high volumetric concentration of grains).

3.3.4 Crack aperture dependent rheology

When bleeding-stable grouts with low W/C-ratios are used, the packing ratio of grains
is, in such a case, about as dense as for the dry cement. Flow of a stable grout has
therefore probably to be looked upon as the transport and deformation of a body of
continuously interacting grains. The grains have consequently small possibilities to
rearrange within the paste, which are supposed to govern the filtration tendency. Some
results of performed experiments support this theory (Hansson, 2000).

Measurement of the needed energy to deform an elastoplastic element through a
constriction may be quantified with an oscillated measuring system in a rheometer.
Some initial experiments have been made to investigate if it is possible to perform this
measurement in an oscillatory rheometer (Eklund, 2000). Due to the very narrow
elastic interval of the fresh grout mixture, it is difficult to measure the deformability of
the mixture.

The penetration length (I) should then be characterised by the relationship between the
used pressure gradient over the constriction (AP), yield value (t¢) of the mixture and
the aperture (b) of the slot, according to eq 3.18. The criteria for the grout mixture to
pass the constriction (b) would then be when I>L.

eq 3.18
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The yield value (t9) should then be characterised by oscillatory measurement in a
rheometer. The used rheological measurement system can, for example, be the plate-
plate measuring system. A too high value of the 1y (within the elastic region) will
mean that the element of mixture will not pass the constriction in the slot, see Figure
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Figure 3.14,Deformation of stable (highly concentrated) mixture.

The models available today for the prediction of flow of mixture, like the Bingham- or
Herschel- Bulkley model, do not take into account that the flow resistance increases
when the crack aperture is close to the grains diameter. The Bingham model is valid

for flow of mixture in cracks with an aperture of approximately 5 to 10 times the
maximum grain size (Mezger, 2000). An effort has been made (Hansson, 1997) to
modify the Bingham model to even be valid for prediction of flow in cracks, with an
aperture in the same region as the maximum grain diameter.

The Bingham model was written as:
eq 3.19

T =7y + Hpoo -y

7 =Yield value

000 =Yield value when "indefinite" slot width

Hpoo = Plastic viscousity when "indefinite" slot width

y = Shear rate

The modified Bingham model aim is to introduce size dependent factors into the
model. The size dependency aim is to take into account that the yield value approaches
infinity when the slot aperture approaches a critical value. The fact that the yield value
approaches infinity when the measuring gap approaches the maximum grain diameter
introduced the idea of an inverse function as the modified Bingham model.
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The measuring device that was used to measure the yield value of the mixture was a
rotating plate-plate rheometer, see Figure 3.15.

Figure 3.15,The plate-plate measuring system, h is the measuring gap (slot width) and R is the
radius of the probe.

The suggestion of a modified Bingham model was written:
eq 3.20

k kg

T=——"—4+1T, +|1+— | Uy ' 7
0oo h—he; p

h=  Slot width [m]

h.r = Ciritical slot width (asyptote value) [m]

k ,_ = Factor for the yield values dependency of the slot width  [Pa - m)]
dt

k du = Factor the viscousitys dependency of the slot width [m]

Since the model contains parameters like kq. and kg, which has no physical anchorage,
one should mainly see the model as a curve fitting function. Performed measurements
at Vattenfall Utveckling show that the critical slot aperture h., widely varies for the
same mixture. Measurement of 1 is done by a plate-plate system (Figure 3.15), and
evaluated by the Bingham model.

The measured value of t is put into eq 3.20, to determine the value of kg, kay, her, To
and p. The five parameters are determined by adjusting the measured value of 1 to the
calculated value of T according to eq 3.20. The adjustment is done by the least square
method. The critical slot aperture h. should respond to the minimum possible
groutable crack aperture. Performed measurement indicates that the minimum possible
groutable crack aperture is probably significantly larger than h,.
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One can plot the result from the model in a three dimensional graph that shows the slot
aperture where the yield value starts to approach infinity (h), see Figure 3.16.
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Figure 3.16,Presentation of a three dimensional plot from the model (Hansson 1997).

Performed correlations between filtration measurements (filter pump) and the
calculated parameter h,, from the model, show no great correlation
(Eklund, 2000b). The reasons for the bad correlation can be different.

Firstly, the measurement set up (plate-plate system) can cause problems with un-
reproducible measurements of yield values. A problem that can occur during this kind
of measurement is bleeding of the mixture. Bleeding in the measurement causes a thin
layer of water to be created on top of the mixture’s volume between the two plates.
The water film causes a non representable and irreproducible value of t to be
measured.

Secondly, the parameter that governs plug formation was not reproducible in the
rheology measurement. The model can maybe serve as an evaluation tool for
characterisation of a mixture with good or bad filtration tendency. The work presented
here has so far mainly been focused on finding key parameters that have the greatest
influence on the formation of plugs.

The work with this model has in this thesis not been further developed because of the
above mentioned reasons (practical problems with measuring the yield value and no
significant correlation between measured value and result from other measurement
methods like the filter pump).
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3.3.5 Experiences of measuring with different devices for filtration tendency

There are some different measuring devices that are of importance for control of the
penetrability of the freshly mixed grout. Some of the devices are made for
measurements on site and others are designed for laboratory measurements. In this
work only the measurement devices suited for laboratory are used.

Vattenfall Utveckling has developed test equipment (prEN 14497) suitable for
measuring filtration tendency both in laboratory and on site. An outline of the
equipment can be found in Figure 3.17.

Woven metal wire cloth Stop nut

Detachable end caps Handle

20 mm Stroke = 583 mm \

£= 25.6 mm
N =

Metal tube Rubber piston

Piston rod

Figure 3.17, Measuring device (filter pump, prEN 14497) for filtration tendency.

The grout is drawn into the device by pulling the handle to full stroke for five seconds.
The device is kept immersed in the grout for ten seconds. The grout is then pressed out
into a measuring vessel. The amount of grout that was able to pass the sieve is
measured and used as a relative measure of filtration tendency. This measurement
gives a fair assessment of the grouts penetrability. This is a far more informative
measurement than the Marsh-cone viscosity, which does not say anything about the
penetrability.

It is of great importance that one sucks (pushes) up the grout in the pump with a
representable pressure through the filter. The pressure over the filter in the pump can
never exceed the atmospheric pressure (0,1 MPa). This is important of two reasons,
first to avoid cavitation or release of air in the mixture, second to avoid pressing a plug
through the filter. Although the absolute grouting pressure is much higher than 0,1
MPa, this pressure gradient is probably in the region at which the dewatering process
starts. It is probably unlikely to believe that a plug formation would be pressed
through a constriction in a real grouting case (Hansson, 1995).
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Using this test equipment (filter pump), Vattenfall Utveckling has discovered that the
commercially available products vary with in wide limits with respect to filtration
tendency. Figure 3.18 shows six examples where each example represents one
composition of grout subjected to identical mixing effort based on different batches of
cement. The tested cement mixtures in Figure 3.18 are done with W/C ratios between
0,7-2, containing grouting cements (based on Portland clinker) and with the use of the
same type of superplastisisers. Each mixture composition number contains the same
composition of cement and superplastisiser. Six different combinations of mixtures
were made (Hansson, 1995b).
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Figure 3.18.Natural variations in filtration tendency, due to batchwise variations in cement and
mixture properties (Hansson 1995b).

Figure 3.18 illustrates the differences in the passed mount of mixture through the filter
(net mesh) in the filter pump. If the tested mixture is close to the b value, the passed
amount of mixture can vary within wide limits (as for example in mix no 1,2, 5 and 6).
Other mixtures like 3 and 4 show a significant lower spread then the rest of the 6
mixtures. Mixture 3 and 4 are probably not in the region of the mixtures b value.
The variations have been tried to be reduced by controlling, for example, used cement
batches and the performance of the testing procedures.

The filter pump has been compared with other devices like the NES apparatus for
measurements of filtration tendency (Brantberger & Nelsson, 1998). In Eriksson
(1999) it was stated that no difference could be noticed between the filter pump and
the NES apparatus. The main advantage of using the NES apparatus (compared to, for
example the filter pump or sand column test) are the easy operation of filtration
pressure and adjustment of the crack aperture. The NES apparatus is a reliable tool
with consistent results (Brantberger & Nelson, 1998).
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The sand column test is another method and is primarily a test method for grouts
suitable for porous medium. Dalmalm, (2001) found that there was a difference in the
passed amount of mixture between the sand column test and the other two methods
(filter pump and NES apparatus). The sand column test is a method where sand with a
specific grain distribution is packed into a plexiglas tub. The sand is injected and the
front of the grout can be followed through the transparent tub.

The penetration property of the grout can be studied under similar conditions as in a
real operation of grouting in a porous medium. The length that the grout front has
penetrated through the sand column in the tub is measured. Both filtration tendency
and rheology of the grout will affect the result of the test. Feder (1993) has also
investigated penetrability with a sand column test apparatus.

Comparative tests have also been made by Hansson (1995) in order to compare results
from the filtration measuring device with the sand column measuring device. The
filtration measuring device was according to VU:SC 48, but with the use of a larger
amount of mixture (4000 ml instead of 600 ml). The sand column test was performed
according to the SS-EN-standard for cement based injection grouts.
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Figure 3.19.Relation between the sand column test and filtration test in a 125 um filter and packed
sand with grain sizes between 0,63-1,25 mm in the colon (Hansson 1995).

Although the performed tests in Figure 3.19 are based on relatively few measuring
points it can be seen that some correlation between the two measuring devices exists.
The factor of correlation is 0,87 (least square method).

A penetration test through an aperture with a specific length is another way of testing
the penetrability of a grout. A slot with an approximate length of one meter is made of,
for example, two plane steel plates, which are fixed together. The mixture’s flow
behaviour through the slot can then be studied. This test method is not used in this
work, mainly because this work has focused on plug formation at the entrance of the
slot. The second reason is that this type of experiment is practically hard to perform
and is more time consuming than other penetrability tests like the prEN 14497 or
VU:SC 48 (filter pump or pressure chamber).
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Although, some initial testing has been performed by Hansson (1995), see Figure 3.20.
The test is performed in order to compare the plate penetration device and the filtration
device similar to VU-SC 48.
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Figure 3.20.Relationship between the plate penetration test and filtration test in a 125 um filter and
a slot aperture of 125 pm (Hansson 1995).

The plate penetration tests is performed with two plates with a width of approximately
300 mm and a length of approximatelyl000 mm. The used volume of mixture is at
least 2000 ml. The filtration tests is performed with a equipment according to VU:SC
48, but with a mixture volume of at least 2000 ml (Hansson 1995). Although the
performed test in Figure 3.20 are based on relatively few measuring points it can be
seen that some correlation between the two measuring devices exist. The factor of
correlation is 0,98 (least square method). Generally a slightly larger amount passes
through the filter compared to the slot geometry

The device that has been used in this and many other research work for measuring
filtration tendency is a pressure chamber that contains a volume of grout mixture. The
mixture is pressed through a filter with a specific aperture. The filter cake can then be
saved and different filter apertures can be tested (Eriksson 2002). Eriksson (2002)
presented an apparatus in order to determine the penetrability of a cement based grout.
The method is to inject the grout through a filter of a specific aperture.

The filter is placed in a tube that makes it possible to collect the sample (filter cake)
for analysis. The measured volume, filter cake length and density are the results of a
measurement. Different filter apertures can be used in order to determine the
penetrability of the grout. For a detailed description of the filtration equipment
(VU:SC 48) used in this work, see 5.1.3.

Because no major differences could be identified and a relatively good correlation
between the different measuring devices could be found (pressure chamber, plate
penetration and sand column), the pressure chamber according to VU-SC 48 has been
chosen to be used in this work.
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The filter pump is mainly the same method as the pressure chamber when using the
sieve cloth as the filter geometry. The NES- apparatus has not been tested in this work,
but according to available literature (Brantberger & Nelsson, 1998) there is no major
difference between this method and the ones tested in this work.

3.3.6 Experiences of penetrability experiments

Penetrability tests with cement based injection grouts are made in different works, e.g.
by Hansson (1995), Eriksson (2003). Two phenomenon of filtration can occur when
using cement based grouts, chemical and mechanical filtration. The chemical filtration
causes the smaller grains to be filtered due to physiochemical properties. The
physiochemical properties that are concluded to be of importance are the ionic strength
of the pore water and the zeta potential around the grain surface. Lower ionic strength
(resulting ionic strength of K, Ca®", SO* and OH") and high zeta potential decreases
the influence of chemical filtration, Schwartz (1997). The mechanical filtration
phenomenon is the blocking of grains due to the aperture being too small. Both of
these two filtration criteria have to be fulfilled in order to achieve a good penetrability
of the grout. This thesis will mainly deal with mechanical filtration (plug formation).

Performed tests by Fjéllberg (2003) indicate that the flow properties of a grout with a
W/C ratio of approximately 0,8 or higher is to recommend in order to penetrate cracks
with apertures smaller than 100 pm. Low temperature and low W/C ratio in the grout,
makes the grout stiffer and the demand of superplastisiser is increased in order to
maintain good flow properties. The flow properties were measured in a mini slump
cone and a March cone. The flow property is as earlier mentioned in this work,
probably one important mixture property to achieve a good penetrability.

In the case of flow properties of more densely packed mixtures, this is the case with
mixtures containing a low W/C ratio. Fjillberg (2003) found that the steric
superplastisisers are probably is more effective than the electrostatic ones in order to
avoid flocculation of grains in the mixture. The difference decreases when the W/C
ratio gets larger. Minor flocculation of grains will influence the flow properties in a
positive way (decrease of yield- and viscosity values).

The required flow properties can be achieved with both slow and more rapid
hardening cement types. A longer setting time is to be preferred if the time for the
hydration process is not crucial for the specific application. For example if the purpose
of the grouting is to seal a structure against an ongoing inflow of water, it is of great
importance to use a grout with a rapid setting time. The negative influence of a rapid
setting time is an uncontrolled hardening process, which can obstruct the penetrability
of the grout mixture. Cements with rapid setting time are also more sensitive to
changes in temperatures than a grout with a slower setting time. Dosage of additives
like accelerators and superplastisisers are even more sensitive when using grouts with
a rapid setting time.
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From the filtration experiments carried out by Eriksson (1999) it can be seen that a
change of the mixture’s density occurred when the flow of mixture passes a
constriction. The increase in density is due to plug formation of grains at the entrance
of the constriction. A decrease of mixture density could be seen after the constriction,
the mixture has obviously been filtered.

Feder (1993) reported that a number of parameters are of great importance in order to
avoid plug formation. These parameters are:

e W/C ratio of the fresh mixture.
e Joint width.
e The amount of different additives in the grout mixture.

Eriksson 2002 concluded that cement based grouts are not easily described and
characterised because of their changing properties with time and because mixtures
containing the same type of cement can have differences in penetrability. Work done
by Eriksson 2002 uses the aperture by, and b to evaluate the filtration properties of
the grout. by, indicates the minimum aperture below which no grout can pass, and bei
i1s the minimum aperture where no plug formation will occur, as earlier discussed in
1.3.

In Eriksson et al (1999) it is concluded that the mixing method is of great importance
for the penetrability of the freshly mixed grout. The mixing time is also of important
for the penetrability. Laboratory tests showed that the filtration tendency decreases
differently depending on the composition of the grout. In Hansson (1996) and others
works, it is found that the filtration tendency and bleeding properties of the grout can
be in opposition to each other. In order to achieve stipulated requirements of a
grouting operation, a priority between bleed and filtration tendency has to often be
made.

Axelsson and Turesson (1996) also investigated the influence of mixing efficiency on
the filtration tendency. Micro fine cements require a longer mixing time and more
effective mixers then coarser ones in order to get the same penetrability of the mixture.
A mixer of colloidal type is recommended to use and the rotor in the mixer (colloidal
type) is found vital to the result of the mixtures penetrability. An even better
penetrability was found when using an ultra-turrax or jet stream mixer compared to the
colloidal type mixer.

Hjertstrom and Pettersson (2004) concluded that the rotational speed (rpm) used in the
colloidal type of mixer is of importance for the penetrability of the grout mixture. The
rotational speed should be increased to approximately 1750 rpm when using fine
grained grouting cement in order to improve the dispersion of the mixture.
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Penetrability experiments have been performed in a sand column apparatus by
Arenzana (1989). The experiments concluded that micro fine cements were able to
penetrate approximately 0,50 m into the column. The sand has d;¢ of 0,15 mm (10 %
of the grains were smaller than 0,15mm). These results correspond to the results from
penetrability tests at Vattenfall Utveckling. This test concluded a penetration length of
the micro cement of 0,25-0,7 m, in sand with grain sizes between 0,125-0,25 mm.
Both these experiments use grouts with W/C ratios of approximately 2,0. Reducing the
W/C ratio will strongly reduce the penetration length of the grout mixture into the sand
column. These test results are primarily of interest in the case of permeability injection
in porous mediums as, for example, embankment dams or soil stabilisation.
Penetrability of cement based grouts is anyway not a problem isolated to injection in
hard rock or concrete structures.

Performed tests at Vattenfall Utveckling (Hansson, 1998) concluded that improved
penetrability of a cement based grout can be achieved by using fairly instable grout
mixtures and delay its setting time. The instable grouts that were used have W/C ratios
of about 1,2-1,5 and with a bleed of between 5-10%. In order to delay the setting time
it is recommended to overdose the amount of superplastisiser.

Comparison of filtration tendency has been made between standard Portland cement
(d9s=120 pm) and grouting cement (dgs= 30 um) (Bernstone, 2001). The filtration tests
were performed with the filter pump (prEN 14497), and with a net mesh of 125 um.
The passed volume of the mixture based on grouting cement was 300 ml (maximal
passed volume) and the passed volume of standard cement mixture was just 5 ml.
Used W/C ratio was 0,8 and the mixture was mixed in a commercially available
colloidal type of mixer. Samples were taken from the fresh mixture in the mixer.

3.4  Tightness and durability

A good penetrability is not the single governing factor for a successful grouting
operation. The grout which is placed in the cracks or cavities also has to be resistant
against leakage of water and other destructive processes. The first basic demand is
water tightness and the second is durability. The two requirements are in agreement
with to each other in the sense that if the grout has a bad water tightness, it will also
mean a bad durability of the grout.

The tightness of the hardened grout depends on:
e  W/C ratio
e The specific surface of the cement grains
e Degree of hydration
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The W/C ratio and the specific surface area decide how close the grains can be to each
other. Lower W/C ratio and lower specific surface area makes the grains get closer and
a more durable grout is created, see Figure 3.21.
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Figure 3.21,0utline of cement grains undergoing hydration (Hansson 1994).

Basically it is the capillary pores in Figure 3.21 that decides the tightness of the grout.
Normally there are no connected capillary pores when the W/C ratio is below 0,7. If
the W/C ratio is below ~0,39, the capillary pores are completely filled with cement
gel. A higher degree of hydration of the cement means that the capillary pores are to a
higher extent filled with cement gel and a more water tight hardened grout is achieved.
A grout that has cured during one month is in general tighter then one that just has
hardened for a week (Hansson 1994).

The grouts ability to seal a crack is not just a matter of the tightness of the grout itself,
the grout has also to fill out the injected crack volume. In a case where the grout
experiences a major bleeding, there is a chance that the water in the grout creates a
layer on top of the mixture which then creates a possible path for leaching to occur
through the hardened grout, see Figure 3.22.

Figure 3.22,Incomplete filling of wide crack due to bleeding. The plane of the crack is perpendicular
to the plane of the paper (Hansson 1994).

This mentioned reason indicates that it can be important to contain the bleeding of the
grout mixture to a reasonably low level. This is a common acceptable theory which
however has not been scientifically investigated.
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Grouts with a reasonably low bleeding are often called stable grouts. Stable grouts are
generally achieved by:

Keeping to a low W/C ratio.
Using an effective mixer.
Using fine grained cement.
Adding stabilizing agents.

The cases where the coarser grains or agglomerates of smaller grains fall to the bottom
are called sedimentation. The sedimentation causes an increase in the mixture’s W/C
ratio near the bottom, with the consequence of a higher W/C ratio at the upper part.
Sedimentation can be a sign of insufficient dispersion rate, wrong dosage of additive
or maybe some contamination in the fresh grout mixture. Knowledge of the governing
factors about sedimentation and bleeding is, today, a subject for further research.

The degradation processes of grouts are normally due to:
e Leaching of chalk
e Sulphate attack

Leaching is commonly due to the flow of water through the grout or beside it and the
grouts most soluble component, the calcium hydroxide, is dissolved into the water.
This type of leaching is recognized when the leached water comes in contact with the
air, the calcium hydroxide reacts with the carbondioxid in the air and creates a
precipitation of chalk on to the structure. These precipitations of chalk can have a
positive side effect, the leaching paths self heal and further leaching can be stopped.
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35 Conclusion and discussion

The penetrability of the freshly mixed grout can be divided into two parts, one
concerning rheology (flow properties) and the other dealing with filtration tendency
(plug formation). Both of these two parts have to be optimized in order to get a good
penetrability of the grout. Understanding the mechanisms and the properties of the
freshly mixed grout, which govern the plug formation, has to be developed. The
mixtures filtration tendency means formation of an arch of grains at the entrance of the
slot aperture or at a constriction along the slot.

According to performed tests of arch formation of grains (Martinet 1998) it is
necessary to have a certain relationship between the internal force (F) between the
grains and the external force (T) from the surrounding grains in order to create a stable
arch.

Multiphase flow is maybe a way of dealing with plug formation of dense grain
mixtures. Multiphase flow can be subdivided into a number of different applications
depending on the nature of the flow. In order to investigate the penetrability of grout
mixtures it may be suitable to study the two-phase flow between the liquid and the
solid phase (water and cement grains). Two-phase flow can be analysed both
numerical and by the help of physical experiments.

The development of numerical models is occurring rapidly and is in many cases driven
by the improved computer capacity. Today’s two-phase flow models concerning dense
grain mixtures probably have to be developed in order to achieve a better
understanding of the mechanisms and the physics behind penetrability. At first most of
the attention should be devoted to the different empirical models for the frictional
viscosity between the grains. Most probably it is these forces that dominate the flow
when the plug formation is initialised within a crack. Since the relationships
describing the frictional mechanisms in a dense grain-fluid flow are based on semi-
empirical relationships it is very important to get these relationships right (eq 3.10)
(Saaidi 2004). In the literature several approaches on how to model the frictional stress
can be found. Most of these approaches originate from geological research groups
(Wachem 2000).

Today’s models can be used in order to obtain a qualitative measure between different
flow configurations regarding for example grain concentration and slot aperture (filter
geometry). Existing numerical models for this kind of dense mixture flows are
continuum models, which means that the grain phase and the fluid phase are
considered as two interpenetrating continua. The numerical models can serve as a
good complement to physical experiments in order to understand the mechanisms and
the grout properties, which govern the penetrability.
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Different rheological models are available to predict the flow behaviour of the
mixture. The most commonly used model is the Bingham model. The Bingham model
describes the mixtures yield and viscosity value.

The yield value is, according to many authors (Eriksson 2002, Héssler 1991 etc) the
governing rheological parameter for the penetrability of the fresh mixed grout. The
viscosity mainly governs the flow rate of mixture during the grouting process
(pumping) (Hakansson 1993, Schwarz 1997).

This approach, i.e. that the viscosity is of limited value for the penetration length (I),
assumes that an infinite time is available for the pumping of grout, which of course is
not the case. The practical limited available time means that the viscosity is of
importance for the penetration length. This is also true because of the time dependent
properties of the grout. The viscosity and yield value of the mixture will increase with
time after mixing during its flow in the grouted medium. Increased viscosity and yield
value will after a while probably prevent further penetration.

The available of today’s models for the prediction of flow of mixture, like the
Bingham- or Herschel- Bulkley model, do not take into account that the flow
resistance increases when the crack aperture is close to the grains diameter. An effort
has been made (Hansson, 1997) to modify the Bingham model to even be valid for
prediction of flow in cracks, with an aperture in the same region of size as the
maximum grain diameter. The aim for the model including size dependency is to take
into account the fact that the yield value approaches infinity when the slot aperture
approaches a critical value. The results of these tests points out that it seems to be
difficult (with the used equipment Eklund, 2000b) to measure the increased yield
value in thin slot apertures.

The packing of grains is of great importance when the slot aperture approaches the
maximum grain size. The packing ratio determines the grains ability to redistribute
and the resulting W/C ratio in the given geometry. Low initial packing ratio (in the
fresh mixture) means that the grains can redistribute (better avoiding plug formation)
but the injected geometry will be filled with a mixture with poor durability.

Different measuring devices have been tested in order to identify if there is any
significant difference in terms of measuring the grouts penetrability. Sand column,
filter pump, pressure chamber and plate penetration are the methods compared in this
work. No major difference has been found. A literature review indicates that even the
NES apparatus did not show any significant difference in the measuring results from
the tested devices.
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There is a significant variation in the freshly mixed grout’s filtration tendency.
According to performed filtration tests (Hansson, 1995), with different grout
compositions the filtration tendency can (measured by the filter pump) vary within
wide limits. This is probably due to batchwise variations in cement and mixture
properties and also to the stochastic process of filtration.

A good penetrability is not the single governing factor for a successful grouting
operation, the grout which is placed in the cracks or cavities also has to be resistant
against leakage of water and other destructive processes. The first basic demand is
water tightness and the second is durability. The two requirements are in agreement
with each other in the sense that if the grout has a bad water tightness, it will also
mean a bad durability of the grout.

Eriksson 2002 concluded that cement based grouts are not easily described and
characterised, because of the properties change with time and because mixtures
containing the same type of cement can have a difference in penetrability. Eriksson
2002 uses the aperture b, and b to evaluate the filtration properties of the grout.
bmin indicates the minimum aperture below which no grout can pass, and b is the
minimum aperture where no plug formation will occur.

In this laboratory and others works (Hansson 1996), it is found that the filtration
tendency and bleeding properties of the grout are often in opposition to each other. In
order to achieve stipulated requirements of a grouting operation a priority between
bleed and filtration tendency have to often be made.

Axelsson and Turesson (1996) investigated the influence of mixing efficiency onto the
filtration tendency. Micro fine cements require a longer mixing time and more
effective mixers then coarser ones in order to get the same penetrability of the mixture.
Hjertstrom and Pettersson (2004) concluded that the rotational speed (rpm) used in the
colloidal type of mixer should be increased in order to achieve a better penetrability of
fine grained grout mixture.
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4 Cement based grout

41 General

There is still after more than 100 years of use, some uncertainties about the
mechanism of hydration of Portland cement. The main reason for this is that it takes
place at a solid —liquid interface and produces solids of variable composition which
are either amorphous or, if crystalline, adopt more than one morphology. This makes
the reaction difficult to study experimentally. Today’s more sophisticated measuring
equipment have made it possible to better understand the reactions (Widman 1993).

Cement is composed of a number of minerals, which when in contact with water start
to react (hydratisation) and create a hard solid mass. Hardening of grout has nothing to
do with drying, as for example when clay is drying and turns into a more solid mass.
As an example it can be mentioned that grout hardens even under water. Cement
contains grains of different size and shape, which for example is because of the used
milling technology. As mentioned, cement contains grains not just of a single size, but
a distribution of sizes. The grain curve in a grouting cement can be described by a
maximum grain size and a distribution of grain sizes smaller then the maximum size.
The grain curve is produced by air sieving of the cement. The principle of an air sieve
is that smaller grains are carried a longer distance by the air stream than larger ones.

Cementitious injection grouts are a mixture of cement, water and additives in a
predetermined proportion, in its simplest form just containing cement and water. The
cement is not soluble in water, it remains in its solid phase. The cement grains are kept
vagued in the mixture by natural motion in the water phase of the mixture. The receipt
of a grout is predetermined in a balance between water-cement ratio and dosage of
different additives to obtain certain properties.

In the past a grouting operation was often performed with ordinary cements intended
for concrete manufacturing. The ordinary cement is not that suitable for grouting of
fine cracks and pores when the cement grains are relatively large compared to the
crack apertures. For a couple of years it has been common with cements intended for
grouting, mainly due to the fine grounding of the grout cement. To describe fineness
of the cement two measures are used, maximal grain size and specific surface area.
The term maximum grain size is a bit misleading, when in most cases it is meant the
sieve width where 95 % of the amount of material passes. Specific area is the total
surface area of a certain weight of grains.
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Binders for concrete manufacturing can be divided into hydraulic, latent hydraulic and
pozzolanic. Hydraulic binders are materials with the consistency of a powder, which
when mixed with water, will create a hardening product (Portland cement and
aluminate cement). Latent hydraulic binders are materials that are hydraulic when
mixed with water and in addition of an activator (Betonghandboken 1994).

Examples of a latent hydraulic binder is blast furnace slag that in combination with
Portland cement will be activated by the Ca(OH), and alkali and create a hardened
product. Pozzolanic binders react with Ca(OH), in the pore water and create a hard
CSH-gel (calcium silicate hydrate) Examples of this binder are a large amount of
natural pozzolanes and synthetic ones like silica fume. For grouting purpose, the
hydraulic binders are like Portland cement and aluminate cement, the most common
ones (Wieker, 1989). Some commercially available cement of today also contain fine-
grained blast furnace slag, fly ash and silica fume mixed with Portland cement.

Apart from the fineness of the cement grains there can also be a difference in the
chemical composition of the cement. Cement for grouting purpose can mainly be
divided into two groups, Portland cement and slag cement. Portland cement mainly
consists of limestone and clay, which are burned together to make the cement clinker.
The clinker is then milled together with different additives, for example gypsum and
material to facilitate the milling process in order to produce the final cement.

Slag cement usually contains Portland cement, but 45-80 % of the content is fine
grained and specially treated slag from iron manufacturing. The slag cement has both
advantages and disadvantages compared to Portland cement. The slag cement is, for
example, more resistant to leaching because of the lower or no content of free calcium
hydroxide. The slag cement gives very little or no contribution to the self-healing
process of concrete structures and to protect the reinforcement or bolts from corrosion.

Variations in chemical composition within these two groups (Portland and slag
cement) of cement are due to the variation of the raw material. The raw material varies
depending on the geographical place where it is taken. The chemical composition is
often adjusted to different requirements of the cement, for example sulphur resistance
and low alkaline cement. Apart from these two cements, Portland and slag cement,
aluminate cement can also be used for grouting. It’s very rapid hardening process
characterizes this cement. The disadvantage with the cement is that it is hard to control
and predict the hardening process, which can create great difficulties during the
mixing process (Betonghandboken 1994).
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Table 4.1,

4.2 Cement chemistry and early cement reactions

This study just includes use of Portland cement. Portland cement contains Portland
clinker, gypsum and other inorganic substances, as for example limestone filler
material. Important properties for the penetrability of the fresh grout mixture are the
amount and type (the solubility) of added gypsum and the liquid’s content of ions.
Cement chemistry and early cement reactions, which affects for example the
penetrability and hardening of the grouting cement, are principally the same as in
regular construction cement (Portland cement). The major difference between grouting
and regular cement is that the grinding of the grouting cement is finer (Fjdllberg,
2003). For the composition of a Portland clinker, see Table 4.1.

Composition of the clinker mineral in a Portland cement.

Clinker mineral | C3S | C,S | C5A | C4AF

Share [%] s3] 23| 14 14

Generally most literature about cement chemistry, mainly focuses on concrete
manufacturing, the different clinker mineral can be designated different tasks during
its hydration process. The presented clinker properties are even valid in terms of grout
manufacturing (Taylor 1990) (Betonghandboken 1994).

CsS, Alit, The most important component to build-up the strength of the grout
during the first 28 hours.

C,S, Belit, The long-term strength is decided by the relationships between Alit
and Belit.

CsA, Aluminat, This component reacts very fast if gypsum is not added as a retarder.
False setting can be an undesirable consequence of a mixture
containing too much C;A. An amount of more than 7% (C;A) in

grouting cement will normally create false setting in the fresh mixture.

C,AF, Ferrit, This component generally reacts very fast in the fresh grout mixture.
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Other key components for the behaviour of the fresh and hardened grout is as previous
mentioned (Taylor 1990) (Betonghandboken 1994):

Calcium sulphate (gypsum), Gypsum is added in the manufacturing process as more

Alkalisulphate,

CaO, free chalk,

4.2.1 Hydration of cement

hard to dissolve dihydrate (CaSO42H,0) or the easier
soluble anhydrite (CaSO,). Milling of the dihydrate makes
that some of it converts to easy soluble half hydrate
(CaS040,5H,0). The gypsum has as its main task to
retard the C;A reaction.

Sodium and potassium are called alkali. The alkali is
bound to the clinkers sulphate as alkali sulphate. Alkali
sulphate is an easily soluble sulphate, which affects the
early rheology of the grout mixture. The alkali amount is
expressed as the equivalent amount of
(Na20)q=0,66K,0+Na,O. Alkali in the cement can also
cause problems with alkali-silica reaction (creation of
swelling products) but this will hardly be a problem in
case of grouting mixtures.

The chalk which has not been bound during the
manufacturing, are left as free CaO. The amount of free
chalk after the manufacturing process should not be higher
than 1 % of the cement weight. If the free chalk reacts
with water after the grout has hardened, cracks can be
detected due to the fact that the free chalk creates swelling
products in the grout.

When the cement gets in contact with the water, mainly two reactions occur (Fjallberg

1998);

1. When dissolving easy soluble compounds such as alkali sulphates, the water
gets saturated of K, Na”, Ca*", SO4* and OH  -ions (the pore water solution).
The pH in the water is quickly increased up to about 13. Crystals of Ca(OH),
and ettringite are produced.

2. Different types of reactions will continue in parallel. The surface of the grains
will be covered with reaction products. The tightness and composition of the
surface layer will decide how fast the water can penetrate into unreacted
cement and then continue to produce reaction products. The volume between
the cement grains decreases and fills up with reaction products (cement gel).
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Basically three types of chemical reactions can be studied during hydration of
cement(Taylor H.F.W 1990) (Betonghandboken 1994):

1. Aluminate reaction, Reactions between C;A and water immediately create

2. Silicate reaction,

3. Ferrit reactions,

CAH (calcium aluminate hydrates), this reaction makes
the grout to harden immediately, which is why this
reaction has to be stopped. Gypsum is added in order to
stop this reaction. A short time after the addition of water,
the grains will be covered by ettringite, the reaction speed
will then decrease. The C;A is consequently of importance
for the setting time of the grout mixture.

When the concentration of sulphates decreases, the
production of ettringite will become a production of
monosulphate. Grouting cement with a low amount of C;A
will react more slowly during a lower generation of heat
than cement containing a larger amount. Low amounts of
CsA in the cement will therefore contribute to a durable
hardened paste (sulphate resistance for example).
(Fjéllberg, 2003).

Reactions that involve C3S and C,S. The reactions means
that a compact cementgel is created. The cement gel
consists of CSH (calcium silicate hydrate) and chrystalls
of Ca(OH),. The silicate reaction governs the final
strength of the grout mixture.

The ferrite reacts with the gypsum and creates neadle
shaped crystals.
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4.2.2 Development of structural strength and filtration tendency

Dissolving of components and chemical reactions start immediately after the cement
has been exposed to water. The free lime and sulphate dissolve and surface skins of
hydrated minerals form on the other constituents. Reactions then proceed very slowly
for the next 2-5 hours (the setting period, when the mixture change from a viscous to a
solid material) before accelerating when the surface skins break. Hydration products
grow away from the surfaces into the spaces between grains and finally result in the
development of strength in the cement paste, see Figure 4.1.
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Figure 4.1. Cement reactions as a function of time (Betonghandboken 1994).

Development of the strength of the grout can be divided into two phases:

Gel phase:

Hardened phase:

The cement grains are weakly bounded to each other, some
shear strength about a few kPa can be achieved. With in a period
of approximately 10 hours after mixing depending on
temperature and composition, the grout is thixotrop. The
thixotropic nature means that the grout can retain its fluidity
even if it is disturbed by, e.g. some kind of vibration.

This is the period when the real hardening process starts. The
grout has no longer a thixotropic behaviour. The grout is no
longer affected by for example blast-induced vibrations that can
destroy or delay the hardening process (hydration). The hydration
process is going on during the whole lifetime of the grout.

The growth of the strength during the gel phase is strongly dependent on the additives
that are added in the fresh mixture.
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Superplastisisers extend the bonding time and decrease the gel strength but do not
decrease the final strength of the hardened grout.

Some accelerators strongly increase the rate of gel strength during the gel phase, but
do not affect the bonding time to the same extent. Some accelerators will decrease the
final strength of the grout. Final strength is not a good term for the expression of the
strength of a grout, though the hardening process will, as mentioned earlier, continue
almost for ever as long as the solid grouted mass exists.

Approximately one hour after mixing the chemical reaction that mainly governs the
filtration tendency has occurred. The reaction between the tricalciumaluminate and
gypsum is among the first reaction that starts. This reaction creates ettringite and slows
the rapid hydration of the aluminate phase. The ettringite covers the cement grains and
creates what usually is called false setting (Bradley, 1986). The governing factor for
the overall fresh properties (rheology and filtration tendency) of cement based grout is
probably the gypsum reaction. Gypsum is added to the cement powder in the
manufacturing process. When the sulphate is consumed, hydration can accelerate and
a secondary transformation of ettringite to monosulphate occurs. Monosulphate is a
needle like crystal, which contributes to an increase of viscosity and to the setting of
the paste. Sulphate quantity must therefore be carefully controlled to leave little excess
aluminate (C;A) to hydrate directly. Too low sulphate content makes precipitation of
mono sulphate crystals in the mixture and a too high content makes too much
ettringite. None of these cases are good for the fresh properties like rheology and
filtration tendency of the grout, see Figure 4.2.
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Figure 4.2, Schematic presentation of the gypsum reactions as a function of the amount of CzA,
Tricalciumaluminte (Betonghandboken 1994).
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Table 4.2,

Even other reactions occur simultaneously and the common denominator is that the
produced crystals all have a large specific surface area. The large specific surface area
increases their tendency to flocculate. The flocculation of crystals makes a gel
between the cement grains, which deteriorates the rheology of the grout. The fineness
also affects the reaction speed of the grout.

Cements with smaller grains reacts faster than coarser ones, due to the fact that more
calcium silica hydroxide and ettringite are created (the total surface area to cover is
larger when the grains are small). The final setting of the paste is caused principally by
the growth and interlocking of the calcium silica hydroxide (C-S-H) gel.

Commercially grouting cement without addition of gypsum and low sulphate content
is available today. This type of cement has the advantage of a hardening time that can
be controlled by the addition of retarders like citric acid and lignosulphates. The first
setting is then false and the final setting of the grout which creates the final strength,
starts later.

The composition of typical Swedish cement for grouting purpose consists of a number
of clinker minerals, see Table 4.2. Dry cement powder consists of a number of
ingredients. The terminology of cement ingredients can mainly be divided into three
groups:

Cement= Milled clinker and gypsum
Clinker= Silicate
Silicate= Alite and Belite

Approximate amount of mineral content of the used Portland cement in the tests.
(for example Injekteringscement 30) (Betonghandboken 1994)

Alite Belite Ferrit Aluminate | Gypsum
[%] [%] [%] [%] [%]
53 23 14 1 5

One of the governing factors for a given type of cement when dealing with early
cement reactions is the W/C ratio in the mixture. The setting time (change from a
viscous to a solid material) is largely governed by the distance between the grains in
the mixture. The chemical reactivity in the mixture is often measured as a rising of the
temperature. A rising temperature is an indication that the silicate (mainly alite)
reactions have started in the mixture. A high W/C ratio is associated with a longer time
before this reaction starts (setting time is delayed).
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4.3 Pore water

It is usually mentioned that water is suitable for mixing with cement to grout, should
be drinkable. The most important factor is that it should not contain any organic
substances. Organic substances can destroy the hardening process of the grout.
Sulphates in the mixture water can also contribute to a retarding effect of the grout. A
bad smell from the water can often be a sign of that it contains sulphates or organic
substances.

The properties of the pore water are of importance for the mixture’s rheology. The
interaction of forces between the grains in the mixture is dependent on the electrical
properties of the pore water. The ion content in pore water will change with time
during the hydration process of the grout. The chemical composition of the grout will
also strongly affect the ion content in the pore water. The composition of the pore
water, at a specific time, with a specific grout, is therefore difficult to influence, but
there are some possibilities. If one discovers that a specific type of ion contributes
with bad properties, it is possible to neutralize the ion by a complex binder. There are
some ideas that a lower ionic strength is associated to a better penetrability of the
grout. (Yang et al 1997). However, a low ionic strength is probably also associated
with a lower reactivity of the cement. The pH value can be measured in order to
follow the development of the ionic content in the pore water. Normally the pH value
of the pore water is about 12,5, 10 minutes after mixing water and cement. The pH
value will then increase up to about 13.5 after about one hour after mixing, due to
precipitation of OH" ions.

The ion strength in the water has a small effect on the LvdW forces, while the
electrostatic forces are strongly affected. The release of alkali sulphates in the grout
mixture during the first twenty-four hours makes the pore water saturated with ions as
K, Ca**, SO* and OH (Wicker 1989). Alkali consists of Natrium (Na) and Potassium
(K). The amount of alkali affects the amount of water that can be kept in the mixture.
High amounts of alkali mean that a larger amount of water can be kept in the mixture.
Cements with a high amount of alkali requires a large amount of mixing water.

4.4 Additives

A number of different additives can be used to change the properties of the grout.
Dosage and combination of additives always have to be tested in order to optimise the
performance of the grout mixture.
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4.4.1 Superplastisisers

The most widely used additive is a superplastisiser. The purpose of using additives in
cement-based grouts is mainly to improve the rheological properties (viscosity, yield
value) of the grout in order to enhance the penetrability and flow characteristics of the
grouting material.

The addition of superplastisisers makes it possible to reduce the required amount of
water with a maintained rheology (flowability). The addition of superplastisisers
makes it possible to use fine-grained cements (micro cements) without using an
increased amount of water in the mixture (constant W/C ratio). There are numerous
commercially available types of superplastisisers on the market today. Basically are all
these superplastisisers are based on different types of polymers with different origin,
length and subdivisions at which an active substance is mounted. The active substance
is mainly based on a melamine, naphthalene, lignosulfonate or a group carboxylic
group (copolymers) (Ramachandran et al 1998).

A cementitious grout in it simplest form consists as mentioned earlier of suspended
grains in water. In the mixture the grains are attract each other by London-van der
Whaal forces (LvdW), which are attracting and electrostatic forces that can be both
attractive or repulsive. The chemistry of the water, the ion strength, has a small
influence on the LvdW-forces but the electrostatic forces are highly affected (Bradley,
Howarth, 1986). The LvdW forces are always present and cannot be eliminated or
manipulated. The repulsive forces can be manipulated and that is what happens when a
superplastisiser is added to the grout mixture. The cement grain consists of several
minerals with different surface charges, even different polarity, which makes the grout
mixture a highly flocculated system. The active substance in the superplastisiser is
adhered onto the surface of the cement grains and affects its surface property.
Melamine, naphthalene and lignosulfonate affect the cement grains surface charge and
create a repellent force between the grains (electrostatic stabilisation). The active
substance in the superplastisisers based on copolymers, is also adhered to the grain
surface, but the grains are separated by steric stabilisation. Steric stabilisation is based
upon that long polymer chains are adhered to the grain surface, the grains will then
repel each other when the polymer chains come into contact with each other, see
Figure 4.3.

The flocculation is probably not completely broken when the superplastisiser is added
to the mixture (Vovk, 1989). The effect of the superplastisisers is influenced by the
cement properties like the grain sizes, grain distribution and amount of C;A, alkali and
sulphate. According to the different effects in different types of cements, it is of great
importance to optimize the dosage of a specific superplastisisers to a specific grout
mixture. The most common types of superplastisisers on the market are based on
melamine, naphthalene or different co-polymers.
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Table 4.3,

Some common superplastisisers.

Short name More complete name Example of product
Melamin Sulfonerat melaminformaldehydharts Peramin (F, FP, FS, FXP),
- Cementa (V33, 92M),
Sulfonsyremodifierat :
larminf ldehvdhart Rheobuild 475-S,
meamintormaldenydharts Rescon HP- SF, Melcrete
Natriumpolymelaminsulfonat
Naftalen Sulfonerat naftalenformaldehydharts | Mighty 150, Rescon HP
Natriumpolynaftalensulfonat L15
Kalciumpolynaftalensulfonat
Co-polymer Cemflux, Glenium 51

As can be seen from Table 4.3, the composition of the superplastisisers can vary
within different categories. A clear difference can be seen within the group of
naphthalene, there are two clearly different formulas, and considerably different effect
can be identified. The formula with sodium is the most common. Generally the
product seems to be neutralised to Na- or Ca salts (Gu Ping 1994). Besides differences
of the formulas of the active molecule there are differences in additives and
modifications of the superplastisiser. Some are modified to maintain a longer
(retarder) or shorter (accelerator) time until setting, i.e. the time that passes from
addition of superplastisiser until the superplastisiser has lost its effect. An example of
a retarder is phosphate and an accelerator is potassium or calcium. It should be
mentioned that all superplastisisers have a more or less retarding effect upon the
setting time of the fresh grout mixture. This is because they all are surface-active
substances (adhere to the cement grains surface).

The chemicals in superplastisisers are not unique for the construction industry, similar
products has been used in other industrial mixture to improve the storage durability of
for example coal powder, grinding agents etc. The chemical engineers calling it to
stabilise the mixture, which means to prevent flocculation by modifying the surface
chemistry of the grains in the mixture. The traditional method of stabilisation of
mixture is the electrostatic stabilisation. Another type of superplastisiser that relatively
recent has made its appearance at the market is the steric superplastisisers. They are
based on copolymers (Shaw 1980). The differences between the superplastisisers are
described by Figure 4.3
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Figure 4.3, Principals for electrostatic and steric stabilisation of mixtures.

The force that trys to bring the grain together in a mixture and cause flocculation and
agglomeration is the earlier mentioned London-van der Waahls force, however, the
different surface charge of the grain’s surfaces can contribute to a deteriorated
dispersion. It is this attraction forces that the stabilisers are supposed to neutralize.
Measurements of the repulsive forces between the grains in the mixture have not been
performed in this work.

4,42 DLVO-theory

The different modes of action give different distance-force relationships according to
the DLVO-theory (Bradley 1986 and Shaw 1980). The electrostatic stabilisers suffer
from two equilibriums along the curve, the primary and the secondary minimum of
energy. The secondary minimum causes loose flocculation that is noticed by a
thixotropic behaviour of the mixture. The primary minimum gives a rather stable bond
between grains, which can form hard cakes on the bottom of a container. The grains
have to be submitted to certain forces exceeding the electrostatic repulsion forces to
come within the minima. For the secondary minimum, it can be sufficient with the
natural Brownian movement of the grains, or the mixture is so highly concentrated that
the grains are already in reach of each other. In order to be trapped in the primary
minimum the grains have to be affected by greater forces, e.g. gravity or mechanical
forces by filtration (Shaw 1980 and Bradley et al 1986). The steric stabilisers should
not exhibit corresponding equilibrium along the force-distance curve. The intergrain
force should be repelling regardless of the distance. This indicates that a grout with a
steric stabiliser, i.e. a copolymer SP, should allow a more severe filtration stress
without the grains flocculating.
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In case regarding electrostatic stabilisation of the grout (melamine etc.) the polymer
part of the molecule is absorbed at the grain surface, because the polymer part is
hydrophobic and therefore searches towards the grain surface. The anion sulphonate
group creates the negative surface charge.

The left part of the force-distance curve is created by deriving the sum of the surface
potentials by the LvdW forces and the electrostatic forces, according to the DLVO
theory (Shaw 1980). The electrostatic stabilisers increase the magnitude of the surface
potentials and give it the same sign for all surfaces in the mixture. At the same time
the shear plane is moved a longer distance from the grain surface, which makes that
the &-potential (zeta) measurement sometimes give an unrepresentative result for the
mixture’s other properties. The only point where it is possible to measure the potential
is just in the shear plane. The fact that you do not know how the additives are absorbed
on to the grain’s surface makes the effect of the superplastisisers more difficult to
explain. This is because you cannot be sure of the position of the shear plane relative
the grain surface. The right curve in Figure 4.3 is made in the same way as the left
curve, but the repulsive force/ potential is represented by a steric stabilisation. To
achieve a sufficient repulsion it is necessary that the polymer molecule is heavy
enough.

The steric stabilisators work by using the fact that they are composed of different
homopolymers (Hansson 1996). In its simplest case with two polymers, one that is
hydrophobic and the other is hydrophilic. This means that the hydrophilic parts is
absorbed on to the grains surface while the hydrophobic parts are extended in the
water and create a hairy texture at the grains surfaces.

When the hairy surfaces of the grains get close to each other, the hairy texture starts to
interact and shear its space, the entropy decreases and a repulsive force is created. The
repulsive force can also be created by a compression of the hairy texture.

The most common type of design of the copolymers and their manner of absorption is

that they are linked together in each others ends and the “fur” consists of loops and
tails.
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There is also another alternative, the copolymers are composed of a hydrophobic
backbone polymer which is extended into the liquid as tails, see figure 3.2 (Bradley,
Howarth 1986).
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Figure 4.4, Two different types of absorption to a grain surface (Shaw 1980).

The length of the copolymers in the steric superplastisisers is supposed to have
influence on the dispersion effect of the fresh grout mixture. A longer polymer chain is
found to have a greater dispersion effect than a shorter one (Kinoshita 1999 and
Yamada 2000).

Electrostatic stabilisation does not create a continuous repulsion, there exists two
minimum of potential, where equilibrium of forces are created along the axis of
distance, see Figure 4.3. The primary minimum gives rise to a strong bonding between
the grains, they coagulate or agglomerate.

This phenomenon has been experienced if one has ever mixed a grout with a high
dosage of superplastisiser and a moderate to high w/c ratio (0,5-1) and felt the
consistency of the material next to the bottom of the bowl. The material has often
created a hard cake on to the bottom. The cakes consist of coarser cement grains that
are pressed together by gravity so the distance between the grains are within the
primary minimum. The secondary minimum gives rise to a weaker bounding between
the grains or agglomerates.

In a study (Bradley, Howarth, 1986) the difference between melamine and copolymer
superplastisisers have been investigated in grout mixtures. The study showed no
significant difference between the two categories, which had been expected due to the
different force-distance relationships illustrated in Figure 4.3. The grouts were
evaluated by letting them pass through a sieve with the mesh width of 100 um, their
ability to create a plug on to the filter was investigated. Analysis of the copolymers
chemical content revealed that they contained anionic groups, combined with a low
molecule weight, the main mode of action can be electrostatic.
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Other types of additives like retarders and air entraining agents which also can
improve the properties of the grout, also contain an ionic, cat ion or surface-active
groups. These types of additives should also be able to act like superplastisisers.

4.4.3 Accelerators

Accelerators are used in order to make the hardening (hydration) process faster.
Accelerators can generally be divided into two groups, depending on their effect. One
group is the ones that affect the setting time and the other group affects the final
strength. Practically most of the common used superplastisisers affect both setting
time and final strength, which is why it is hard to make a distinct classification. The
accelerators are commonly based on inorganic salts, some examples of accelerators
are:

Calcium chloride
Sodium hydroxide
Potassium carbonate
Sodium aluminates

A common type of material that is often mentioned as an accelerator is alkali silicate,
this material is actually not a true accelerator. The alkali silicate reacts with substances
in the cement and creates a gel that makes the grout stiffer, the hydration of the cement
grains is not affected. The dosage of an accelerator in the grout has to be done
carefully, wrong dosage can result in retardation or that the grout gets a too rapid
hydration. Accelerators can in some cases affect the durability of the grout. Use of
chlorides in accelerators can cause problems with reinforcement corrosion.

In grout mixtures it can be desirable to delay the setting time. There are some works
(Justnes and Nygaard 1995) where calcium nitrate has been used as an accelerator in
grout mixtures (delay setting time). They concluded that the dosage of the accelerator
is crucial to its effect on a specific cement type. Dosage and combination of
accelerator/ cement type is generally of great importance in order to not deteriorate the
properties of the fresh grout mixture.

444 Retarders

Retarders have an opposite influence on the grout properties compared to accelerators.
Use of retarders can in grouting purpose aim to extend the time before the beginning
of the hydration process. Dosage of retarders also has to be done with precision.
Examples of retarders are:

e Sugar

e Phosphates

e C(itric acid

e Lignosulphonates
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445 Swelling agents

Swelling agents are used in grouts to prevent the decrease of volume that always
happens when the cement grains reacts with water (hydration). The purpose of the
swelling agent is to fill the cracks completely and create a durable result of the
grouting operation. This type of agent is usually quite unusual in common grouting
operations.

4.4.6 Stabilisation of grouts

Stabilisation agents are used to prevent bleeding of the grout. Bentonite, which is a
sort of clay (montmoriolite), is a common type of stabilisation agent. Bentonite
decreases the strength and penetrability of the grout. The material is often delivered in
a dry powder form. The amount of Bentonite is often related to the used amount of
water, normally one part of Bentonite is mixed with fifteen parts of water.

45 Additive material

Additive materials are added on purpose to fill up the cement, lower the generation of
heat or to make the hardened cement paste more massive or solid. The additive
material that are described here are also called pozzolanes, which are a group of
materials that can create a solid paste in reaction with water, without the addition of
Portland cement or chalk to make it hydrate. A common factor for these materials is
that they all consume calcium hydroxide during their hydration, the risk of leaching is
then consequently decreased. Many of the additive materials contain the same oxides
like those in Portland cement. Common types of additives are silica fume, slag and fly
ash. The grout’s ability to self-healing actually decreases when the amount of additive
material increases. The corrosion protection also decreases when using a larger
amount of additive material in the grout mixture. Additive materials are used in some
special applications of grouting cements. Some tests indicate that the penetrability can
be increased in fine grained grouting cements when using, for example, fine grained
blast furnace slag in the cement (Hiroshi Uchikawa, 1994).

45.1 Silica

Silica, or dust of silica is a bi-product from the manufacturing of alloy material for
steel. Silica is an amorphous type of silicon dioxide (SiO;) and is very fine grained,
the maximum grain size is approximately 0.1-1 um and a specific surface of
~20 000 m?/kg. The size of the grains can be compared to the grain sizes in cigar
smoke. Silica is often added in dosages of 2-8 % in order to increase the solidness or
decrease the bleeding of the grout. The use of silica in grouting purpose is relatively
unusual. In the alkaline environment in the grout the silica will rapidly create a gel,
which increases the viscosity and yield value in the mixture. Silica is usually delivered
as slurry or as a dry powder.
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Another type of silica is the colloidal silica. This type of silica has a grain size of less
than 0,1 pum and with a low viscosity of its mixture. Colloidal silica can be used in
grouting of fine cracks and with the addition of e.g. NaCl or CaCl,, the mixture starts
to gel (Axelsson, 2002).

45.2 Slag

Slag has been described in previous chapters as a type of cement, slag can also be
added separately. Usually about 45% of the cement is replaced with slag, but in rare
cases up to 80 % can be replaced. The slag that is commonly used is specially treated
blast furnace slag from steel manufacturing.

45.3 Fly ash

Fly ash is for example produced when the smoke from the chimneys at a coal fired
power plan is purred. The quality of the fly ash is commonly very varied depending on
the quality of the used fuel (coal) in the power plant. Fly ash consists of spherical and
amorphous grains in the size of between 1-150 um. This material is as earlier
mentioned, a pozzolanic material that consumes Ca(OH), and creates CSH gel like
that in cement. Fly ash is not a common additive material for grout mixtures.

4.6 Conclusions

e The chemical reactions of interest for the filtration tendency occur during the
first one-hour after mixing. The gypsum reactions are one of the dominant
early cement reactions that influence the filtration tendency of the fresh mixed
grout. Other early cement reactions of interest are the aluminates and silicate
reactions, which affect the setting time of the mixture. W/C ratio is one
important parameter on the setting time. Additives like retarders or accelerators
can, of course also, control the setting time.

e Surface chemistry property is of great importance to prevent flocculation of
grains in the mixture. Flocculation of grains is important to avoid in order to
get a mixture with a low filtration tendency. A common way to avoid
flocculation is to use superplastisiser. Superplastisisers are the most widely
used additive in grout mixtures. There are mainly two types of
superplastisisers, the electrostatic and the steric ones. Experiences from
(Fjallberg 2003) show the steric ones are probably the most effective in order
to get a grout mixture with good penetrability (low yield and viscosity value).
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The ion content of the mixing water is of importance for the mixture’s
rheology and probably even the filtration tendency. The ion strength in the
water will strongly affect the electrostatic forces. The ion content in pore water
will change with time during the hydration process of the grout. The
composition of the pore water at a specific time with a specific grout is
therefore difficult to influence. There are some ideas that a lower ionic strength
is associated with a better penetrability of the grout. (Yang, et al, 1997). Ions in
the mixture (pore water) can be neutralized by the addition of some kind of
complex binder, depending on the ion type.
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5 Performed filtration experiments

5.1 General

In this chapter, the mechanisms, which govern the penetrability properties, are studied.
Relevant parameters that describe the function of the grout will be identified and
methods of measuring them will be developed. In order to achieve this it is impoetant
to describe and characterise the different components in the grout, like binder agent,
additives and added material. The interactions between these are essential to outline.

The problem of filtration tendency is, however, very complex. The research work has
therefore followed a trial and error philosophy in the sense that new and
complementary tests have been designed and carried out based on the results from
previous tests. The overall objective has been to investigate the influence on the
filtration tendency from different parameters and also to some extent the complex
interaction between them. This more deductive approach has implied that the search
for understanding has been encouraged to the sacrifice of a more rigorous testing
program covering all possible combination of parameters.

Tests were first carried out with inert material to be able to look upon filtration
tendency without any influence from the cement chemistry. Tests on cement based
grout were then carried out, both on standard portland and on specially prepared
cement material.

5.1.1 Characterisation of grain curves

The grain size distribution of a dry cement powder is of great importance for the
penetrability of the grout mixture. There are different ways to indirectly or directly
describe the distribution of grain sizes. A common way of describing the grain content
is to present the dry powders dys value, which corresponds to the sieve aperture where
95 % of the material passes. This value does not say that much of the distribution of
grains. Another common way to characterize the grain content in the dry powder is to
present the blaine fineness. This value characterizes the amount of surface area
available for reaction, rather than the specific size of a specific grain. None of these
two values are anyhow that illustrative for the overall grain size distribution.

In order to achieve a better characterisation of the grain curve an alternative method
RRSB has been tested. This way of describing the distribution of grains differs from
the traditional way in terms of plotting the grain sizes against the amount of it. The
RRSB distribution (Taylor, 1990) is more influenced by the amount of small sized
grains. d” is evaluated as the grain size which corresponds to the intersection between
the straight line (adjusted line) and the cumulative residue value of zero.
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The output parameters from the distribution are d” and n, see figure 3.6. d” is a grain
size in pm which corresponds to an amount of grains, normally about 50-60% of the
total amount of grain sizes in grouting cements. n is a measure that describes the
spread of the grain sizes and is presented as a slope of the line of best fit, between the
min. and max. grain size.

The RRSB- distribution is a commonly used method to describe the grain content in
powders with a wide range of grain sizes and special consideration has to be taken to
the small grain sizes.

A passed amount of 50-60% corresponds to dso-dgo if the grain size distribution is
considered as being normally distributed, with the standard deviation of ¢ and mean
value p. The plots in figures 3.6 and 3.7 illustrate the difference between RRSB-
distribution and the ordinary way of plotting grain size distribution.

The reason for using this type of distribution model is to make the output parameters
(d” and n) more dependent on the small grain sizes rather than e.g. the parameter dos.
The parameter d” and n will be dependent on an equation of the type y=k-x+m,
compared to dygs which is solely determined by a single point in the grain size
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Figure 5.1, RRSB-distribution plot of a grain curve.

The cumulative residue as (Inln 100/res.) is plotted against log grain size.
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Figure 5.2, Ordinary-distribution plot of a grain curve.

5.1.2 Scanning electron microscopy (SEM)

Analysis of material has been made in a scanning electron microscopy (SEM) in order
to investigate the shape and agglomeration of grains in the dry powder. The used
magnification is between 1000 and 4000. Some investigations have been made to
visually analyse filter cakes with SEM-technology. The idea was to see if any certain
type of grain initialises the plug and if some significant strata of grains could be seen.
Small pieces of the filter cake were cut out and put into the vacuum chamber in the
microscopy. Different adjustments of the microscopy were tested, in order to get a
detailed picture of the grain sizes and the distribution of the grain sizes.

Figure 5.3, Pictures taken in 1000x magnification. To the left, coarse grains of dry dolomite powder
and to the right fine grains.
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5.1.3 Measuring device for filtration tendency

Filtration tendency is quantified in this work by a measuring device that presses the
mixture through a net or slot with a specific mesh aperture or aperture. The idea of
using this type of testing equipment was suggested by Par Hansson, Vattenfall
Utveckling, in the beginning of the 90°th. The equipment is further developed by
Eriksson, 2002a. The reason why the filter pump was not used is that the pump needs a
relative large amount of mixture for each test. The available amount of the sieved
material (dolomite powder) is limited, due to it being very expensive and time
consuming to produce these fraction intervals in the air separator. In order to compare
the filtration results between the dolomite powder and the cement-based material, the
same test equipment has been used in both test cases. The equipment used in this work
is according to the standard VU:SC 48, see Figure 5.4.

{‘; 6 Mesh Slot
| L
Check valve Filter unit !
Pressure regulator ! SO A |
73125 pm
Compressor |
t 25 ‘ L 05
Section A-A

75-125 pm

Figure 5.4, Test equipment according to VU:SC 48.

A pressure gradient is applied over the filter. The amount of mixture that passes the
filter is a measure of filtration tendency. When a large amount passes the filter, then
the mixture is said to have low filtration tendency. A small amount indicates that a
filter cake builds up at the filter, which after a while makes it impossible for the
mixture to pass through the filter. To evaluate different mixture’s filtration tendency a
measuring procedure has been set up.

The results from the filtration experiments with this test equipment may depend on the
amount (volume) of mixture that passes the filter.

The available original amount of mixture is therefore of importance. Performed
filtration tests with different available amount of mixture will therefore probably
generate different passed amount through the filter (different quantification of
filtration tendency).
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Two types of filter geometry have been tested. The first geometry, a mesh of thin
woven steel wires makes a filter with quadratic mesh design. The second geometry
consists of, a thin steel plate in which a thin slot has been cut by a laser beam, see
Figure 5.4.

The filter area in the mesh geometry has in some experiments been reduced by a 5*65
mm opening in a steel plate, which was placed upon the mesh. The filter area is
reduced in order to see the influence of the filtration area relative to the passed
volume.

Filter of a single slot is associated with the case where the grain can just build an arch
from two sides of the slot. The initialisation of the plug is of great interest for
predicting the moment when no more mixture can pass the filter.

The filter area is of importance for the investigation of how many grains pass per filter
area. The filter area is defined as the area of the sieve cloth that does not consist of
steel wires (mesh geometry). In the case of a slot geometry the filter area is defined as
the area of the slot (aperture with a specified length), see Figure 5.4. From a statistical
point of view a certain amount (number) of grains probably has to pass the mesh or
slot in order to create a plug. Many passed grains per area unit increase the probability
that some of the grains get stuck and a plug is initialised. The principle of how a plug
can be initialised may be different dependent on the design of the filter geometry. A
filter with a mesh design means that the grain can build an arch (plug) from four sides
around a mesh opening in the filter, compared to slot geometry where an arch can be
created from just two sides.

To reduce the necessary amount of mixture the filtration experiments has been focused
on the slot geometry.

5.1.4 Rheological measurement system

Viscosity and yield value has been measured in a plate-plate rheometer (Paar Physica
UDS 200). The measuring loop consists of shear rates from 0 to 50 s and back to 0
again. The duration of the loop is approximately 5 minutes. The used measuring gap is
100 um. Rheology measurements are performed in order to investigate if there are
some correlations between the passed amount of mixture in the filter device (filtration
tendency) and viscosity and yield value. Rheology measurements also serve as a check
of the mixing quality of each mixture. Varying mixing quality means also varying
viscosity and yield value. It is certainly important to have the mixing procedure as
equal as possible between different mixtures.
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5.1.5 Bleeding measurement

Bleeding tests of mixtures have been performed in order to investigate the influence of
grain size distribution and concentration of grains. The bleed tests have been
performed according to the principles of SS-EN 445, but the amount of available inert
mixture volume is just 110 cm’ (used volume according to SS-EN 445 should be
approximately 390 c¢m’). The limited volume of mixture means that the measured
bleeding (%) is probably estimated to a lower value than if the measurements had been
performed with a larger volume. The used measure vessel has the same diameter but a
lower height, approximately 56 mm in the inert bleeding tests (ordinary height is 200
mm).

The bleeding measurements, regarding the cement based mixtures, are performed
according SS-EN 445. Because of the relative small passed amounts of mixture in
some cases, the measurement of the bleeding has not been directly measured on the
passed amount of mixture. The W/C ratio in the passed amount of mixture has been
calculated via the measured density of the passed mixture (see eq 5.5), the bleeding has
then been evaluated corresponding to a mixture with the same W/C ratio and recipe as
used in the experiment.

Low bleeding is an important parameter in order to reduce the probability of achieving
an inhomogeneous mixture with varying properties. Varying properties in the mixture
can influence the measurements of filtration and rheological measurements in a
negative way.

5.1.6 Evaluation of measuring results

The work of finding essential parameters from the grain size and grain size
distribution, that influence the filtration tendency is probably much a work of finding
representable parameters to characterize the grain size and grain size distribution.
Attempts have been made to correlate certain parameters of the grain size and grain
size distribution like for example dys and d’ to the passed amount of mixture through
the filter device, see eq 5.1. Even quotes of used parameters have been used for
correlation. One of the correlation methods that have been used is written as:

eq 5.1

_ Kov(X,Y) 0. = Coefficientof Correlation, —1£6X <1

By Xy y
Ox X0y Kov(X,Y) = Covarianse of matrix X and Y
Oy v Standard deviation for matrix x and y

The parameter d,, is a measure of how well two series of data correlate to each other.
Good correlation is associated with a 8y, near 1.0. The presented correlation values in
the diagrams in chapter 6.2.4 are the R? value, which is the squared value of 5.
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If the relationships between two measured series are strongly divergent from a linear
relationship, the coefficient of correlation 8y, is not that good estimation of the
relation. Oy, correlation can identify linear relations and relationships close to linear.

Another way of predicting or analysing the results from the filtration experiments is to
use statistical tools like multivariate data analysis (MVDA). There are a vast number
of methods for MVDA, that are often used in order to get an overview of a large
amount of data as, for example, classification of data and regression modelling
(Johnson, 1998). The multivariate software used in this work is Simca©, which uses
projection methods (PM) for the MVDA.

The projection method is also rather easy to understand when the solution can be
interpreted geometrically. Projection methods can be described as projection of
collected data onto a new coordinate system. PM is often used in order to reduce the
variables in a problem, which will often facilitate the evaluation of test results. As an
example, it can be mentioned that temperature and pressure are often well correlated to
each other in a process. By the help of PM, one of the variables can be eliminated (two
variables can be handled as a single variable) in the evaluation of the result. The
purpose of using multivariate analyse in this work is to find the parameters and limits
which significantly influence the amount and quality of the passed mixture through the
used filter (filtration tendency). The performance of PM includes in this work both
PCA- and PLS-analysis. More in depth information about PM methods can be found
in Eriksson (1999).

5.1.6.1 PCA-analyses (Principal Component Analyses)

Data that can be analysed with projection method, typically consist of N observations
in K variables. Each observation can be interpreted as a point in a K-dimensional
space. To be able to compare different types of variables and get unit independent
solutions, data is scaled and centred. One common projection method is the PCA
(Principal Component Analysis). In PCA the first step is to determine the Principal
Component (PC) that bests describes the variation of data, using e.g. a Least Square
(LS) criteria.

Additional PCs can be added to better describe the variation in the data (Figure 5.5).
Each new PC has to improve the approximation of data as much as possible but also
has to be orthogonal to all earlier PCs. There are several ways to calculate the new PC-
space. In this work commercial software Simca P 8.0 from Umetrics has been used
and the algorithm used in the programme is described in the software manual
(Umetrics 2000).
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Figure 5.5, The first Principal Component (PC) is the component that bests describes the variation
of data. The second PC is the component orthogonal to PC 1 that bests describes the
variation of data. The projections of the observations to the PCs are called scores. (L.
Eriksson, 1999).

Geometrically this can be seen as an incomplete coordinate transformation from X-
space to the new PC-space:
eq 5.2

where €, is the unit vectors of the PC space, €, the unit vectors of the X-space and
P is the transformation matrix. In PCA the transformation matrix P is called loadings,
hence, P describes the load/effect of the individual variables on the model.

The transformation can be regarded as incomplete since only the most important
components are calculated of the new PC-space and therefore the observations are
projected to the new space, i.e. the new point in the PC-space (the projection) is not an
exact representation of the observation, it’s the best approximation of the observation.
The projections of the observations to the new PC space are called scores (T).

In PCA loading and score plots are an important complement to each other. The
loading plots tell how important different variables are and the score plots reveal
trends and groups in the data. Mathematically the observations (X;) are modelled as:

eq 5.3
X =X +TP ' +¢

where X; is the mean average of the observations and ¢ is the residuals that are a

combination of noise and weak interaction from the variables, that the PC-space
cannot explain.
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5.1.6.2 PLS-analyses (Partial Least Square Analyses)

In PLS a regression analysis is carried out between two groups of variables with
corresponding data sets. In a process the most common one data set is determined by
Factors, input variables of a process, i.e. X-space and one data set of resulting
Responses, output variables of the same process, i.e. the Y-space.

The method results in a linear model that describes how the Factors (X;) affect the
Responses (Yi). Normally, coefficients (a;) are given in a normalised form so that the
importance of different variables is clearly shown.
eq5.4
Yi =@, +a X +a,X, +aX; +..= . a;X,

The difference between the PLS and the algebraic (linear) LS regression is that the
regression is done between the scores of each individual measurement in X and Y-
space, instead of the original values of the measurement in X and Y-space. This can be
seen as a form of noise elimination, i.e. a variable with low influence, e.g. due to
noise, in the X-space will have a low impact on variables in the Y-space. This also
allows for handling of missing data for some variables of a measurement.

The analysis is itself linear so in order to be able to handle non-linear variations, new
variables have to be added, e.g. X%, Xi .4 or exp(X;). In this way non-linear processes
and time series can be studied by this method.

To assess a model, the goodness of fit, Rz, is calculated. A high R? means that the
observations are well predicted by the model. However, increasing the number of
parameters in the model will increase the agreement so R? will increase towards unity
as the degrees of freedom are reduced.

Hence, R? is not a sufficient assessment parameter of the model. Therefore, the
goodness of prediction, Q% has to be evaluated. A high Q? tells that the model is
independent of the value of single observations. As the model parameters increase Q
will first increase as the fit of the model is improved, however, as the model starts to
be ‘over predicted’, i.e. starts to explain noise for individual observation the value will
decrease. So the best model is obtained by maximizing Q2 see Figure 5.6.
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Figure 5.6, The principal variation of R? and Q* with an increased number of model parameters.

5.1.7 Air sieving

Air sieving was used to manufacture both the inert and cement based material. A vast
number of difficulties were detected when the sieved material was manufactured,
which are here described. The principal for the manufacturing procedure was almost
the same for the inert and the cement based material. General description of the air
sieving technique of dry powders is found in Appendix F. General explanation of the
used sieving method and some technical data of the used apparatus is described.

The air stream separator that was used is Alpine 100 MZR. The problem with
incomplete splitting of grains can both be explained by the sieving technology and the
combination of sieved material and the material in the sieving device. Air stream
separation is associated with having to calibrate the device so that one would
theoretically get a powder with narrower grain size distribution then actually received.
The overlapping of grain limits is associated with the difficulties in splitting the
powder into narrow and adjacent grain fractions.

Electrostatic charge of the small grains in the powder makes the small grains adhere to
larger ones (flocculation). The electrostatic charging of grains is mainly due to
electron transport from the metal in the sieving device to the dolomite powder. The
flocculation phenomenon makes it difficult to separate the small grains from the larger
grains.

A relatively small amount of the sieved inert materials (mix 1, 2 and 3) was produced
in the apparatus. This was due to that each bath of sieved material was very time
consuming to produce. The lack of inert material makes that each mixture in the
filtration tests have to the rather small (~110 cm® of mixture). Originally the amount of
mixture was set to be based upon about 1000 g (600 cm® of mixture volume).
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The purpose of sieving the original material was to create a number of dry powder
mixtures, containing different grain sizes and grain size distributions. The basic three
dry powder mixtures were then enough to create these six dry powder mixtures, see
Figure 5.7. The dos value of the dry powder mixtures will vary between the finest and
the coarsest of approximately 5 um (mix 1) up to 12 um (mix 3). The six different dry
powder mixtures were regarded to be divergent enough (grain sizes and grain
distributions) in order to analyse the influence of grain size and grain size distribution
on the filtration phenomenon.

Sieving the raw material (dolomite powder) produces the powder mixtures 1, 2 and 3.
The basic idea of sieving the material was to divide the raw material into four different
groups, depending on their minimum and maximum grain size. The grain size limits
were set to 0-2, 2-5, 5-10 and 10-30 um. It is desirable to get as sharp fraction interval
as possible when investigating the influence of the grain size distribution. Due to some
problems with splitting the grains into different fraction intervals, the results can be
seen in figure 3.1 (mix 1, 2 and 3). 95 % of the grain sizes in mix 1 are between 0-5
um, mix 2 is a middle fraction containing 40 % of grain sizes between 5-10 um and
mix 3 is a coarser fraction with 80 % of the grains between 10-30 um.

Cement based material were also air sieved into a number of powder mixtures. The
powder mixtures were named Cem 2 (dgs= 10 pm), Cem 4 (dos= 9 um), UF 12 Fine
(dos= 8 wm) and UF 12 Coarse (dos= 16 um). Cem 2 has a steeper grain size
distribution compared to Cem 4 (Cem 4 is consequently containing a larger amount of
small grains compared to Cem 2). The steepness of UF 12 Fine and UF 12 Coarse are
almost the same. Larger amount of the cement based material could be manufactured
(within reasonably amount of time for the sieving operation) compared to the amount
of inert material. This was probably mainly because of the properties (surface charge,
hardness and shape of grains etc.) of the dry cement powder compared to the dolomite
powder.

5.2 Inert material

The inert experiments can be divided into two categories, one that deals with the
physical experiments of inert material (dolomite powder and scaled up experiments
with plastic grains). The other part of experiments deals with numerical simulations.

5.2.1 Physical experiments

The geometrical properties (maximum and minimum grain size, grain size distribution,
grain shape and W/C ratio) which influence the penetrability are investigated by the
use of inert grains. The reason for using inert grains is to avoid influences from
chemical reactions and time dependent properties of cement. The inert material that is
used is crushed dolomite stone, in the fraction of 0- 30 um.
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The trading name of the powder is Myanit. Dolomite is a mineral of mainly Calcium,
Magnesium and Carbonate with the formula CaMg(COs),. It has a grain density of
2850 kg/m’ and a pH value of approximately 9,5- 10,5.

The influence from the grain size distribution is investigated by mixing three different
fraction intervals of the powder, into a number of new mixes with different grain size
distributions, see Figure 5.7. The original fraction intervals are Mix 1, 2 and 3. The
fraction mixes are then mixed with different amounts of water before the penetrability
analysis.
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Figure 5.7, Grain size distribution curves for different mixtures.

Table 5.1,

Characteristic data for used mixtures.

Mixture dos d

[um] [pm]
1 5 2,0
2 12 5,2
3 28 10,6
4 10 10,0
5 24 3,7
6 26 7,0

According to the relatively small volume of inert mixture (~110 cm’) in the filtration
experiments with inert mixtures compared to the volume of cement-based mixtures
(~600 cm’) in the filtration experiments with cement mixtures, just a rough measuring
scale has been defined to quantify the difference in filtration tendency between the
mixtures of inert material.
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Figure 5.8,

The small amount of inert material means that the result (passed amount of mixture)
will be more uncertain than if a larger volume of mixture had been used (like in the
cement based experiments). bsiop, brilration and bay refer to the interval of filter aperture
that cause or do not cause plug formation at the filter. by, indicates that a very small
and filtrated amount of mixture (almost pure water) has passed the filter. briiation
means that an obvious filtration of grains has occurred. baj indicates that the mixture
has low filtration tendency and no significant filtration has occurred.

The results (passed amount of mixture) through these filter intervals (based on inert
filtration experiments) should therefore not be directly compared to the results from
the ones noteded with b, and b (from the cement based mixtures), see chapter 3,
because of the difference in the used amount of mixture. b has been interpreted to
the minimum of baji. bmin has been interpreted to the maximum of bsp,.

b b . b
Stop Filtration  “pj)
. .

- — o

Passed amount || I | I

0 % 30 % T5 % 100 %

Rough measuring scale for filtration tendency of the inert material.

It has been observed that some minor material was stuck in the equipment. It has been
estimated that this could go up to about 25% of used material. The used limit of b
corresponds therefore to a passed amount of 75% of used material.

To quantify the filtration properties one has to also look at the concentration of grains
in the passed mixture. A large passed amount (large weight) of mixture is not
necessarily equal with a large amount of passed grains. Grains could be stuck in the
filter and the passing mixture is then mainly consistent with that of water. The quality
of the mixture that passed the filter has to be investigated by comparing the W/C ratio
of the mixture before and after the passage through the filter. Almost the same W/C
ratio before and after filtration is an indication of a good quality of the passed mixture.
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The ratio between the amount of water and the amount of grains could be determined
by the following relationship (Hansson 1994);
eq 5.5

Py (P —P)
PPy, —P)

W/S =

= Densit t
Py ensity, water
P = Density, suspension
P~ Compact density, dolomite powder

W/S = Water/ Solid ratio

W/S-ratio (Water/ Solid) is used in this work for the mixtures content of dolomite
powder and W/C-ratio is used for mixtures of cement and water. eq 5.5 is valid for
both these cases.

In this work, approximately 110 cm® of mixture is used in each test (depending on the
desired volumetric concentration of grains in the mixture). Each mixture consists of
100 g dolomite powder and a different amount of water, depending on the desired
volumetric concentration of grains. The powder was first mixed in a paddle mixer
during one minute then in a blender (Ultra Turrax) at approximately 20 000 rpm
during two minutes. The ready mixed mixture was then placed in the pressure
chamber. The mixture was put under pressure (30 kPa) and continuously stirred while
pressing the mixture through the filter. The maximum pressure time was set to one
minute. The passed mixture through the filter was collected and weighted in a
collecting chamber. Some mixture will always adhere to walls in the collecting
chamber, hose and the filter.

The amount of mixture that will adhere to the equipment is mainly dependent on the
W/S ratio in the mixture. A low W/S ratio will increase the amount of mixture that
adheres to the equipment compared to a mixture with a higher W/S ratio.

Mainly three types of parameters have been varied in the experiments, variation of
grain concentration (W/S-ratio), slot and mesh aperture and variation of used grain
curve. One parameter in each test has been varied, while the others are constant. Six
different grain size distributions have been used according to Figure 5.7 (mixture one
to six). The influence of grain concentration on the filtration tendency is done by
varying the W/S-ratio between 0,6 to 1,4. The influence of crack aperture (filter
geometry) on the filtration tendency has been studied by using different types of filter
geometrie’s and filter apertures, see Table 5.2
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Table 5.2, Description of the used parameters and their variation. Note that all of the parameters
have not been tested in all combinations.

Parameter
W/S-ratio Slot aperture Net mesh Mixture no.
[um] [um]
0,6 45 36 1
0,7 75 45 2
0,8 125 75 3
1,4 4
5
6

5.2.2 Physical experiments with scaled-up plastic grains

To visualize the phenomenon of plug formation of grains an investigation has been
carried out in a larger scale than usually takes place in reality. A number of
hypothesises can be stated in order to analyse the filtration tendency in the physical
model.

e Due to difference in shape of grains in the mixture, it can be proposed that
irregular (larger angularity) grain shapes are more inclined to agglomerate at
the crack entrance than grains with a regular shape.

e The probability of agglomeration at the crack entrance increases as the grain
concentration is increased.

e The probability for the grains to agglomerate at the crack entrance increases as
the crack aperture is narrowed.

e The clogging procedure is a statistical phenomenon.

To investigate the clogging phenomena, a plexiglas model was built. Figure 5.9 below
illustrates the physical model. One basic problem with physical modelling is to
recreate a model that is similar, preferably identical, to the real scale situation referring
to the underlying physics. One of the physical quantities that have to be taken into
account is the sedimentation velocity. It is important that the sedimentation velocity of
the grains in the scaled-up model is of approximately the same magnitude as the grains
in the real scale application.
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Figure 5.9, Outline of the physical model (Saaidi, 2004).

The upper part of the model was made twenty times bigger than the crack geometry in
the spanwise direction. This was done to minimize the effect of the upper container
walls.

In order to compare the experiment with the two-dimensional numerical simulations
the ideal case would be to have a "two-dimensional" experiment, meaning that it
would be desirable to design the experiment in a way that would make the front and
back wall effects negligible. Nothing could be done to completely eliminate the front
and back wall effects. However it is believed that they have a limited effect on the
flow-field within the crack.

From a fluid-mechanical point of view it is possible to scale-up the flow field without
changing the underlying physics of the phenomena by using a fluid with a larger
viscosity than the fluid in the real application. Cementitious grouting materials are
mixtures of grains in water, hence it was found suitable to scale up the geometry and
the grains 100 times by using oil with a viscosity 100 times larger than the viscosity of
water (v =100-v, ). The main idea was to keep the Reynolds number and the
sedimentation velocity constant.
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The Reynolds number is defined as:
eq 5.6

U-d
v

Re =

where d is the diameter of the sphere (grain), U is the velocity of the grains and v is
the viscosity of the oil. At first glance it may seem possible to perform the scale up by
just varying the diameter of the grain and the viscosity of the oil to keep the Reynolds
number constant. However, there is another important dimensionless number called
the Archimedes number that has to be taken into account.

The Archimedes number is defined as:

3
Ar = gdz (&— j
Ve P

Where d is the diameter of the sphere, g is the gravity force, v is the viscosity of the oil
and pq and p. are the density of the grain and the oil respectively. eq 5.7 illustrates that
it is not possible to just perform the scale-up based solely upon the Reynolds number.
Archimedes number which is taking the difference in densities between the grains and
the fluid into account in order to calculate the resulting sedimentation velocity of the
grains in the oil (Saaidi 2004). It should be noted that the physical experiments
described in this section were performed with inert plastic grains, hence no adhesive
forces and chemical reactions are present as in the case of a real grout. The scaled-up

experiment is therefore based upon that both the Archimedes number and Reynolds
number should be kept constant.

eq 5.7

The physical tests were performed in a plexiglas model, see Figure 5.9.

To obtain the desired viscosity of the oil, three different 20 liter containers of oil were
heated to 60°C. Thereafter, the oil in the different containers were carefully mixed in a
big plastic vessel. The viscosity of the oil were measured by the usage of a capillary
viscosimeter that was normalized for comparison with water, see Figure 5.10.
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Figure 5.10,Capillary tube for measurement of the oil viscosity (Saaidi, 2004).

By measuring the necessary time (at a certain temperature of the oil) it took for the oil
to flow through Tube 1, from the upper measuring point to the lower measuring point,
it was possible to calculate the oil’s viscosity according to eq 5.8.

eq 5.8

Vit = tm "Vh,0

where t, is the measured time in seconds.

By the use of eq 5.8 and the measurements in the capillary viscosimeter it was possible
to calculate the desired viscosity. The achieved viscosity of the oil in this study was
found to be 98.4 times larger than the viscosity of H,O, which is very close to the
desired value of 100 times the viscosity of water. The density of the oil was measured
to be 850 kg/m’.

Inert plastic grains with a density in the proximity of the oil density were used to
simulate the grains in a grout. The plastic grains were quite irregularly shaped, and to
characterize the dimensions of the grains a representative sample of each type were
passed through a sieve. Two different kinds of grains were used (black and white
grains). All of the grains where found to have a characteristic dimension between 2
and 4 mm. The dimensions specified in Figure 5.11 have been measured by hand. Two
types of grains are used in the experiment, one with a round shape and another with
more sharpened edges. The white grains had a more spherical shape than the black
ones. The white grains also had a slightly wider grain size distribution.
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Figure 5.11,The two types of grains used in the experiments, the left picture shows the round
shaped grains, the right picture shows the sharp edge grains (Saaidi, 2004).

Table 5.3, Grain characteristics.

Grain type Density [kg/ m3] Size [mm]
Black 933 ~3
White 917 ~ 2-4

Due to the scaling of the experiment a grain in the model corresponds to a 100 times
larger grain than in the real grout mixture. Hence a grain of 2-4 mm in the model
corresponds to 20-40 um in the real grout mixture. The scaling of the experiment
presume as mentioned earlier, a certain viscosity and density of the used oil and
grains. For further description of the physics behind the scaling of experiments, see
appendix F.

Each test in the plexiglas model was made up of a series of events:

1. The plexiglas model was filled with oil.

2. The bucket was filled with the amount of grains and oil so as to get the desired
bulk concentration.

3. The valve was opened to get the desired fluid flow velocity within the model.

4. The grain mixture was carefully poured into the top of the model. If not, the
result would have been undesirable disturbances of the flow field close to the
crack, because of the high viscosity of the oil.

5. A new grain mixture was prepared in the bucket and the same procedure as
outlined above was repeated.

As a consequence of the limited access to oil there was a clear limitation as to how
many new grain mixtures that could be poured through the model. To change the crack
aperture the model had to be emptied of oil and demounted. Thereafter the plexiglas
blocks, had to be adjusted by hand.
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5.2.3 Numerical experiments

The simulations in this work were done with the commercial CFD code Fluent 6.1
from Fluent®.
The objectives of the numerical simulations can be summarised in the following way:

e Perform a two-dimensional Eulerian multiphase flow calculation of a dispersed
two-phase flow through a narrow slot.

e Implement a new frictional model to better account for the frictional stresses
between the grains when the local grain concentration becomes high.

e Compare the results with the physical experiments with inert particles (plastic
grains).

The numerical calculation has been conducted on two different geometries (slot
aperture 5 and 10 mm). The geometries are shown in appendix A. Moreover four
different volumetric grain concentrations have been used in the simulations; 5, 10, 20
and 30%. No comparative studies are done between the available models instead the
models that are believed to be most suited for the particular application is used. The
results of the simulations are compared to the physical simulations described above.
The mesh is refined at the locations in the model where the largest gradients are
expected to be present, see Figure 5.12.

For the 5 mm crack mesh there is a gradual increase of the spacing between the grid
nodes in the upward direction. This gradual increase makes the interpolation error
between the fine mesh and the coarse mesh regions smaller. However, there is an error
at the interface between these regions, however it is not believed to have a very big
impact on the flow field in the vicinity of the crack entrance.

Grid (Time=1.2000e+02) Mar 27, 2004
FLUENT 6.1 (2d, segregated, sulerian, lam, unsteady)

Figure 5.12,Used mesh sizes at different places in the model.
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All the simulations were carried out in a two-dimensional space in which front and
back wall effects were neglected. For the fluid-phase all walls are treated as no-slip
velocity boundary conditions. Moreover the velocity for both phases is specified at the
top of the model, this is sometimes referred to as a Dirichlet boundary condition. At
the bottom of the model a Neumann boundary condition is applied, which means that
the velocity gradients of both phases are zero across the boundary. For the grain phase
a free-slip velocity boundary condition is employed for the horizontal walls and a no-
slip boundary condition is applied for the vertical walls. Figure 5.13 below illustrates
the applied boundary conditions for the grain phase.

Dirichlet B.C
4

N\

No slip B.C
Free slip B.C

/

Neumann B.C

Figure 5.13,The grain phase boundary conditions.

It would have been more correct to use a partial slip boundary condition at the wall for
the grain phase. This type of boundary condition is however not an option in Fluent®.
It is however necessary to use the no slip boundary condition for the grain phase. If the
free slip boundary condition would have been used all of the grains would slide
unhindered through the model since there would have been no force to counteract the
vertical shear forces of the grain phase.

% Such boundary conditions have to be programmed by the user, due to time limitations this was not

done.
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Table 5.4,

5.3 Cement based material

5.3.1 Physical experiments

The amount of used mixture in the mixing process is approximately 2000 cm’.
Filtration tests with cement-based material are performed with approximately 600 cm’
of the mixture. This volume of mixture is chosen due because too small amount will
create an undesirable development of a high temperature in the mixture. A high initial
temperature in the mixture will speed up the hydration process in the mixture. The
temperature of the mixing water is set to approximately +8°C. A rapid hydration
process of the cement grains will increase the risk for flocculation of the grains in the
mixture. The flocculation of grains affects the filtration tendency in a negative way
(higher filtration tendency). The temperature of the mixture at testing is assumed to be
approximately 20°C according to spot sample measurements.

It is also of importance to mix the ingredients in a specific order i.e. water, cement and
finally superplastisisers. The same pressure and mixing method has been used for the
cement-based mixtures as in the case of the dolomite based mixtures. The time
dependency of the cement reactions in the mixture means that it is of great importance
to perform the penetrability tests at a certain time after mixing. According to the
literature (Betonghandboken 1994) it is suitable to start the penetrability tests
approximately 3-5 minutes after the mixing procedure is finished. This moment is
chosen because the chemical reactions during this period have been stabilized (the
dormant period).

The time dependent properties of the grout mixtures have also been tested at some
specific moments after the mixing is finished. Filtration tests have been performed at
10, 20, 40 and 60 minutes after the mixing procedure was terminated.

As mentioned earlier, a different amount of material will be used in different tests.
Variations in the W/C ratio (see Table 5.7) will generate a different amount (weight) of
mixture, see Table 5.4.

The left table illustrates the initial weight of the mixtures (mixture in the filtration test
equipment). The right table illustrates the available weight of mixture through the filter
(not all the amount of mixture is available in the filtration test).

UF12 |UF16 |IC30 UF 12 UF 16 |IC 30
WI/C ratiot [a] 9] 9] 9] 9] 9]
0,7 989 | 1008 | 988 813 827 | 809
0,85 951 915 896 722 744 | 724
1,0 902 868 866 741 704 | 702
1,25 701 704 - 551 550 -
1,50 674 677 - 526 525 -
1,75 652 656 - 509 510 -
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As can be calculated from Table 5.4 and appendix G (density measurements), at least
approximately 110 cm’ can be directly cut off (not available) from the initial 600 cm’
of mixture volume. The amount of mixture that gets stuck in the filtration equipment
(container, hose, tube) will vary depending on the W/C ratio used in the mixture. A
lower W/C ratio will according to performed tests, means that a slightly larger amount
of the mixture will get stuck in the equipment. The tests with cement were carried out
with a larger container than for inert material which reduced the available amount to
pass the filter.

The available amount of the cements of the sieved cements Cem 2 and Cem 4 is 774¢g
when the W/C ratio is 0,7. The used amount of UF 12, Fine and Coarse is in the same
range as the original UF 12 cement (951-701 g), when using a W/C ratio between 0,85
to 1,25.

Different cement-based grain curves have been used in the filtration experiments.
Figure 5.14 show the grain size distribution of the commercial available cements
Ultrafint cement 12 (UF 12), Ultrafint cement 16 (UF 16) and Injekterings cement 30
(IC 30).

As can be seen in the figure below the grain size distributions are, for UF 12 and UF
16, quite similar, except the coarser grains are larger than by approximately 6 um. The
IC 30 cement has a major difference of its grain curve compared to the two other.
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Figure 5.14,Grain size distribution curves of cement-based material (Uf 12, Uf 16 and IC 30).
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Attempts have also been made to create new grain curves of cement-based material.
The cement-based grain curves were fitted to the inert material’s grain curve that
showed the best filtration tendency (the largest passed amount). For the result of the
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sieved cement-based-material, see Figure 5.15.

Figure 5.15,Grain size distribution curves of cement-based material (Cem 2 and Cem 4).
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Figure 5.16,Grain size distribution curves of cement based material (Uf 12, Uf 16, IC 30 and Cem 2,
Cem 4).



Table 5.5,

Characterisation of grain size distribution, in Figure 5.16.

Cement dgs
[um]
UF 12 12
UF 16 16
IC 30 30
Cem 2 10
Cem 4 9

As can be seen from Figure 5.16 there are not any major differences between the grain
curves. The simulated cement based grain curves Cem 2 and Cem 4 should be
compared to the inert grain curves 2 and 4.

Finally two cements, based upon UF 12, have been tested which have been sieved
according two criteria. The first criterion was to remove a major part of the fine grains,
1.e. those smaller than 3 um from the original UF 12 cement. The second criterion was
to remove the grains larger than 9 um from the UF 12 cement. Consequently, the idea
was to analyse the influence of the fine and coarser grains on the filtration tendency of
the cement based mixture.

Unfortunately the apparatus for the analysis of the grain size distributions in the
cement powder were changed in the end of the sieving work. This causes a difference
that can be detected when comparing the grain size distribution curves from the old
apparatus (Cilas 850 GR) and the newer one (Malvern Masterziser 2000).

This primarily concerns the sieved cements of UF 12, Fine and Coarse (Figure 5.17),
which have been analysed by the new apparatus (Malvern Masterziser 2000), see
Figure 5.16 compared to Figure 5.17 regarding the grain size distribution for UF 12.

The different results from the analyze of the sieved powder indicate the difficulties
involved in such process. Before this has been more rigorously investigated
cautiousness with conclusions regarding the grain size distribution’s influence on to
the results should be considered.
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Figure 5.17,Grain size distribution curves of cement based material (UF 12 Fine and UF 12 Coarse).

Table 5.6,

Characterisation of grain size distribution in Figure 5.17.

Cement dgs
[pm]

UF 12 12

UF 12, fine 8
UF 12, coarse 16

The presentation of the results from the filtration and the bleeding tests, will mainly be
made for each used cement (UF 12, UF 16 and IC 30).

Three different superplastisisers have been used in the experiments. The
superplastisisers Cemflux, Melcrete and L 15 are mainly two different types of
superplastisisers. Cemflux is a co-polymer based additive and the other two are based
on Melamine and Naphthalene.

The co-polymer based one is a steric stabilisator (steric superplastisiser) and the other
two are electrostatic stabilisators (electrostatic superplastisiser).

The filtration tendency has been tested for the slot aperture 75, 100 and 125 um. The
differences in filtration tendency have been tested using different slot aperture, W/C
ratio, superplastisisers and used cements (grain curves). The parameters have been
varied in different combinations according to Table 5.7.
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Table 5.7,

Description of the used parameters and its variation. Note that all of the parameters not
have been tested in all combinations.

Parameter
WI/C-ratio Slot Net mesh Grain curves no. | Superplastisisers
aperture
[um] [Hm] (]
0,7 75 75 UF 12 Cemflux
0,85 100 UF 16 Melcrete
1,0 125 IC 30 L15
1,25 Cem 2
1,5 Cem4
1,75 UF 12, Fine
UF 12, Coarse

Each tested combination has also been tested twice due to the uncertainties in the
repetition of the experiments. If all these experiments in Table 5.7 were going to be
investigated it would generate a relatively large amount of experiments (a quantity of
(6*4*7%3=504), 504*2=1008 experiments).

Some of the experiments have therefore been excluded, mainly because of bad
rheology or major bleeding.

5.3.2 Evaluation of the test result

The filtration tendency of the tested mixture has been evaluated in three steps. Firstly
the penetration length has been calculated for every test. The penetration length has
been defined as the length the passed volume of the mixture fill up given the cross area
that corresponds to the filter area (opening in the filter).

Secondly the filtration tendency is expressed with the parameters berit, breq and buin, see
Figure 5.18.

berit 1S measured as the smallest slot aperture where nearly all of the available amount
of mixture passes the filter, this corresponds to a mixture volume of more than 75% of
the available amount of 490 cm’. This corresponds to a penetration length of 79, 60
and 48 m for a slot aperture of 75, 100 and 125 pm.

bmin 1S characterized as the slot aperture where no mixture is passes the specific slot.

The evaluation of by has in this work been defined as the penetration length of Sm.
This corresponds to roughly about 10% passed amount of mixture.
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Figure 5.18, Definition of beit, bregand Dmin,

To quantify low filtration tendency one also has to look at the concentration of grains
in the passed mixture. A large passed amount (big weight) of mixture is not
necessarily equal with a big amount of passed grains. Grains could be stuck in the
filter and the passing mixture is then mainly water. Check of change in grain
concentration has to be made.

The demand of the grain concentration of the passed mixture is in this work expressed
in terms of the bleeding of the passed mixture. The upper limit of the bleeding is in
this work set to 5 %. A bleeding of more than 5 % in the passed mixture is expected to
generate problems with the durability of the hardened grout mixture in the crack
volume. The quality of passed mixture that fulfils the requirement of penetrability
length has therefore been evaluated according to the above mentioned criteria of
bleeding.

As the final step the evaluated b and by.q for different W/C ratios are compared to

the requirement of quality in order to define the limits of what can be acceptable
(defined by the slot aperture, W/C ratio and passed amount of mixture.

102



6 Results of experiments

6.1 General

The performance and design of the filtration experiments have been continuously
developed during this work. In the beginning of the work, there were no suitable
measuring methods to evaluate the tested mixtures filtration tendency. Because of the
limited amount of mixture (sieved inert and cement powder), the available equipment
(prEN 14497, Eriksson 2004, NES-apparatus etc.) was not possible to use in this work.
The limited amount of mixture was basically (as earlier mentioned in chapter 5) due to
a very time consuming (consequently even very expensive) performance of the
manufacturing process (air sieving) of the powder. A partly new equipment and
method for evaluating the mixtures filtration tendency had to be developed.

The new equipment (VU:SC 48) was developed. In the beginning of the work, the
filter geometry consisted both of a mesh and slot geometry. It was found during the
performance of the filtration experiments that the passed amount of mixture probably
would have to be relatively large compared to the filter area (relatively large amount
passed volume/ filter area) in order to evaluate the mixture’s filtration tendency (plug
formation) in a proper way. The filtration tendency can probably be seen as a
stochastic process, where a relatively large amount of mixture should be available
(used initial amount of mixture) to pass the used aperture. The probability of plug
formation during the filtration experiment will probably increase as an increased
amount of mixture passes the filter. Agglomerates or larger grains in the mixture may
initialize the plug at the entrance of the aperture.

Theoretically an infinite amount of mixture should be available in order to evaluate the
passed amount of mixture. Practically a limited amount of mixture is available for
each filtration experiment. The limited amount of mixture meant that the filter area
had to be reduced (compared to existing testing equipments) in order to generate a
higher passed amount of mixture through the specific filter area (volume/ filter area).
This was even the reason why the filter geometry in the later experiments in this work
was focused on the slot geometry instead of the mesh geometry.

In the inert mixtures an initial volume of approximately 110 cm’ has been used. Filter
areas vary between 0,05 cm? (slot aperture) to 13,9 cm? (mesh aperture). The cement
based powder was generally easier to manufacture (air sieving), this caused that a
larger volume of mixture could be used in these filtration experiments. Initially the
volume of cement based mixture used was approximately 600 cm’. The filter
geometry has been focused on the slot aperture with filter areas between 0,05-0,08
cm’.
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The passed weight of mixture through the filter is mainly expressed as a relative
percentage of the initial available weight of mixture. The passed amount of mixture
through a mesh filter should not be compared to a passed amount through a slot filter,
even though the slot/ mesh aperture is the same. This is because of differences in
design and size of filter area between the mesh and slot geometry.

Due to the influence of the stochastic plug formation it is likely to believe that the
variations in passed amounts will increase when the used filter area decreases. Plug
formation at the mesh geometry can probably be seen as an averaging process in
relation to plug formation at the slot geometry. Filtration through the mesh geometry
can be seen as filtration through many slot geometries.

However, the relative amount of mixture passed is used in some of the evaluations of
filtration tests with inert and cement based material. This is mainly because it is an
easy way to evaluate the results. The basic evaluation of the passed amount of mixture
should regard the used filter area, filter geometry and available amount of mixture to a
larger extent. Evaluation of the mixture’s penetrability length is a way of taking these
parameters into account, which has been done for the filtration experiments performed
with cement based mixtures.

The presented results are divided into two major parts, one which deals with inert
material and the second one that deals with cement based material.

The first part will present the results from the investigation of three main headlines.
The headlines are penetrability experiments with inert material, scaled up experiments
with plastic grains and numerical simulations of filtration tendency. The penetrability
experiments will present parameters that in different ways affect the filtration
tendency of a mixture. The parameters are grain size, grain size distribution, grain
concentration and slot or mesh geometry. Each headline is finished with a summary
and discussion of the presented results.

The second part deals with the filtration tendency when using cement based material
that is reactive and changes its properties with time. Effects of using different W/C
ratio, grain size, grain size distribution and superplastisiser are analysed in
combination with slot or mesh geometries. The filter geometry in this second part
mainly focuses on the slot geometry.

6.2 Inert material

The first section 6.2.1 in the first headline is dealing with the influence of different
grain sizes and grain size distributions on to the filtration tendency. In this section, all
mixtures have a W/S ratio of 0,7 and a mesh aperture of 45 um. Measurements of
filtration tendency, rheology and bleeding are preformed for six mixtures with
different grain sizes and grain size distributions, see Figure 5.7.

104



The second section 6.2.2 in the first headline deals with the influence of different W/S-
ratio on the filtration tendency. Measurements are preformed with a constant mesh
aperture of 45 um. Measurements of filtration tendency, rheology and bleeding are
performed for six mixtures with different grain sizes and grain size distributions, see
Figure 5.7.

The third section 6.2.3 in the first headline deals with the influence of different filter
geometries on the filtration tendency. Different types of filter geometries were
simulated by using a mesh or slot geometry, the size of the aperture was simulated by
different slot and mesh apertures. Measurements of filtration tendency, rheology and
bleeding are performed for six mixtures with different grain sizes and grain size
distributions, see Figure 5.7.

At the end of each section 6.2.1, 6.2.2 and 6.2.3 there is a short summary of the
significant results from the tests. The section regarding inert material is concluded
with a section containing the comprehensive conclusions from all the preformed tests
with inert material.

Finally, correlation tests are performed to detect and quantify connections between
measured values of the mixture like for example dygs, d” and measured filtration
tendency (passed amount through the filter). The standard deviation of each set
(results) of experiment is presented.

The second headline deals with the scaled up filtration experiments using plastic
grains (2-4 mm) and slot apertures of 5 to 10 mm. The fluid in the mixture is oil.

The third headline deals with numerical simulations of filtration tendency. In the
numerical model attempts have been made to predict the risk of plug formation via
concentration gradients and flow velocities of grains.

The amount of passed mixture [%] concerns the passed weight of mixture. The used
initial weight of mixture will vary depending on the used W/S ratio, 100 g of the
dolomite powder is always used in each mixture. As an example it can be mentioned
that a mixture with a W/C ratio of 0,7 will consequently consist of 100 g dolomite
powder and 70 g water.
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Table 6.1,

6.2.1 Influence of grain size and grain size distribution

Influence of different grain sizes and grain size distributions on to the filtration
tendency has been investigated for six mixtures with different grain size grain size
distributions. The filtration geometry was kept constant using a mesh with a quadratic
aperture of 45 um. Reproducible measuring values were obtained with this geometry
and a distinction between different passed amounts (weights) of mixtures through this
mesh aperture was seen. The W/S ratio was set to 0.7, which corresponds to a
volumetric concentration of grains of approximately 33 %. Mix 1 is not tested because
of its bad rheological properties at the tested W/S ratio. A high content of small grains
caused a too high yield- and viscosity value of mix 1.

Result of filtration measurements. Mesh aperture 45 pum and mixtures with
W/S 0,7. No. corresponds to number of performed measurements and Dev. is the
standard deviation of the measured values . Cov. regards the coefficient of variance of
the measured values.

Passed
Amount
Mixture Mean No. Dev. Cov.
[%]
2 81 8 5,7 0,07
3 11 3 3,1 0,28
4 52 4 7,7 0,15
5 18 4 6,2 0,34
6 8 3 1,4 0,18

As can be seen from Table 6.1 the coefficient of variance decreases as the passed
amount (based upon the passed weight) increases. It should be noted that there are
relatively few measuring values for each mixture. The mixtures 3, 5 and 6, which
contain the largest grains (expressed as dos, see Table 5.1) are the ones that show the
smallest passed amount.

To check the passed amount (weight) of grains through the filter the difference in
density before and after filtration of the mixtures has been measured. The initial W/S
ratio of 0,7 (before filtration) corresponds to a volumetric grain concentration ¢ of
approximately 33 9%. The results in Table 6.2 illustrate the difference between
different mixtures content of grains after filtration compared to before filtration.
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Table 6.2,

Table 6.3,

Result of density measurements. Initial W/ S ratio is 0,7. V is total passed mixture
volume, c is volumetric concentration of grains and V, is passed volume of grains.

Passed p \ WIS c Vo
Amount
Mixture [%] [kg/ms] [mi] [%] [mI]
2 81 1570 72,2 0,79 31 22,4
3 11 1005 18,6 130 0,3 0,06
4 52 1600 51,9 0,73 33 17,1
5 18 1193 10,8 3,01 10 1,1
6 8 1053 12,9 11,8 3 0,6

Calculated W/S ratio (in Table 6.2) is in accordance with eq 5.5. Mixture number 3, 5
and 6 showed barely any passed volume of grains through the filter. The passed

amount of mixture no. 3, 5 and 6 presented in Table 6.1, mainly consists of water, see
Table 6.2.

Result of rheology measurements. W/S ratio 0,7. No. corresponds to number of
performed measurements and Dev. is the standard deviation of the measures. Cov.
regards the coefficient of variance of the measured values.

Yield Viscosity
value
Mixture Mean | No. |Dev.|Cov.| Mean |No.| Dev. | Cov.
[Pa] [Pas]
2| 1,95 8 (046|024 | 0,087 8 |0,011| 0,13
3 1,3 3 (052| 0,4 0,002 3 10,002 1
4/ 10,35 4 | 2,8 10,27 | 0,255 4 (0,071 0,28
5 2,19 4 109043 | 0,139 4 (0,011 0,08
6| 0,68 3 (0,17 ]0,25| 0,029 3 |0,006| 0,21

A rather large difference in the yield and viscosity values can be seen between the
different mixtures in Table 6.3. As can be seen from Table 6.3 the yield and viscosity
values of mixture 2, 4 and 5 are relatively high compared to the other mixtures 3 and
6. A high yield and viscosity value would according to the Bingham model generate a
shorter penetration length (smaller passed weight of mixture through the filter)
compared to a mixture with a lower yield and viscosity value.
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Figure 6.1, Result of bleeding measurements. W/ S ratio is 0,7.
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A great difference can be seen when comparing the results from the bleeding tests of
different mixtures. The bleeding tests are performed according to chapter 5. Mixtures
containing coarser grains show a larger bleeding than mixtures containing smaller

grains.

Experimental work has also been done to simulate the grain size distribution of the
grouting cements (IC 30 and UF 12) with dolomite powder, see Figure 6.2.
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Figure 6.2, Result of filtration measurements. The mesh aperture was 45 um and the mixtures had
aW/S of 0,7.
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Table 6.4,

Table 6.5,

As can be seen from Figure 6.2 and Table 6.4, a grain size distribution that consists of
coarser grains (increased dgs) will generate a decreased passed amount of mixture. A
steeper grain size distribution with the same value of d¢s will increase the passed
amount of mixture.

The correspondence between the simulated grain curve and grain curve of IC 30 is
within a difference of £ 10 %. The simulation of UF 12 differs approximately by 10 to
20 % in the grain sizes range between 1-5 um. The simulated grain curve is contains
too small amount of grains between 1-5 pum. Three measurements each are performed
with the grain curve adjusted to IC 30 and UF 12.

Result of filtration measurements. Mesh aperture is 45 ym. W/S ratio is 0,7. No.
corresponds to number of performed measurements and Dev. is the standard deviation
of the measurements. Cov. regards the coefficient of variance of the measured values .

Passed
Amount
Mixture Mean | No. | Dev. | Cov.
[%]
Adj. to UF 12 65 3 | 6.3 (0,09
Adj.to IC 30 14 3 |55 (0,39

Result of density measurements. Initial W/ S ratio is 0,7. V is the total passed mixture
volume, ¢ is the volumetric concentration of grains and V, is the passed volume of
grains.

p v WS c Vv,
Mixture (kg/m®) [mi] [%] [mi]
Adj. to UF 12 1600 70,8 0,79 31 21,8
Adj. to IC 30 1067 22,3 9,39 4 0,8

The quality (concentration of grains after filtration) of the passed mixture of the
coarser mixture (Adj. to IC 30) show that the passed mixture consists of a low
concentration of grains compared to the mixture containing smaller grains (Adj. to UF
12).

109



Table 6.6,

Result of rheology measurements. W/S ratio 0,7. No. corresponds to number of
performed measurements and Dev. is the standard deviation of the measures.

Yield Viscosity
value
Mixture Mean No. Dev. Mean No. Dev.
[Pa] [Pas]
Adj. to UF 12 5,9 3 0,41 0,17 3 0,008
Adj. to IC 30 1,3 3 0,55 0,04 3 0,010

A difference in rheology can be seen between the two mixtures in Table 6.2. Although
the mixture based upon Adj. to UF 12, has a yield value which is more than four times
greater than that of the other mixture, the passed amount (weight) of mixture is larger
for the fine grained mixture (Adj. to UF 12) than the coarser one (Adj. to IC 30).

6.2.1.1 Summary and discussion (grain size and grain size
distribution)

A relatively small change in the mixtures grain size and grain size distribution, affects
the amount passed through the filter. The conclusions can be summarised as follows:

Based upon the performed tests it can be seen that the grain size that
corresponds to dogs, is of importance for the filtration tendency of the mixture.
The coarser mixtures like 3, 5, 6 and Adj. to IC 30 with a dos which are larger
than 24 pm, show a higher filtration tendency compared to the fine grained
mixtures of 2, 4 and Adj. to UF 12, with a dgs of less than 12pum. The coarser
grains in the mixture can be shown to increase the filtration tendency of the
mixture.

The grain size of dos should according to the tests be smaller than a certain
value, approximately not less than 3-4 times smaller than the mesh aperture in
order to have a low filtration tendency. This seems to be fairly valid for
mixtures like 2, 4 and Adj. to UF 12. The relation between the grain size of dys
and the used mesh aperture can be seen to be 45um/ 12um for mixture 2 and
Adj. to UF 12 respectively 45um/10um for mixture 4.

When the mixtures contain grains with the same dos value, the slope of the
grain curve (between dygs and the small grains) will be of importance. A
relatively steep grain size distribution seems to be desired, in order to achieve a
low filtration tendency of the mixture.
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Table 6.7,

e As earlier mentioned in chapter 1, low filtration tendency is both a question of
the quantity of passed amount (weight) and the quality of the passed amount.
Bad quality of the passed mixture is achieved when a large difference in W/S
ratio can be seen before and after filtration of the mixture. Table 6.2 indicates
that a significant filtration of grains occurs in certain mixtures like no. 3, 5 and
6. The W/S ratios for these passed amounts of mixture vary between 3 and 130.
Mixtures like no. 2 and 4 indicate a more or less unaffected W/S ratio in the
passed amount. The initial used W/S ratio is 0,7 in the mixtures.

e Some uncertainties are associated to all of the above statements because of the
small and limited amounts (volumes) that are used in the tests. Some results
could therefore be different than presented in this work.

6.2.2 Influence of grain concentration

The influence of varied grain concentration is investigated by varying the W/S ratio of
the mixtures. The mesh aperture is set to 45 pm.

Result of filtration measurements. Mesh aperture is 45 um. No. corresponds to nhumber
of performed measurements and Dev. is the standard deviation of the measured
quantities.

W/ S ratio 0,6 0,7 0,8 1,4
Mixture Passed | No. | Dev. No. | Dev. No. | Dev. No. | Dev.
Mean No. | Dev. |Mean| No. | Dev. |Mean | No. | Dev. [Mean | No. | Dev.
[%] [%] [%] [%]
1 - - 63 1 -
2| 60 3 52 | 81 8 57 | 86 1 9 | 2
3 11 3 29 | 11 3 3,1 8 1 -
4| 29 3 6,1 52 | 4 7,7 | 81 1 97 | 2
5 - 18 | 4 6,2 14 1 -
6 - 8 3 1,4 16 1 -

As can be seen in Table 6.7 some of the mixtures are more influenced (larger or
smaller passed amounts) than others, by varying the W/S ratio. The passed amounts of
the mixtures with coarser grain sizes (larger dos) like no. 3, 5 and 6 are not that
influenced by varying the W/S ratio compared to mixtures like no. 2 and 4. The passed
amounts of the mixtures with coarser grains (mixture 3, 5 and 6) mainly consisted of
water, see Table 6.2.

A steeper grain size distribution seems to cause a larger passed amount at low W/S
ratios. Mixture 2 has a steeper grain size distribution than mixture 4, significantly
larger passed amounts of mixture are achieved at W/S ratios of for example 0,6 and
0,7.
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Table 6.8, Result of rheology measurements. Mixture 2. No. corresponds to number of performed
measurements and Dev. is the standard deviation of the measures.

W/ S ratio|Yield Viscosity
value
Mean No. Dev. Mean No. Dev.
[Pa] [Pas]
0,5 15,3 1 - 0,425 1 -
0,6 6,68 3 3,06 0,187 3 0,048
0,7 1,95 8 0,46 0,087 8 0,011
0,8 1,59 1 - 0,062 1 -
1,4 0,23 1 - 0,010 1 -
W/ S ratio- Yield value W/ S ratio- Viscosity
= 20 7 0,5
T a 0.4
g 2 02
> o YU
% 5 ;5 0,1
> 0 : : . 0 ‘ ‘
0 0,5 1 1,5 0 0,5 1 1.5
’W/ S ratio ’ W/ S ratio

Figure 6.3, Influence of W/ S ratio on to the yield- and viscosity value for mix 2.

Table 6.8 and Figure 6.3 illustrates that the yield- and viscosity values rapidly increase
when the W/S ratio approaches approximately 0,6.

Pictures have been taken by a SEM- microscopy to check if it is possible to identify
any difference in concentration of grain sizes in the cross section of the filter cake. The
magnification is 400x. As can be seen from Figure 6.5 no major difference can be
identified. Although some amounts of larger grains or agglomerates are although
identified in the part near the filter. This may be due to larger grains or agglomerates
which initialise the plug (creation of an arch as described in chapter 3). This type of
filtration is usually noted as cake filtration, Figure 6.4.
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Figure 6.4, Cake filtration with a mesh filter.

WD11.5mm 20.0kV x400  100um

Figure 6.5, SEM- picture, cross section of a filter cake from mixture 4 (mesh filter, W/C ratio 0,7).
Sample taken in the upper part of the cake (left), sample from the part near the mesh
filter (right).

The SEM- picture in Figure 6.5 has only been taken for the tested mixture 4. The
reason for studying the mixture 4 was that a plug formation occurred despite the fact
that no filtration could be observed in the passed mixture (see Table 6.2). One
explanation may be that the plug formation in this case might be initialised by some
few oversized grains.

Variation of the grain concentration in the mixture resulted in the following variation
in bleeding of the mixtures, see Figure 6.6.
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Figure 6.6, Result of bleeding measurements. Mixture 2.

Measurement of the bleeding has been made during a longer time (3 h) than for the
case of using different grain size distributions (1 h, in Figure 6.1). The longer time of
measurement is needed in order to analyse the influence of time on to the bleeding of a
certain mixture (mixture 2) in a more detailed way.

6.2.2.1 Summary and discussion (grain concentration)

According to this work the mixture is influenced in different ways due to changes in
W/S ratio. The magnitude of the influence of a change in W/S ratio, is to a large extent
dependent on the grain size distribution in the mixture.

e [f the value of dys is small enough compared to the used mesh aperture (dos is
not less than 3-4 times smaller than the mesh aperture), the passed amount will
generally increase if the used W/S ratio increases. As an example, this can be
seen from the lowered filtration tendency of mixture 2 and 4 when the W/S
ratio is increased. The passed amounts of the coarser mixtures 3, 5 and 6 are
not that influenced by an increased W/S ratio.

e The influence of a steep grain size distribution is most significant at low W/S
ratios. As an example, it can be noticed that mixture 2 has a steeper grain size
distribution compared to mixture 4. Mixture 2 shows a larger passed amount at
lower W/S ratios compared to mixture 4.

e At alow W/S ratio the grains are to a larger extent in contact with each other
compared to the case of a higher W/S ratio. If the grains are in contact with
each other the possibilities for the grains to rearrange is limited. A steep grain
size distribution will probably make it easier to rearrange the grains than in a
wider grain size distribution. The ability for the grains to more easily rearrange
within the mixture is probably of importance to avoid plug formation at the
entrance of the aperture.
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Table 6.9,

e The rheology is also to a large extent dependent on the W/S ratio. The
experiments show that the viscosity and yield value approaches infinity when
the W/S ratio goes below 0,5 to 0,6, see Figure 6.3. There is a difference in
bleeding when changing the W/S ratio. A variation from 0,5 to 0,7 in W/S ratio
causes a bleeding which is two times higher for mix 2 with a W/S of 0,7
compared to a W/S ratio of 0,5, Figure 6.6. The difference had probably been
even larger if the measurement had been continued for a longer time after
mixing (more than three hours).

6.2.3 Influence of mesh or slot geometry

The influence of mesh or slot geometry has been investigated by using different mesh
and slot apertures in the filtration experiments. A relative passed amount of mixture
between 75-100% can, in these presented experiments, be regarded as all of the
available amount of mixture has passed the filter aperture. Plug formation could have
occurred if a larger passed amount was used, consequently the relative passed amount
could have been different.

Result of filtration measurements. Different mesh apertures. No. corresponds to
number of performed measurements and Dev. is the standard deviation of the
measures. W/S ratio is 0,7.

Mesh 36 um 45 pm 75 um
aperture
Passed Passed Passed
Mean No. Dev. Mean No. Dev. Mean No. Dev.
Mixture [%] [%] [%]
2 79 1 - 81 4 6,3 83 3 1,0
3 - 0 - 11 3 3,1 34 3 15,3
4 69 1 - 52 3 7,7 68 3 2,6
5 5 1 - 18 3 4.4 72 3 9,2
6 11 1 - 8 3 1,4 51 3 20,8

Table 6.9 indicates that the mesh aperture influences the passed amount of mixture in
different ways. Some mixtures are strongly influenced by an increased mesh aperture
(3, 5 and 6), while others like 2 and 4 are not that influenced. As can be seen from
Table 6.9 (mixture 2, 36 um aperture, mixture 4, 36 um and mixture 5, 75 um) the
ratio between the aperture (36pum and 75 pm) and the used grain size of dys (12, 10
and 24um) has to be at least approximately 3 in order to pass nearly all (75-100%) of
the available amount of mixture.

The mesh area has, in the experiments presented in Table 6.10 been reduced by a 5*65
mm opening in a steel plate, which was placed above the mesh. The relative passed
amount of mixture was generally lowered when the mesh area was reduced, compared
the mesh area in Table 6.9 and Table 6.10.
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Table 6.10,

Table 6.11,

Result of filtration measurements. Different meshes with reduced areas. No.
corresponds to number of performed measurements and Dev. is the standard deviation
of the measures. W/S ratio is 0,7.

Mesh/slot | 45 pm 75 pm
aperture Passed Passed
Mean No. | Dev. Mean No. Dev.
Mixture [%] [%]
2 72 2 - 81 2 -
3 0 2 - 15 2 -
4 32 2 - 51 2 -
5 17 2 - 56 2 -
6 11 2 - 42 2 -

The mesh has also been replaced by a slot area with different apertures in the results
presented in Table 6.11.

Result of filtration measurements. Different slot apertures. No. corresponds to number
of performed measurements and Dev. is the standard deviation of the measures. W/S
ratio is 0,7.

Slot 45 pm 75 pm 125 pum
aperture
Passed Passed Passed
Mean |No.|Dev.| Mean |No.| Dev. Mean ([No.| Dev.
Mixture [%] [%] [%]
2 3 1 - 8 1 - 33 1 -
3 0 1 - 0 1 - 17 1 -
4 0 1 - 22 1 - 62 1 -
5 0 1 - 5 1 - 44 1 -
6 0 1 - 0 1 - 27 1 -

As can be seen in Table 6.11 the relative passed amount of mixture is significantly
lower when using the slot aperture compared to the filtration experiments when using
the mesh aperture. According to Table 6.11 the slot aperture has to be at least
approximately 125 pum, in order to pass any major amounts of mixture. Comparative
measurements have been made with the adjusted mixtures UF 12 and IC 30 with the
slot aperture 125 pm and W/ S ratio 0,7, see Table 6.12.

It should be noted that the total filter areas in Table 6.9 to Table 6.11 are different

which is why a direct comparison between the relative passed amounts not can be
carried out.
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Table 6.12, Result of filtration measurements. Slot aperture 125 um. No. corresponds to number of
performed measurements and Dev. is the standard deviation of the measures. W/S ratio

0,7.
Slot aperture | 125 um
Passed
Mean |No.| Dev.
Mixture [%]
Adj. to UF 12 51 1 -
Adj. to IC 30 12 1 -

The different passed amounts of mixture through the used filters can be analysed
together with the area of the used filters, according to Table 6.13 and Table 6.14.

Table 6.13, lllustration of the passed amount through different filter areas. The initial mixture
volume is approximately 110 cm®. WIS ratio is 0,7.

Slot Mesh/ slot Mesh
aperture aperture aperture
75 pm 125 pm 45 um 75 pum 36 um 45 um | 75 um
Filter area| 0,05cm’ [0,08 cm?] 1,04 cm® (1,56 cm’] 8,3cm’® [10,6 cm?|13,9 cm®
Passed | Passed | Passed | Passed Passed Passed | Passed
Mixture [%] [%] [%] [%] [%] [%] [%]
2 8 33 72 81 79 81 83
3 0 17 0 15 - 11 34
4 22 62 32 51 69 52 68
5 5 44 17 56 5 18 72
6 0 27 11 42 11 8 51

As can be seen from Table 6.13 an increased filter area is not always followed by an
increased amount of passed mixture. Not surprisingly, the geometry of the filter
aperture also influences the passed amount of mixture.

The geometry of the filter area seems therefore to be an important factor to analyse
regarding filtration tendency. In order to be able to compare different passed amounts
of mixtures from experiments performed with different filter geometries it can be
suitable to analyse the penetration length (L) that corresponds to the passed amount
(volume) of mixture. The penetration length considers the used filter area and the
passed volume. Penetration length is consequently calculated as if the extension of the
filter area creates the volume that is supposed to be filled, see eq 6.1.
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Table 6.14,

The filter area is designated an area (A) and varies between 0,05- 13,9 cm?, passed
volume of mixture is (V). The penetration length (L) is calculated as :
eq 6.1

L=—
A

As can be seen in Table 6.14 the quotient (passed volume/ filter area) is larger in the
case of using a slot aperture compared to the case using a mesh aperture. The result
can be expressed as a larger amount of grains per filter area that pass the slot aperture
than pass the mesh aperture. The quotient (passed volume/ filter area) is consequently
equal to the presented penetrability length in eq 6.1.

The relative passed amounts (weights) in Table 6.13 is in Table 6.14 presented as the
penetrated lengths. The passed volume (V) used in eq 6.1 has been calculated by the
use of measured densities of the mixture after their passage through the used filter, see
appendix G. Some of the penetrability lengths in Table 6.14 are not presented, because
of the density of the mixtures density was not measured (-).

lllustration of the quotient (penetration length) between passed volume [cm?] of mixture
and filter area [pum]. The initial mixture volume is approximately 110 cm® W/S ratio is
0,7. Relative passed amounts see Table 6.13.

Penetration
length
Slot Mesh/ slot Mesh
aperture aperture aperture
75 pm 125 pm 45 pm 75 pm 36 um 45 pm 75 pm
Filter area | 0,05cm” | 0,08 cm”| 1,04cm” | 1,56 cm® | 8,3cm? | 10,6 cm?| 13,9 cm?
Passed Passed Passed Passed Passed | Passed | Passed
volume/ | volume/ | volume/ | volume/ | volume/ | volume/ | volume/
filter area |filter area] filter area | filter area [ filter area|filter area|filter area
Mixture [m] [m] [m] [m] [m] [m] [m]
2 1,94 4,68 0,78 0,56 - 0,09* 0,07*
3 0,00 2,79 0 0,15 - - -
4 4,79 8,38 0,33 0,35 - 0,05 0,05
5 1,10 6,07 0,23 0,41 - - 0,06
6 0,00 3,86 0,17 0,36 - - -

Penetration lengths marked with an asterisk* are not applicable because no plug
formation occurred. As earlier mentioned, experiments that have resulted in a passed
amount between 75-100% can not be included in the analysis. If a larger amount of
mixture had been available (for the penetration lengths marked with*), the penetration
length could have been different.
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Table 6.15,

Table 6.16,

As can be seen from Table 6.14, the penetration length is significantly larger in the
case using the slot aperture compared to the case using a mesh aperture with regard to
mixture 4 and 5. Plug formation has occurred both for mixture 4 and 5, regarding both
mesh and slot geometry.

The tests indicate that more mixture passes per unit filter area for the slot compared
with the mesh. An explanation may be that the geometry of the opening is of
importance but it may also depend on the equipment.

The used filter geometries (mesh and slot) can be compared to the different used dos
values of each mixture, see Table 6.15 and Table 6.16.

Relationship (quotient) between the used mesh apertures and the grain size (dgs).
Quotients that are shaded are the ones that show a relative passed amount between 75-
100% (bap).

mesh aperture
Mixture dgs [Um] 36 um 45 um 75 um
2 12 23,0 3,8 6,3
3 28 2,3 1,6 2,7
4 10 = 3,6 4,5 7,5
5 24 1,5 1,9 23,1
6 26 1,4 1,7 2,9

This result indicates that the grain size expressed as dos compared to the mesh
aperture, is of importance for the filtration tendency of the tested mixtures. According
to Table 6.15 the quotient should be approximately at least 3 in order to pass a larger
amount of mixture through the used mesh aperture.

Relation (quotient) between the used slot apertures and the grain size (dgs). Quotients
that are shaded are the ones that show a relative passed amount between 75-100%
(Dan).

slot aperture
Mixture dgs [um] 75 um 125 pm
2 12 6,3 10,4
3 28 2,7 4,5
4 10 7,5 12,5*
5 24 3,1 5,2
6 26 29 4,8

None of the tested slot apertures or mixtures generated a passed amount of mixture
between 75-100%. According to Table 6.16 the quotient should be larger than
approximately 12,5* in order to pass a larger amount of mixture through the used slot
aperture.
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It must be kept in mind that Table 6.15 and Table 6.16 can not be directly compared
with each other, because of the different filter areas and the same used available
amount of mixture (110 cm®). All that can be said of the result in Table 6.16 and Table
6.15 is that a larger amount of grains per filter area have passed the slot aperture when
compared to the mesh aperture.

The larger passed amount of grains per filter area in the slot aperture cause that a
larger quotient is required to be used in order to pass the same amount (75-100%) of
mixture through the slot as in the mesh aperture. This is probably due to the stochastic
process of plug formation. The probability of a plug formation occurring during the
filtration experiment will probably increase as an increased amount of mixture passes
the filter. Agglomerates or larger grains in the mixture may initialize the plug at the
entrance of the aperture.

6.2.3.1 Summary and discussion (mesh or slot geometry)

The performed tests indicate that the choive between a mesh and slot aperture is a
critical parameter for the passed amount of mixture through the used filter.

e What is noticeable when looking at the filtration tests in Table 6.13 is that
mixture 2 generally shows a passed amount of approximately 75-100%, except
for the case of using slot geometry. The relative passed amount of mixture 2
could consequently been different if a larger passed amount of mixture had
been available. Mixture 4 show a larger passed amount when using the slot
geometry compared to mixture 2 (test with a slot geometry and mixture 4 is
just performed as a single test).

e According to Table 6.9 and Table 6.11, it seems that a difference can be seen
between the relative passed amount of mixture through the mesh and the slot
filter area. One explanation maybe due to the different filter areas.

e A direct comparison when using a slot aperture in the filtration tests, show that
the slot has to be approximately 125 um before a relative passed amount (> 50
%) of mixture shall pass the filter. When using a mesh aperture, the slot has to
be approximately 45 um before a relative passed amount (> 50 %) of mixture
shall pass the filter.

e In order to be able to compare the results (passed amounts) from the mesh and
slot apertures, the penetrability length (passed volume of mixture/ filter area)
has been calculated. The calculation of the penetrability length regarding the
slot and mesh aperture of 75 um, resulted in 20-100 times larger penetration
lengths for the slot aperture (as regards mixture 5 and 4). The result can also be
expressed as nearly 20-100 times more mixture volume/ filter area passes the
slot aperture compared to the mesh aperture.

120



The filtration tendency can probably be seen as a stochastic process, where a
relatively large amount of mixture should be available (used initial amount of
mixture) to pass the used aperture. The probability of plug formation during
the filtration experiment will probably increase as an increased amount of
mixture passes the filter, see Figure 6.7. Agglomerates or larger grains in the
mixture can initialize the plug at the entrance of the aperture. The stochastic
behaviour of the plug formation can probably not easily be predicted.

Initial amount IPassed amount

Figure 6.7, The initial amount of mixture that is supposed to pass the slot aperture of b, is probably
of importance for the plug formation. Case 1 and Case 2 describes a larger and a
smaller initial amount of mixture.

The densities of the passed amount of mixture seem to be slightly higher in the
case when using a mesh aperture (Case 2) compared to that of a slot geometry
(Case 1), see appendix F.

According to the performed tests, as regards mixture 4 and 5 in Table 6.14, the
slot generates a larger penetration length compared to the mesh geometry. This
can be caused by differences in geometrical design and build up of grains at the
entrance of the slot and mesh aperture. In the case of using the mesh, a plug of
grains can be built-up in four directions around the aperture compared to the
case of using a slot aperture the build-up of grains can only be done in two
directions, see Figure 6.8. The abutment for plug formation against the wires
(mesh) can also be better compared to the edges of the slot aperture. Better
abutment can create a more stable plug formation.
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Figure 6.8, Build-up of grains around a mesh and slot aperture.

6.2.4 Evaluation of measured values

A number of statistical correlations have been made for the purpose of analysing
correlations between filtration tendency and grain sizes, grain size distributions, grain
concentrations and filter geometries. It can be suspected from the results presented in
this chapter that the passed amount of mixture through the aperture is a question of a
combination of parameters like grain size, grain size distribution, grain concentration
in the mixture and used filter aperture. In this chapter, the performed correlations do
not take into considerations to combine the influences of different parameters. Just one
parameter is studied against the passed amount of mixture in each correlation.

The performed correlations will make it probable that a combined influence of
different parameters onto the passed amount is present, because of the generally bad
achieved correlations in Figure 6.9 to Figure 6.11. However, some tendencies can be
stated for the correlations between different parameters.

The Figure 6.9 to Figure 6.11 illustrates the correlations that were found to be of

further interest in this work. The different dots of d¢s and d” in Figure 6.9 to Figure
6.11 represent the five mixtures of 2, 3, 4, 5 and 6.
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Figure 6.9, Relation between passed amount of mixture and dgs (mixture 2-6). W/S ratio 0,7.
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Figure 6.10,Relationship between passed amount of mixture and d of grain size distribution in the
mixture (mixture 2-6). W/S ratio 0,7.
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Figure 6.11,Relationship between passed amount of suspension and d° of the grain size
distribution in the mixture (mixture 2-6). W/S ratio 0,7.

As been mentioned earlier in the text about Table 6.11, the passed amount of mixture

through the slot aperture of 75 um was so small that correlation analysis was useless to
perform.




The passed amount of mixture through a mesh filter compared to a slot filter is as
mentioned earlier in this work of importance to study. As mentioned earlier, three
types of filters were used, mesh, mesh with a delimited steel plate and slot geometry.
A difference in the relative passed amount of mixture was seen between the two mesh
filters. A difference in the relative passed amount of mixture was also observed
between the mesh filters and the slot filter. The results presented in Figure 6.12 to
Figure 6.13 are the passed total volume/ filter area and the
grain volume/ filter area.

Passed total volume
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Figure 6.12,Left figure, relation between total passed volume per filter unit area and d". Right figure,

relation between passed volume of grains per filter area and d”. W/S ratio 0,7 and filter
aperture 75 pm.
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Figure 6.13, Left figure, relationship between total passed volume per filter unit area and dgs. Right

figure, relationship between passed volume of grains per filter area and dgs W/S ratio
0,7 and filter aperture 75 um.

Figure 6.12 to Figure 6.13 shows that the passed amount of grain volume is lower than
the total passed amount of mixture, which is quite natural. Some of the passed volume
of mixture consists of pure water. As can be seen in the left figures in Table 6.11 and
Table 6.12, a larger passed amount of total mixture volume is obtained with the slot
aperture compared to the mesh aperture.
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When looking at the right figures in Table 6.11 and Table 6.12 it can be seen that there
also seems to be a larger passed amount of grain volume passing the slot aperture
compared to the mesh aperture.

The stochastic plug formation could probably be seen as an increased coefficient of
variance (Cov) of the passed amount of mixture through the filter (mesh), see Table
6.1. The coefficient of variance is increasing, when the relative passed amount is
decreasing, see Figure 6.14
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Figure 6.14,Passed amount of mixture as a function of the coefficient of variance.

6.2.4.1 Summary and discussion (evaluation of measured values)

Generally, few of the performed correlations tests show any high values of correlation,
it is probably of interest to achieve correlation values in the region of 0,8 to 0,9, this is
in order to determine the influence of a single parameter on the filtration tendency of
the mixture. The bad correlation of the single parameters is probably due to the fact a
combination of the investigated parameters that will influence the passed amount of
mixture through the used filter.

e According to preformed correlation tests (Figure 6.9 and Figure 6.10) it can be
identified that a decreased dos and d” are followed by an increased passed
amount.

e As can be seen from Figure 6.9 and Figure 6.10, the passed amount of mixture
is more influenced by changes in the grain size and grain size distribution
when using a small mesh aperture compared to a wider mesh aperture. The
slope of the line of the best fit is steeper in the case of smaller mesh apertures.
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e According to Figure 6.12 and Figure 6.13, there is a difference between the
three different filter types in terms of passed mixture volume per filter area. If
a larger volume of mixture had been available, it is probable to believe that the
difference had been a smaller compared to the performed tests. This
assumption is based upon the assumption that a larger filter area will need a
larger amount than a smaller filter area, in order to show the same relative
passed amount of mixture.

e Larger filter area and smaller amount of mixture to be passed through the filter
will decrease the influence of stochastic plug formation.

6.2.5 Physical model

The results of the filtration experiments in the physical model show that different grain
concentration, slot aperture and grain shape in some cases generates a plug formation
and sometimes not. The geometry and grains are scaled-up 100 times by using an oil
with 100 times larger viscosity than the viscosity of water. The basic idea of the scale-
up is to make the phenomena of penetrability visible.

To achieve a constant sedimentation velocity it is suitable to use the Reynolds and
Archimedes number to describe the relationship between the grain sedimentation
velocity and the liquid viscosity. The resulting sedimentation velocity in the scaled-up
experiment is supposed to be the same as in the case of grains in a real grout
suspension.

The boxes that are empty (no text) are test cases that were not performed. In the
experiment the volume concentrations of grains varied between 5-20%. This can be
compared to a W/S ratio of between 6,1- 1,3. The first row and column of the table
represents the grain volume fraction and the crack aperture respectively.

If a plug formation occurs, see Figure 6.15, at some part of the crack, it is indicated by
a "Yes" at the relevant position in the Table 6.17. On the other hand, if the grains pass
through the crack without a plug forming it is denoted by a "No" in the table. The
superscript indicates which kind of grains that were used in the experiment, where "w"
and "b" stands for white and black grains respectively. The subscript (1 and 2)
indicates in which try the plug formation occurred.
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Table 6.17, Results from the filtration experiments in the physical model.

Volumetric concentration of grains [%]

20%, 15% 10% 5%

on | 10 mm No¥
Bl
= | 9 mm
& - .
= 3 mm Naob Nob
o = }f,b.irﬂ-.‘- Yest Ves? | Yes® N o
— 1M1 €87 , ESa €Sy | €55 £5] v
E | 6 mm Vesy

5 mm Yes)" | Vesy

If the plug formation appeared in the first test, the second test is not performed. If no
plug formation occurred in the first test, the second test is performed. The experiments
related to the slot aperture of 7mm and the volumetric concentration of 20 and 15%
are performed twice.

However it should be kept in mind that the outcome of one test with a given set of
initial conditions can in one test give a plug formation and in the next test the same
experiment with “the same” set of initial conditions’ can render a result that is
different. Hence, it would have been desirable to do each experiment with the same
initial conditions many times. On the other hand, when the parameters reach their
critical ranges (as for example when the grain size is close to the slot aperture or the
volumetric concentration of grains approaches its maximum for the certain grain size
distribution) the outcome of each test can be highly random.

The initialisation of the plug at the entrance of the slot can be seen to grow in the
longitudinal direction of the slot. The initialisation starts at several different points at
the same time, see Figure 6.15.

Exactly at which location/locations the initialisation starts, seem to be random. The
small bridges then merge to form larger bridges, while the filtration continuous. After
a while the small bridges have grown together and no more grains are able to pass the
slot.

3 It is of course not possible to have exactly the same initial conditions in two independent tries. “The
same” initial conditions in this context refers to the same particle concentration in the mixture that is

poured into the model.
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Figure 6.15,Initialisation of the plug at the entrance of the slot. The left figure shows the entire
physical model and the built-up of grains around the slot entrance. The right figure
shows the initialisation of plug formation at the slot entrance.

No difference in plug formation could be seen due to the performed tests with different
grain shapes (rounded and more angular grains).

The conclusions of the performed experiments can be summarized in:

e The critical slot apertures seem to be 7 — 8 mm, which is 2 — 3 times the
maximal grain size. The critical slot aperture is a bit smaller (6-7 mm) when
using a lower grain concentration (higher W/S ratio) of approximately 5 %.

e The plug formation procedure is probably influenced by a stochastic
phenomenon. The time for the plug to occur varies in the different tries. The
position where the plug initialization occurs also varies in the different tries.

e No differences of the passed amount of mixture were observed through the slot
due to the different shape of the grains.

6.2.6 Numerical model

Three different initial volumetric concentrations (10, 20 and 30%) were used in the
numerical model. Time dependent simulations from 0-120 s have been performed. The
different colors in Figure 6.16- Figure 6.18 indicate different grain concentrations at
different places in the numerical model. The simulated slot aperture is 10 mm. The red
color corresponds to a volumetric grain concentration of approximately 50%. A
volumetric grain concentration of 50 % in a real grout mixture means that the grains
are in more or less constant contact with each other.It can by mentioned that a
monodisper mixture (all grains of the same size) and with spherical grain shapes, can,
as a maximum, achieve a volumetric grain concentration of approximately 74%
(according to the FCC-model, see chapter 3, eq 1.18). The grains are then arranged in
a way that no more grain volume per mixture volume can be achieved at a certain
geometry. The maximum grain concentration in the numerical model was set to 63%.
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Plug formation can probably occur at lower volumetric concentrations than 74 %,
probably even lower than 50 %. The critical volumetric concentration for plug
formation (near a constriction) is probably dependent on the; flow velocity of the
grains near the constriction, grain size, grain size distribution and grain shape in the
mixture. It should be kept in mind that the performed calculations (Figure 6.16 to
Figure 6.21) are Eulerian simulations and the purpose is to illustrate the possibilities of
predicting the risk of plug formation via concentration and velocity criteria in a

continuum model.
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Figure 6.16,Results, c=10 %, 10 mm, t=120 s.

Figure 6.17, Results, c=20 %, 10 mm, t=120 s
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Figure 6.18,Results, ¢=30 %, 10 mm, t=120 s.

Figure 6.16 to Figure 6.18 illustrate that a higher initial grain concentration makes the

grain concentration near the slot entrance increase, also see appendix|1.

Figure 6.16 to Figure 6.21 show the concentration and velocity vectors of the grains at

the lower part of the model near the slot entrance.
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The different colors and length of the arrows in Figure 6.19 indicate the velocity of the
grains in the mixture, red color corresponds to a velocity of approximately 0,04 m/s.
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Figure 6.19,To the left, c=30 %, slot aperture 10 mm, t=120 s. The right picture represents a 5 mm
wide slot and the same initial grain concentration and time of simulation (t=120 s).

As seen in Figure 6.19, the velocity of the grains is much higher in the simulation with
the 10 mm wide slot entrance case than in the 5 mm wide slot entrance case. The
different colors in Figure 6.20 indicate different grain concentrations at different
places in the numerical model. Once again the red color corresponds to a volumetric
grain concentration of approximately 50%.
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Figure 6.20,To the left, c=30 %, slot aperture 10 mm, t=120 s. The right picture represents a 5 mm
wide slot and the same initial grain concentration and time of simulation (t=120 s).

As seen in Figure 6.19 and Figure 6.20, the grain concentration near the slot entrance
is almost the same in both cases (slot aperture 10 and 5 mm).
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The difference between the two tests is that the velocity of the grains in the 10 mm slot
entrance is higher than in the 5 mm case, see Figure 6.19.

A higher grain velocity means that it is likely to believe that there is a minor risk for
plug formation than in the case with a lower grain velocity near the slot entrance. If
the mass flow of grains near the slot entrance is lower than the inlet grain mass flow,
an accumulation of grains occurs near the slot entrance (grain build-up, see Figure
6.15).
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Figure 6.21,To the left, c=10 %, slot aperture 10 mm, t=120 s. The right picture represents a 5 mm
wide slot and the same initial grain concentration and time of simulation (=120 s).

Figure 6.21 illustrates that when the grain concentration is lowered to c=10% instead
of 30 %, it makes the grain concentration near the slot entrance lower. Moreover it can
be seen that there is no major difference between the two slot apertures (10 and 5 mm)
when the grain concentration (c) is 10%. The conclusions of the performed numerical
simulations can be summarized as:

e No real similarities between the numerical simulations and physical
experiments were found (filtration and scaled-up experiments). Hence, further
development of the numerical models is necessary. A higher initial
concentration will, however, cause a higher concentration (red color) near the
slot entrance. Smaller slot aperture will also cause higher concentration near
the slot entrance.

e [t is believed according to the filtration and scaled-up experiments that plug
formation occur when the surface distance between the grains gets small (high
volumetric grain concentration, which is indicated by the red color in the above
figures). When the surface distance gets small, the friction between the grains
will increase. It can be concluded that the frictional model used in the
numerical simulation is of great importance for the plug formation. The
frictional model has to be developed in order to simulate the plug formation.
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e The approaches of multiphase flow simulations can be a fruitful way of dealing
with the phenomena of plug formation. High concentration of grains and low
flow velocities near the entrance of the slot can be an indication of a plug
starting to form. When time dependent simulations of plug formation are
performed one of the major problems is to set a limiting value for when the
grains have formed a plug. In a frictional model representative of the real
application the frictional forces between the grains should become very large.
The velocity of the grain phase will thus become successively smaller until a
limiting value is reached where problems due to numerical accuracy start to
become an issue. Therefore, it is of importance to set a limiting value on the
velocity, i.e., when the velocity through the crack is so small that a plug can be
considered to have formed.

6.3 Comprehensive conclusions inert material

Low filtration tendency of the mixture is not equal to a large passed amount through
the used filter (mesh or slot). The content in the passed amount of mixture has to be
analysed. It is desirable to have the same grain concentration in the passed mixture
amount as in the initial amount. The analysis of the relative passed amounts can only
consider the mixtures where plug formation has occurred during the filtration test
(comparison to other mixtures or filter geometries).

6.3.1 Influence of grain size and grain size distribution

The tests show that the grain size and grain size distribution are of great importance
for the filtration tendency.

e Based upon the performed tests it can be stated that the grain size that
corresponds to dos, is of importance for the filtration tendency of the mixture.
The grain size of dos should be smaller than a certain value, approximately not
less than 3-4 times smaller than the used aperture. This confirms the old rule of
a thumb that says that the aperture has to be 3-4 times larger than the dys value
of the grains.

e According to performed experiments with inert material, it seems to be
advantageous for the penetrability to have a grain size distribution not
containing too many fine grains but not too many coarse grains either. The
shape of the grain size curve should, according to performed tests, be relatively
steep (narrow grain size range) between minimum and maximum grain size.

e For a monodisperse (one grain size) mixture the relationship between slot

aperture and grain size has been found to be 2-3 in order to pass a major
amount of the available mixture through the used slot.
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Figure 6.22,The left figure illustrates steepness of the grain size distribution, the right figure shows
the variations in the mixtures content of finer and coarser grain sizes. When the
mixtures contain grains with approximately the same value of dgs (left figure), the slope
of the grain curve (between dgs and the smallest grains) will be of importance. A
relatively steep grain size distribution is desired, in order to achieve a low filtration
tendency of the mixture.

6.3.2 Influence of grain concentration

A critical parameter to achieve a low filtration tendency of the mixture is the grain
concentration.

o If the value of dys is small enough compared to the used slot aperture (dos is not
less than 3-4 times smaller than the aperture), the passed amount will increase
with an increased W/S ratio.

e The influence of a steep grain size distribution is most significant at low W/S
ratios. At a low W/S ratio the grains are to a larger extent in constant contact to
each other then at a higher W/S ratio. A steeper grain size distribution probably
makes it easier for the grains to rearrange within the mixture and because of
that avoid plug formation.

e The grain concentration affects the filtration tendency in the scaled-up
experiments. According to the physical simulations it can be concluded that a
grain concentration of 20 % (W/S ~1,3) will make trouble with plug formation
in a 7-8 mm wide slot aperture. Decreased grain concentration to a W/S ratio
of 6 will decrease the possible slot aperture to be passed to approximately 6-7
mm.

e The rheology is to a high extent dependent on the W/S ratio. The experiments
show that the viscosity and yield value increase rapidly when the W/ S ratio
goes below 0,5 to 0,6.

e The bleeding of the mixture is to a high extent influenced by the used grain
concentration. Mixtures with a major amount of fine grains can be used with
higher W/S ratios then mixtures with coarse grain size distributions and still
show the same bleeding value.
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6.3.3

Influence of mesh or slot geometry

In this work, three types of filtration geometries have been used. The performed tests
show there is a difference between the slot geometry compared to the mesh geometry
as regards the relative amounts they allow to pass.

6.3.4

According to performed tests, there is a difference in the relative passed
amount of mixture between the filter geometries of mesh, mesh/ slot and slot
design. The experiments show that the same filter aperture (slot and mesh)
generate different relative passed amount of mixtures.

A smaller relative filter area will consequently cause that a larger number of
grains (when using the same initial volume and for the same passed volume of
mixture) to pass the specific slot or mesh area of the filter.

If a larger amount of grains passes the aperture, the probability of plug
formation at some place along the slot or mesh aperture will probably increase
compared to a case of a larger filter area. Agglomerates or larger grains in the
mixture can initialize the plug at the entrance of the aperture. Probably, this
stochastic behaviour of the plug formation can not easily be predicted.

Calculation of the penetrability length that corresponds to the relative passed
amount of a mixture is a way of comparing measurements of filtration
tendency based upon different filter geometries. Presented results indicate that
plug formation more easily can occur at a mesh geometry compared to a slot
geometry. This result only regards mixture 4 and 5, at a W/S ratio of 0,7 and
based upon the use of an aperture of 75 um. The comparison of penetration
length was not possible to perform for mixture 2, 3 and 6, because there was no
occurrence of plug formation when using the mesh aperture of 75 pm (mixture
2) and no passed amount of mixture through the slot aperture of 75 pum
(mixture 3 and 6).

Miscellaneous

A number of correlations tests have been made with the purpose of analysing
connections between filtration tendency and grain size, grain size distribution, grain
concentration and filter aperture. The performed correlation tests do not taken into
consideration the combined influences of different parameters. Just one parameter was
studied against the passed amount of mixture in each correlation test. The performed
correlation tests show that it is probable that a combined influence of different
parameters on the passed amount is present, because generally bad correlation values
were achieved.
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e Regarding the quantity compared to the quality of the passed mixture it can be
said that a larger passed amount is generally associated with a good quality of
the mixture (same grain concentration before and after passage through the
filter). A small passed amount of mixture is consequently more often
associated with a larger difference in grain concentration before and after
filtration (due to plug formation at the entrance of the aperture).

e No real similarities between the numerical simulations and physical
experiments were found. Further development of the numerical flow model is
necessary. Physical experiments with inert material can be used in order to
better understand and visualize the mechanisms of the plug formation.

e The time scale for the plug to occur in the scaled up model varies in the
different tests. The position where the plug initialization occurs varies in the
different tests. The influence of a stochastic behaviour on the total passed
amount becomes more dominant when the slot aperture becomes closer to the
maximum grain (expressed as for example as dos).

6.4 Cement based material

Due to the complex interactions between physical properties (grain size, grain size
distribution, grain concentration and the used slot aperture) and chemical influences
because of hydration of the cement grains and use of additives (superplastisiser) in the
fresh mixture, the results of the filtration experiments are presented due to used type of
cement. The used type of cement is characterized by the grain sizes and grain size
distributions. The three types of used commercial cements are Ultrafint cement 12 (UF
12, dgs=12um), Ultrafint cement 16 (UF 16 dos=16um) and Injekterings cement 30 (IC
30, dos=30um). Three sets of experiments are performed. Every set of experiments
includes the same variable parameters (one type of cement, three to six different grain
concentration, three used superplastisisers and three used slot apertures). At the end of
this chapter sieved cement is used (Cem 2, Cem 4, UF 12 fine and UF 12 coarse),
these cements are produced according to the grain sizes and grain size distributions
that were found to show the lowest filtration tendency of the inert mixtures.
Measurements of filtration tendency, rheology and bleeding are preformed for all the
tested mixtures. Only slot apertures have been tested here.

The analysis of the passed volume of mixture through the used filter area has been
illustrated by the penetration length, (see eq 6.1, section 6.2.3). The calculated
penetration length is the ratio between the passed volume and filter area. Used slot
apertures are 75, 100 or 125 um and with a width of 62 mm, see Figure 5.4. The
filtration tendency expressed as the penetrated length is a way of reducing the
influence of the used relative passed amounts (passed amount through the aperture
related to the initial available amount of mixture). brq. represents the slot aperture (75,
100 or 125 um) that fulfills the requirements of penetration length.
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The demand of penetrated length is in this work set to 5 m (which corresponds to a
relative passed volume between 5-8%). The maximum penetration length corresponds
to approximately 100-60 m, depending on the used slot aperture (75, 100 or 125 pum).
beit 18 defined as the slot aperture where 75% of the available passed volume of 490
cm’ passes the slot (which consequently corresponds to a penetration length of 79-
47m).

The demand of a grout’s resistance to leaching means that the W/C ratio should be
kept as low as possible, in order to obtain both a tight hardened cement paste and to
avoid extensive bleeding of the paste. Either parts aims to avoid leaching because
leach paths are created due to a porous paste or after bleeding of the paste. The passed
amount of mixture shall therefore, in this work, show a bleeding of less then 5%.

The requirements of the passed amount of mixture in order to fulfill the requirements
of breq., can as earlier mentioned be described by a penetration length of more then 5m
and with a bleeding of less than 5 %.

The first section 6.4.1 deals with the influence of the UF 12 cement. Six different W/C
ratios between 0,7 and 1,75 are used. The used slot apertures are 75, 100 and 125 pm.

The second section 6.4.2 deals with the influence of the UF 16 cement. Six different
W/C ratios between 0,7 and 1,75 are used. The used slot apertures are 75, 100 and 125
pm.

The third section 6.4.3 deals with the influence of the IC 30 cement. Three different
W/C ratios between 0,7 and 1,0 are used. The used slot apertures are 75, 100 and 125
wm.

The fourth section 6.4.4 deals with the influence of the sieved cements Cem 2 and
Cem 4. Used W/C ratio is 0,7. Used mesh aperture is 75 pm.

The fifth section 6.4.5 deals with the influence of the sieved cements UF 12 fine and
UF 12, coarse. Three different W/C ratios between 0,85 and 1,25 are used. Used slot
apertures are 100 and 125 pm.

At the end of these five sections a statistical analysis is performed on the presented
results in section 6.4.1 to 6.4.5. Finally, the significant results from the tests in section
6.4.1 to 6.4.5 are presented at the end of this chapter.

The relative amount of passed mixture concerns the passed weight of mixture (relative

to the initial amount). The used initial weight of mixture will vary in the cement based
filtration experiments depending on the used W/C ratio.
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Figure 6.23 shows the passed amounts of all the mixtures containing UF 12, UF 16
and IC 30 cement.
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Figure 6.23,lllustration of the passed amount of mixture as a function of the W/C ratio and slot
aperture. The figures show the results of all the performed filtration tests with cement
based material (UF 12, UF 16 and IC 30). The passed amount of mixture through the slot
is expressed relative to the available amount of mixture (used in the filtration
apparatus, according to VU:SC 48). The marked dots in the right figure show performed
measurements.

The right illustration in Figure 6.23 show the relationship between the W/C ratio and
the required slot aperture in order to achieve a certain passed relative amount of
mixture (between 50 and 100 % of the available amount of mixture). An increased
W/C ratio and slot aperture is associated with a larger relative passed amount of
mixture.

As an example, it can be mentioned that in order to maintain the W/C ratio as low as
possible it is necessary to use a slot aperture of at least approximately 125 pm to
obtain a relative passed volume of 75% or more (yellow field). A lower W/C ratio will
naturally decrease the passed amount.

Alternatively, if the used W/C ratio increases to 1,75 the slot aperture should be
approximately at least 100 pm in order to pass a relative amount of 75 % or more.

Relatively few tests have been made with mixtures containing higher W/C ratio than
1,5. This is basically because these mixtures have a bleeding that exceeds 5%.
Unstable mixtures with a bleeding larger than 5 % have not been the focus for this
study. Practically, in grouting operations the most commonly used W/C ratio is in the
region of 0.7 to 1.5.
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6.4.1 UF 12, Influence of grain size, grain size distribution, grain concentration and
slot aperture

Figure 6.24 shows all the performed tests with UF 12 compared to the total amount of
performed tests regarding cement based mixtures (UF 12, UF 16 and IC 30). Tests
with UF 12 are colored blue, red and green dependent of used superplastisiser.
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Figure 6.24,The figure shows the performed tests with UF 12 compared to all of the performed tests
(with cement based mixture) done in this work.
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Figure 6.25,This figure is based on the filtration results in Figure 6.24. The passed amount of

mixture is converted to a penetration length in an artificial slot volume. For all passed
amounts see appendix B.
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As can be seen from Figure 6.25 the penetration length of a certain mixture will vary
between wide limits. The variation is between a few meters up to about 70 m.
Performed tests with UF 12 showed that a W/C ratio of approximately 1,25 is
necessary to achieve a penetration length of 5 m in the artificial slot volume with an
aperture of 75 um. If the W/C ratio is decreased to 0,7, a slot aperture of
approximately 125 pm is necessary to achieve the Sm of penetration length.

The bleeding of the mixtures after filtration seems to vary between 0-8%. The tested
W/C ratios are 0,7, 0,85, 1,0, 1,25, 1,5 and 1,75. Mixtures containing Cemflux as a
superplastisiser show a lower bleeding compared to mixtures containing the
superplastisiser Melcrete. The bleeding of mixtures containing L 15 is zero (or very
close to zero) for all tested cases. The mixtures containing Melcrete and Cemflux at a
W/C ratio of 1,75 exceed 5% of bleeding.

Bleeding UF 12

Bleeding [%]

aL1s
B Melcrete
0O Cemflux

Figure 6.26,Bleeding measurements according to SS-EN 445. Used cement is Ultrafint cement 12
(UF 12). Used superplastisiser are Cemflux, Melcrete and L 15. Used W/C ratio are
between 0,7-1,75.

beq. 1s evaluated according the two criteria of penetration length and bleeding of the
passed mixture. Penetrated length shall be >5 m and the bleeding of the passed
mixture shall be < 5%. The calculated penetration length is the ratio between the
passed volume and filter area. b is evaluated with the stipulation that all the amount
of mixture shall pass the slot.

The priority in the performance of the filtration tests is that each slot aperture (with the
beginning with the smallest of 75 um) is tested with the used W/C ratios. If none of
the used W/C ratios fulfil the requirements of b,q. or berit, the next slot aperture will be
tested (for example 100 um) in the same manner as the previous tested slot aperture.
The bleeding of the passed amount of mixture has been measured in order to evaluate
the quality of the passed mixture.
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In order to fulfil the definitions of beir and brq a vast number of combinations
regarding the used slot aperture and W/C ratio can be chosen. Figure 6.27 shows the
shaded area (numbered 1-3) within which the definitions b are fulfilled.

The line that show a passed amount of 10 % or more, represents roughly a penetrated
length of more than 5 m, which is one of the definitions regarding b, The shaded
area (numbered 4-7) does not fulfil the definitions of by

The shaded areas are also show areas that do not fulfil the bleeding requirements. The
vertical line that represents the limit for acceptable bleeding is placed where a
bleeding of more than 5 % was measured.

The area that fulfils the demands of b.i; and b are consequently given by the used
slot aperture, W/C ratio and bleeding of the passed mixture.
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Figure 6.27,Evaluation of by and b, from the filtration experiments for the UF 12 cement. The
figure shows the average value of all used mixtures (black line) compared to the values
for UF 12 (with two types of superplastisisers, green line indicate use of Melamin and
blue line is use of Cemflux). The marked dots in the figure show the performed
measurements.

The results from the use of L 15 are not shown, because of the relatively few
measuring values, see Figure 6.24. The method used in Figure 6.27 and similar, in order
to evaluate the data, is a nonparametric local regression called LOESS that was
introduced by Cleveland and Devlin (1988). LOESS has been implemented for several
numerical packages and has been described by Cleveland (1993).
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According to Figure 6.27 the UF 12 cement seemingly requires a larger slot aperture
and higher W/C ratio in order to pass a relative amount larger than 75 %, compared to
the average of the studied cements. The black line marked with 0,75 indicates the
average value of the three used cement mixtures (UF 12, UF 16 and IC 30) that show a
passed amount larger than 75 %. In Figure 6.27 it can also be seen that the shaded area
will be different due to used superplastisiser (numbered 1-3). Only a minor difference
can be seen between different superplastisisers when looking at passed amounts larger
than 75 %.

It should be noted that relatively few measuring points form the basis for the
interpolation of the lines which delimits the passed amount of 75% for each
superplastisiser. The absolute delimiting values should therefore be treated with some
precaution.

The limit of acceptable bleeding is exceeded in the case of using a W/C ratio of 1,75.
The W/C ratio should according to these tests be < 1,75 in the passed amount of
mixture in order to fulfil the definitions of bt and byeq.

6.4.2 UF 16, Influence of grain size, grain size distribution, grain concentration and
slot aperture

Figure 6.28 shows all the performed tests with UF 16 compared to the total amount of
performed tests regarding cement based mixtures (UF 12, UF 16 and IC 30). Tests
with UF 16 are colored blue, red and green depending on the used superplastisiser.
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Figure 6.28,The figure shows the performed tests with UF 16 compared to all of the performed tests
(with cement based mixture) done in this work.
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Figure 6.29,This figure is based on the filtration results from Figure 6.28. The passed amount of
mixture is converted to a penetration length in an artificial slot volume. For all passed
amounts see appendix B.

The bleeding of the mixtures seems to vary between 0-8%. The tested W/C ratios are
0,7, 0,85, 1,0, 1,25, 1,5 and 1,75. The mixtures containing L 15 at W/C ratio of 1,75
and mixtures with Cemflux at W/C ratio of 1,50 exceed the upper limit of 5%
bleeding. Mixtures with Melcrete show a bleeding which is less than 5% for all tested
cases. The bleeding values of the UF 16 mixtures is somewhat lower compared to the
UF 12 mixtures.

Bleeding [%)]

Bleeding UF 16

WIC ratio

@L15
B Melcrete
O Cemflux

Figure 6.30,Bleeding measurements according to SS-EN 445. The cement used is UF 16. Used
superplastisiser are Cemflux, Melcrete and L 15. Used W/C ratio are between

0,7-1,75.
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Figure 6.32 show the shaded area (numbered 3,4,6,7) within which the definition of
berit are fulfilled, regarding Cemflux. In the case of using L 15 and Melcrete the area
will be defined by 1,2,3,5,6,7. The shaded area (numbered 9-11) does not fulfil the
definitions of by

125
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Bleeding |
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08 1 T2 14 16 |
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Figure 6.31,Evaluation of b and b,eq from the filtration experiments for the UF 16 cement.

According to Figure 6.31 the UF 16 cement seems to require a smaller slot aperture
and lower W/C ratio in order to pass a relative amount larger than 75 %, compared to
the average of studied cements (UF 12, UF 16 and IC 30). In Figure 6.32 it can also be
seen that the shaded area will be different due to the superplastisiser used (numbered
1-8). The passed amount is consequently influenced by the used superplastiser. The
use of Cemflux generates the largest passed amount at the smallest tested slot
apertures and lowest tested W/C ratios (regarding a passed amount larger than 75%).

The limit of acceptable bleeding is exceeded in the case of using a W/C ratio of 1,50
(Cemflux). When using L 15 and Melcrete the limit is reached at a W/C ratio of

approximately 1,75.
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6.4.3 IC 30, Influence of grain size, grain size distribution, grain concentration and
slot aperture

Relatively few measuring values are found in the region of 75-100 % passed amount
of mixture, see Figure 6.32.
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Figure 6.32,The figure shows the performed tests with IC 30 compared to all of the performed tests
in this work (with cement based mixture) (Figure 6.23). The figure shows the values for
IC 30 with three types of superplastisisers, green dots indicate use of Melamin, blue
dots is use of L 15 and red dots is Cemflux. The marked dots in the right figure
illustrate the performed measurements.
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Figure 6.33,This figure is based on the filtration results from Figure 6.32. The passed amount of
mixture is converted to a penetration length in an artificial slot volume.

144



A penetration length of more than 5m in a slot aperture of 75um is achieved for
mixtures with W/C ratio of 0,85 and containing L 15 and Melcrete. Penetration lengths
(more than 5m) are achieved with mixtures containing Cemflux with a W/C ratio of
0,85 and a slot aperture of 100 um.

The bleeding of the mixtures seems to vary between 0-20%. The tested W/C ratios are
0,7, 0,85 and 1,0. The mixtures containing L. 15 at a W/C ratio of 0,85 and mixtures
with Cemflux at W/C ratio of 1,0 exceed the upper limit of 5% bleeding. Mixtures
with Melcrete and Cemflux with a W/C ratio of 0,85 show a bleeding less than 5 %.

Bleeding IC 30

Bleeding [%)]

aL15
B Melcrete
OCemflux

Figure 6.34,Bleeding measurements according to SS-EN 445. Used cement is Injekterings cement
30 (IC 30). Used superplastisiser are Cemflux, Melcrete and L 15. Used W/C ratio are
between 0,7, 0,85 and 1,0.
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Figure 6.35 shows that none of the tested mixtures containing Melcrete fulfil the
definition of b;. The shaded area (numbered 2 and 3) does not fulfil the definitions of
byq for the case when using Melcrete. beic and brq are not evaluated for the cases
where Cemflux and L 15 are used, due to toofew measuring points in regions of 0-
10% and 75-100% passed amount.
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Figure 6.35,Evaluation of b and b.eq from the filtration experiments for the IC 30 cement.

Table 6.18,

6.44 Cem 2 and Cem 4, Influence of grain size, grain size distribution, grain
concentration and slot or mesh aperture

The basic idea of sieving cement into the grain distributions of Cem 2 and Cem 4 was
to investigate if these cement based grain curves have the same low filtration tendency
as the inert material of the same grain curve (2 and 4). Performed filtration
experiments indicate that it is not the case, see Table 6.18. The same available volume
(~110 cm®) of mixture was used in these experiments as for the rest of the inert based
experiments. The mesh geometry was used in order to compare the results from the
inert mixtures to the cement based mixtures.

Comparison of the passed amount of inert material versus passed amount of cement
based material. Used filter geometry is the mesh, aperture 75 um and the mixtures W/C
and W/S ratio is 0,7.

Inert grain Passed No. | Dev. Cement Passed | No. | Dev.
curve amount based amount
grain curve
[“o] [“o]
2 83 3 11,0 Cem 2 29 3 1,6
4 68 3|26 Cem 4 19 3 1,3
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The passed amounts (29 and 19 %) of the sieved cement based mixtures (Cem 2 and
Cem 4) are based upon the average value from the use of three superplastisisers (L 15,
Melcrete and Cemflux). No major difference could be identified between the mixtures

containing the different superplastisisers and these specific mixtures (Cem 2 and Cem
4).

Compared to the UF 12, UF 16 and IC 30 cements the Cem 2 are a bit coarser and
have a steeper grain size distribution than UF 12 and UF 16, but finer and with a
steeper grain size distribution than IC 30. Cem 4 is the most finely grained of these
cements, for the complete grain size distribution see Figure 5.16.

6.4.5 UF 12 fine and UF 12 coarse, Influence of grain size, grain size distribution,
grain concentration and slot aperture

The performed tests indicate that the fine cement grains in the mixture influences the
filtration tendency of the mixture. An increased amount of fine grains is achieved
when a part of the coarser grains are removed from the cement powder. The opposite
is the removal of fine grains which will increase the amount of coarser grains.
According to these tests an increased amount of fine grains (<3um) will cause a
smaller passed amount of mixture (see Figure 6.36 compared to Figure 6.25).

Penetration lenght, UF 12, Fine

oL15
O Cemflux

Penetration lenght [m]

Aperture

0,125
—100.125m Aperture——

— 100, 125 pm
—

Cemflux

W/C ratio 1,0

‘W/C ratio 1,25

Figure 6.36,This figure is based on the passed amounts of UF 12 Fine in the filtration tests, see
appendix B. The passed amount of mixture is converted to a penetration length.
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Figure 6.37,Bleeding measurements according to SS-EN 445. Used cement is sieved UF 12 cement

Table 6.19,

(UF 12, Fine). Used superplastisisers are Cemflux and L 15. Used W/C ratios are
between 0,85 and 1,25.

As can be seen from Figure 6.36 and Figure 6.37 it can be concluded that none of the
tested mixtures containing the UF 12 fine cement, will fulfill the requirements of by
or bgit, see Table 6.19. These results regard the use of a maximum slot aperture of 125
um. No major difference between the two types of superplastisisers (L 15 and
Cemflux) could be seen.

Due to the few measuring values regarding UF 12 Fine and UF 12 Coarse, there is no

point in producing graphs like Figure 6.35. An alternative way of showing the values of
beric and breq 18 presented in Table 6.19 and Table 6.20.

Evaluation of the filtration tendency of UF 12, fine cement.

UF 12, | Superplastisiser | brq | W/C | bleeding beic | W/C | bleeding
fine ratio ratio
[nm] [Yo] [pm] [%]
L 15 >125 - - >125 - -
Cemflux >125 - - >125 - -

As can be seen from Figure 6.38 and Figure 6.36, there is a difference in the passed
amount of mixture between the mixtures containing a major part of fine grains
compared to the mixture containing a major part of coarser grains. There is also a
difference in the used superplastisiser, the mixture containing the steric type of
superplastisiser (Cemflux) seems to have the lowest filtration tendency of the two
tested superplastisisers.
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The difference in the passed amount (due to used superplastisiser) will according to
performed filtration tests be smaller when the grain concentration gets lower
(increased W/C ratio).

Penetration lenght, UF 12, Coarse

@L15
O Cemflux

Penetration lenght [m]

W/C ratio 0,85

‘W/C ratio 1,0
‘W/C ratio 1,25

Figure 6.38,This figure is based on the passed amounts of UF 12 coarse in the filtration tests, see
appendix B. The passed amount of mixture is converted to a penetration length.
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Figure 6.39,Bleeding measurements according to SS-EN 445. Used cement is sieved UF 12 cement

(UF 12, coarse). Used superplastisisers are Cemflux and L 15. Used W/C ratio are
between 0,85 and 1,25.
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Table 6.20,

It should be mentioned that two slot apertures (100 and 125um) are tested for the same
initial mixture batch. Consequently the first slot aperture has been tested and then the
other. In the performed tests the 100 um slot has first been tested, then the 125 pm
slot. This may influence the passed amount of mixture due to flocculation of grains in
the mixture. It has been attempted to be reduced the influence of flocculation by
continuously stirring during the testing of the first aperture (100pm). The two tests
(100 and 125 pum) have been performed during a time of approximately 5 minutes.

As can be seen from Figure 6.38 and Figure 6.39 that most of the tested mixtures with
the sieved cement (based upon UF 12) show that a major passed amount (penetration
length) will also show a bleeding larger than 5%. The only mixture that has a major
passed amount and a bleeding less than 5% is the UF 12, coarse mixture with a W/C
ratio of 0,85 and the superplastisiser of L 15. For an evaluation of b and by, see
Table 6.20.

Evaluation of the filtration tendency of UF 12, coarse cement.

UF 12, |Superplastisiser breg |W/C |bleeding| |beir | W/C ratio | bleeding
coarse ratio
[nm] [o] [nm] [%]
L15 <100| - - 100 >1,25 >5
Cemflux <100| - - <100 - -

6.4.6 Influence of superplastisisers

A difference in the passed amount according to the time after mixing has been found
between the studied superplastisisers. These tests show the results for 10 minutes or
longer after mixing. The original used time is 0-5 minutes after mixing. The two types
of electrostatic superplastisisers (L 15 and Melcrete) show deterioration a time after
mixing, compared to the steric superplastisiser Cemflux, see Figure 6.40. The time
dependent test is performed with the UF 12 cement. The UF 12 cement is supposed to
be the cement that has the fastest setting and hydration time of the three used cement
(UF 12, UF 16 and IC 30). This is because of its relatively small grain sizes (large
specific surface of the grains in the dry powder). Large specific surface is supposed to
speed up the setting and hydration of the mixture (Lidstrém, 2003), (Gartner 1987).
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Influence of time onto filtration tendency
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Figure 6.40,Influence of time on the passed amount through a 100 um slot. The available amount of
mixture is approximately 750 g. Used cement is UF 12.

The passed amount of mixture with a W/C ratio of 1,5 before filtration shows a
relatively high bleeding after filtration (>5%). The difference in relative deterioration

between the two types of superplastisiser (steric and electrostatic) can schematically
be illustrated according to Figure 6.41.

E 100 4 Cemflux
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s I L15/ Melcrete
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Figure 6.41,lllustration of the relative passed amount of mixture through used filter geometry

related to the used type of superplastisiser (within 5 min after mixing), compared to the
passed amount a certain time after the mixing.

As mentioned earlier in this work, the superplastisiser influence the rheology of the
mixture. The superplastisiser is often used in order to reduce the yield- and viscosity
value without increasing the W/C ratio of the mixture. The results from the rheological
measurements , which are presented in Table 6.21 indicate that the three different used
superplastisisers influence the yield- and viscosity values in different ways. Generally
it can be seen that the steric superplastisiser (Cemflux) will decrease the yield- and

viscosity values of the mixture to a larger extent compared to the electrostatic ones (L
15 and Melcrete).
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The comparison is only performed for the W/C ratio of 1,0, the result may be different
if other W/C ratios are studied. The measurements are performed 0-5 minutes after

mixing.

ratio of 1,0. No. concerns the number of performed measurements.

Table 6.21, Results from the rheological measurement of the viscosity in the mixtures with W/C

Cement UF 12 UF 16 IC 30
Viscosity | std. dev. | No. | Viscosity | std. dev. | No. | Viscosity | std. dev. | No.
Superplast. | [Pas] [-] [Pas] [-] [Pas] [-]
L 15 0,11 0,03 5 0,09 0,02 7 0,03 0,01 7
Melcrete 0,15 0,02 7 0,10 0,01 7 0,02 0,003 7
Cemflux 0,03 0,02 5 0,03 0,002 7 0,01 0,001 7

ratio of 1,0. No. concerns the number of performed measurements.

UF 12 UF 12
Cement fine coarse
Viscosity | std. dev. | No. | Viscosity | std. dev. | No.
Superplast. | [Pas] [-] [Pas] [-]
L 15 0,48 - 2 - - -
Melcrete - - - - - -
Cemflux 0,07 - 2 - - -

Table 6.22, Results from the rheological measurement of the viscosity in the mixtures with W/C

Table 6.23, Results from the rheological measurement of the yield value in the mixtures with W/C
ratio of 1,0. No. concerns the number of performed measurements.

Cement UF 12 UF 16 IC 30
Yield Yield Yield
Superplast.| value | std.dev. [No.| value | std.dev. [No.| value |std. dev.|No.
[Pa] [] [Pa] [] [Pa] []
L 15 4,95 2,79 5 3,32 3,88 7 0,13 0,05 7
Melcrete 2,59 0,64 7 1,74 0,60 7 0,13 0,09 7
Cemflux 0,36 0,22 5 0,40 0,23 7 0,07 0,01 7

Table 6.24, Results from the rheological measurement of the yield value in the mixtures with W/C
ratio of 1,0. No. concerns the number of performed measurements.

UF 12 UF 12
Cement fine coarse
Yield Yield
value | std.dev. |[No.| value std. dev. | No.
Superplast. [Pa] [-] [Pa] [-]
L 15 11,90 - 2 - - -
Melcrete - - - - -
Cemflux 0,72 - 2 - - -
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The rheology for the UF 12 coarse was not possible to measure because of the large
bleeding which occurred within the measuring gap in the plate-plate measuring
system.

As can be seen when comparing the yield- and viscosity values Table 6.21 to Table
6.24) to the passed amounts (filtration tendency in Figure 6.24, Figure 6.28 and Figure
6.32) it is difficult to see any significant relationship between the rheology and the
filtration tendency. The yield- and viscosity values of the mixture seem to vary within
wide limits but not affect the filtration tendency. As an example it can be mentioned
that the yield- and viscosity values of mixtures containing UF 12, UF 16 and IC 30
will according to performed rheological measurements (at W/ C ratio of 1,0), vary in
the range between 5-0,1 Pa and 0,01-0,1 Pas, see Table 6.21 to Table 6.24.

6.4.7 Evaluation of measured values.

The quotient between the used slot aperture and the grain size expressed as dgs can be

calculated. The comparison is made for a W/C ratio of 1,0.

Table 6.25, Relationship (quotient) between the used slot apertures and the grain size (dgs).
Quotients which are shaded are the ones that fulfil the demand of b,y at a W/C ratio of

1,0.
slot aperture
Mixture dgs [um] 75 um 100 pm 125 pm
UF 12 12 6,3 > 8,3’ 10,4
UF 16 16 24,7 6,3 7,8
IC 30 30 >2,5%° 3,3° 4,2°
Cem 2 10 - - -
Cem 4 9 - - -
UF 12, fine 8 9,4 12,5 15,6*
UF 12, coarse 16 - >6,3*° 7,8%3

*quotient should larger than 15,6

'L 15 penetration length is less than 5 m at a W/C ratio of 1,0.

? Cemflux shows a penetration length less than 5 m at a W/C ratio of 1,0.
> Bleeding of the passed mixture is larger than 5 % at a W/C ratio of 1,0
* Melcrete is not included in the filtration test.
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Table 6.26, Relationship (quotient) between the used slot apertures and the grain size (dgs).
Quotients which are shaded are the ones that fulfil the demand of b, at a W/C ratio of

1,0.
slot aperture
Mixture dos [Um] 75 pm 100 pm 125 pm
UF 12 12 6,3 8,3 > 10,4
UF 16 16 4,7 6,3 >7,8°
IC 30 30 2,5 3,3 >4,2%
Cem 2 10 - - -
Cem 4 9 - - -
UF 12, fine 8 9,4 12,5 15,6*
UF 12, coarse 16 4,7 > 6,3%* 7,8%*

* quotient should larger than 15,6

! Cemflux does not fulfill the demand of besit.at W/C ratio 1,0.

2L 15 does not fulfill the demand of be;.at W/C ratio 1,0.

3L 15 and Melcrete do not fulfill the demand of beit.at W/C ratio 1,0.

* Bleeding of the passed mixture is larger than 5 % at a W/C ratio of 1,0.

Cem 2 and Cem 4 could not be included in the analysis because the filtration tests are
performed with a mesh geometry (75 pm) and with a smaller initial amount of mixture
(110 cm®).

Correlation tests of the results, like those done for the inert material, was not found
relevant because of the bad correlation between the passed amount of inert material
and the dys and d” value, see Table 6.18. The influence of the chemical reactions in the
cement based mixtures will complicate the correlation even more.

The poor results (correlations) from the inert material caused the need for an
alternative method to be tested to evaluate the cement based results. All performed
cement based filtration experiments are evaluated with a multivariate analysis program
called Simca®. The purpose of statistical modelling is to find the parameters and
correlations which significantly influence the passed amount of material and the
quality of the material that passes. The statistical modelling is constructed using a
number of input variables (x-variables) and output variables (y-variables).
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Table 6.27, Used variables in the statistical model.

Variable Description Remark
Input variables | W/C ratio (-)
X variables Slot aperture (um)
Outpu variables | Passed amount, (-) =Passed weight/ Sample weight
y variables W/C ratiogser (-)

The used statistical model is constructed due to a linear model, were the influence of
the input variable (x;) on the output variable (y;) is studied. In order to compare the
different coefficient (a;), the variables are normalised to comply with the following
equation:

eq 6.2

Yi =8, + 8y craio X +a X,

Slot aperture
The relative amount of material passed through the slot (Passed amount,) is

calculated as the quotient between the used test weight of the volume (~490 ml) and
the passed weight of mixture.

1.

0,20

0,00

o,

F anc G°

0,20

0,00

VT ratiog, . Paszed ..

Figure 6.42,Correlation between used x- and y-variable in the used model. x-variables are W/C ratio
and slot aperture. y-variables are passed,q and W/C ratioer-

R? is a measure of how the x-variables are fitted to the used linear model. Q* is a
measure of how sensitive the linear model is to a possible variation of the invariables
(x-variables).

Both R? and Q” should be as close to 1,0 as possible, in order to have a model that in a
good way describes the relationship between the x- and y-variables. W/C ratio,fier
correlates fairly well with the x-variables (R*=0,89). The fit of the measuring values of
the passed amount (passedy) is a bit poorer (R*=0,67). The Q* values for both y-
variables are good (relative to the R? value), which indicates that the measuring values
are of good quality and contain few outliers.
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Description of the connection between the x- and y-variables can be made by
illustrations like Figure 6.43. Figure 6.43 indicates that the passed amount
(Pass. relyner) 1s mainly affected by the used slot aperture. The W/C ratio after filtration
is mainly due to the initial W/C ratio of the mixture. y; concerns the spread of the
variables Pass. rel,aer and W/C ratio,ser, the Xj concerns the spread of the variable’s slot
aperture and W/C ratio. Consequently Figure 6.43 concerns different measured data
from the filtration tests on the cement based mixtures.

T wic ratio
_ Slot aperture

0,807
0,607
0407

0,207

0,001

W/C ratio i
- Pass. rel.after i

Figure 6.43,Influence of different x-variables on the y-variables.

a; shows the influence of the x; variable on the y; variable with normalized x and y
variables. The small negative influence of the slot aperture on the W/C ratio,ser
indicates that a smaller slot aperture can cause a higher W/C ratio in the passed
mixture.

Table 6.28, Used coefficicents in eq 6.2 which are illustrated in Figure 6.43.

W/C ratio Pass. rel.
Coefficient [-] [
Ao 3,36 1,05
awC ratio 0,873 0,525
Apass. rel. -0,142 0,746
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In order to compare the measured values of passed amount,,; and W/C ratio,se, to the
predicted values of the same, eq 6.2 is used, see Figure 6.44 to Figure 6.48.
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Figure 6.44, Statistical analysis of the passed amount of material through the slot as a function of
cement type. Predicted concerns the predicted amount of mixture through the used slot
aperture according to eq 6.2. The diagonal line across the figure marks the line at which
the correlations (between predicted and measured values) should be placed along if the
relationship between the measured and predicted would have been linear (according to
eq 6.2).

The different colors in Figure 6.44 represent the three different types of cement used
in the study. Red color represents IC 30, blue color is UF 12 and green is UF 16. The
analysis has not taken any consideration to describe the cement in detail (e.g. chemical
composition and grain size distribution). Figure 6.44 indicates that the predicted
values are compared with the observed values (passed amount), a non-linear behavior
can be detected.

The predicted and measured values should coincide along the diagonal line if the
correlation is linear. The spread of predicted values is largest in the middle of the
Figure 6.44. This non-linearity is one explanation to the relative low Q value in
Figure 6.42. The green marks (UF 16), seems generally to show a slightly larger
passed amount than predicted, compared to the other cement types. The spread in the
passed amount seems to be slightly larger for IC 30, compared to the other two
cements.

As can be seen from Figure 6.44 the spread of correlation values is large in the middle
of the graph (at approximately 50 % of predicted passed amount). This is basically
because the required slot aperture to achieve a certain passed amount (slot apertures
between bt and bpi,) varies. Naturally the value of byir and by, will also vary
according to the mixture used. As an example, it can be mentioned that b varies
within certain limits (between b and byin), see Figure 6.45. Consequently it can be
stated that it is quite accurate to predict smaller and larger amounts of passed mixture
according to the linear model (eq 6.2), but in the region between these two amounts
(small and large) it is more difficult to predict the passed amounts of mixture (no
linear model).
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Pagsed amount [%]

b b Slot aperture [pm]

Figure 6.45,Evaluation of a slot aperture between b, and b, in order to pass a certain amount of
mixture. The passed amount of mixture will consequently vary when using a certain
slot aperture in combination with a certain mixture.
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Figure 6.46, Statistical analysis of the passed amount of material through the slot as a function of
the type of superplastisiser. Predicted concerns the predicted amount of mixture
through the used slot aperture according to eq 6.2.

The different colors in Figure 6.46 represents the three different types of
superplastisisers used in the study. Red color represents Cemflux, blue color is L15
and green is Melcrete. As can be seen in Figure 6.46 the spread of the measurements
are largest in the middle of the figure, which is probably due to the same phenomenon
as presented in Figure 6.44 and Figure 6.45.

The L15 (blue marked dots) seems to be slightly better than the other two types of
superplastisisers, whereas the Melcrete (green marked dots) seems to be a bit poorer
than the others. According to Figure 6.46 it seems that the influence of superplastisiser
is not that influential as the used type of cement. This can be seen because of the dots
of different colors are slightly more mixed up in Figure 6.46 than in Figure 6.44,
where a more systematic difference can be seen.
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Obviously the correlation between the observed and predicted value is not linear, but
that will probably not affect the conclusion of the influence of used cement and
superplastisisers.
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Figure 6.47, Statistical analysis of the W/C ratio after filtration, as a function of type of cement.

Predicted concerns the predicted W/C ratio of the mixture after the mixture has passed
the slot according to eq 6.2.

The correlation between predicted and observed values for the W/C ratio after
filtration seems to be almost linear (the correlation coincides quite well with the
diagonal line in Figure 6.47). No larger difference can be seen between different types
of cement.
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Figure 6.48, Statistical analysis of the W/C ratio after filtration, as a function of type of

superplasticisers. Predicted relates to the predicted W/C ratio of the mixture after the
mixture has passed the slot according to eq 6.2.

The superplastisiser consistent with Melcrete (green dots) seems to generate a slightly
higher W/C ratio after filtration than predicted, especially when the filtration generates
higher W/C ratioaser. The linear correlation between the observed and predicted value,
seems to be rather good, even though some deviation can be seen in Figure 6.47 and
Figure 6.48. The rather good linear correlation indicates that the W/C ratio before
filtration is of great importance for W/C ratio after filtration. The earlier shown Figure
6.26, Figure 6.30 and Figure 6.34 indicate that an increased W/C ratio even will increase
the bleeding of the mixture.
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Table 6.29, Used coefficicents in eq 6.2 which are illustrated in Figure 6.44, Figure 6.46 to Figure

6.48.
WI/C ratio Pass. rel.
Coefficient [-] []
ao 0,365 -1,40
awscratio | 1,06 0,5335
Apass.rel. | -0,0026 0,0115

The difference between the coefficients in Table 6.28 and Table 6.29 is because the
coefficients in Table 6.28 are scaled and centered to a value between zero and one,
while the coefficients in Table 6.29 are not scaled and centered.

6.5 Comprehensive conclusions cement based material

The filtration tendency of cement based mixtures is a result of a complex interaction of
several parameters. The parameters can be summarized in two groups, one that
concerns the physical parameters and the other that concerns the chemical parameters.
The physical parameters are grain size, grain size distribution, concentration of grains
in the mixture and the used slot aperture. The chemical parameters concern the
reactions during the hydration of the cement grains. The physical and chemical
parameters will generally interact with each other.

6.5.1 Influence of grain size, grain size distribution and slot aperture

The presented results all relate to the use of mixtures with W/C ratios between 0,7-
1,75.

e Influence of grain size and grain distribution has been investigated by using
seven types of cements. The cements are UF 12, UF 16 and IC 30, the other
four cements are sieved to adhere to a certain grain size distributions, here
called Cem 2, Cem 4, UF 12 fine and UF 12 coarse.

e The fine grained cement (UF 12) has a higher filtration tendency compared to
the coarser grained cement (IC 30). Also UF 12 has a higher filtration tendency
compared to UF 16 although they have almost the same grain size distribution
and grain size. UF 16 has a somewhat steeper grain size distribution and a dos
value of 16 instead of 12 pum in the UF 12 cement. These results are all based
on the same W/C ratio.
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According to filtration tests with the sieved cement Cem 2 and Cem 4 it can be
said that it is not solely the grain size distribution that governs the filtration
tendency of the cement based mixture. Cem 2 and Cem 4 represent grain size
distributions which show the lowest filtration tendency regarding the inert
mixtures. Comparison between the sieved cement of UF 12 fine and UF 12
coarse show that the fine grains in the cement have a negative influence onto
the filtration tendency (higher filtration tendency).

According to the performed filtration tests with cement based material, it may
be concluded that it is advantageous for the penetrability to have a grain size
distribution which not contain too many fine grains but neither too many
coarser grains. The shape of the grain size curve should according to the
performed tests be relatively steep (narrow grain size range). This result was
the same as that obtained when testing the inert mixtures.

Time dependent properties like surface- and pore water properties (the
hydration process of the cement) can influence the passed amount of mixture
through the filter. This has not been shown explicitly, but the results from the
filtration tests give indications of a major influence of the chemical properties
of the cement on the filtration tendency of the grout. The high filtration
tendency of the mixture containing the UF 12, fine cement can be caused by
flocculation of small grains into larger agglomerates. The risk of flocculation
can increase as the specific grain surface increases (larger chemical reactivity
in the mixture).

The slot aperture has been shown in Figure 6.43 to be one of the most
important parameter in order to predict the passed amount of mixture through
the slot.

To be able to fulfill the requirements of a penetration length of more than 5m
and a bleeding of the passed amount of less than 5% (byq), it is generally
necessary to use a slot aperture of 95 um and a W/C ratio >0,70 or a W/C ratio
of 1,2 and a slot >75 um. If all the available amount (b.,;;) of mixture shall pass
the filter, a slot aperture of 125 um and a W/C ratio >1,25 or W/C ratio of 1,75
and a slot >100 pm has to be used (independent of the type of cement). Some
of these combinations will show a bleeding of more than 5%.
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6.5.2

A larger spread of the passed amount can be shown in Figure 6.44 and Figure
6.46. The larger spread mainly occurs in the central part of the figures. This is
probably due to the slot aperture used in combination with the mixture used
(grain size, grain size distribution and W/C ratio etc.). Relative low spreads in
the passed amount of mixture are shown in the region around slot apertures of
bmin (small passed amount). In the transition zone from small to larger passed
amounts of mixture (slot apertures in the region of brg), the spread will,
according to performed experiments, be larger. Lower spread is then shown at
larger apertures than b (large passed amounts). According to performed tests
there seems to exist critical parameters that govern the passed amount of
mixture through the used slot aperture (grain size, grain size distribution, W/C
ratio, slot aperture etc.). When the values of these parameters increase or
decrease the passed amount of mixture will be strongly affected.

The ratio between the slot aperture and the grain size expressed as dys is found
to vary between 4-10 in order to fulfil the definition of b, which can be
compared with a quotient between 3-4 when using the inert mixtures. The
quotient shown for the cement based mixtures relates to a W/C ratio of 1,0.
The W/S ratio used for the calculation of the quotient regarding the use of inert
mixture is 0,7. The difference between the quotients could therefore have been
different if the same grain concentration had been used for the comparison. It is
likely to believe that the quotients between the slot aperture and dys for the
cement based mixtures would have been even larger if the evaluation had been
performed at a lower W/C ratio e.g. 0,7. The W/C ratio of 1,0 was used
because fairly stable mixtures (based upon the used cements) were achieved at
this grain concentration (bleeding generally less than 5 %).

Influence of grain concentration

The presented results all relates to filter geometries with slot apertures of 75, 100 and
125 pm.

Changes in the mixture’s grain concentration causes differences in the passed
amount of mixture through the slot. A higher W/C ratio will generally increase
the passed amounts of mixture containing UF 12, UF 16 and IC 30

When using fine grained cements e.g. UF 12 and UF 16, the W/C ratio can be

kept higher without risk of major bleeding of the mixture compared to coarser
grain cements (IC 30).
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6.5.3 Superplastisisers

The presented results all relate to filter geometries with to slot apertures of 75, 100 and
125 pm.

e Some minor difference could be seen in the passed amount of mixture through
the used slot apertures when comparing the steric and electrostatic
superplastisisers. All tests in Figure 6.25 are performed within 5 minutes after
mixing, during the time of major reactivity in the mixture (hydration process of
cement grains).

e Performed filtration tests show that the passed amount of mixture decreased
more rapidly with time when using electrostatic superplastisisers compared to
use of the steric one, see Figure 6.40. Thus, the tests indicate that the repulsive
effect between the grains of the electrostatic superplastisisers (L 15 and
Melcrete) decline more rapidly than the steric one (Cemflux).

e Generally it can be seen that the steric superplastisiser (Cemflux) will decrease

the yield- and viscosity values of the mixture to a larger extent compared to the
electrostatic ones (L 15 and Melcrete).
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Figure 7.1,

7 Analysis of Results

7.1 General

It is hard and almost impossible to give any general advice that is valid for all types of
grouting operations. Decisions regarding the composition of grout mixtures probably
have to be based upon functional requirements of the grout properties (filtration
tendency, rheology, bleeding, setting time etc.) and the properties of the grouted
structure (water tightness, structural strength and durability). As discussed earlier in
this work, the composition of the mixture is made by a number of compromises
between different properties. For example, it can be mentioned that a high W/C ratio
(low concentration of grains) will favour the penetrability (filtration tendency and
rheology), but be a disadvantage to bleeding and setting time of the fresh grout and
tightness of the grouted structure. Prioritising between different properties (fresh and
hardened properties) has to be done for the individual grouting operation. Different
grouting operations mean that different grout properties will be of more or less
importance. Grouting of fine cracks will require a mixture with low filtration tendency
and yield value. In another case, as for example when grouting cracks with high water
pressure, a stiffer mixture (higher yield value) and a rapid setting time are desirable in
order to avoid a rewind pressure and wash out of the mixture from the grout hole.

The main aim with this project is to map and explain the mechanisms of the freshly
mixed grout which govern the plug formation and how to compose grout mixtures to
fulfil the requirements of penetrability, see Figure 7.1.

Flow of mixture % _

Flow and plug formation of a mixture at the entrance of an aperture of b.

In order to avoid plug formation the geometrical condition of the grains or
agglomerates of grains have to be smaller then the aperture of b that is supposed to be
penetrated by the mixture. In this work it has been shown that the grain size expressed
as dgs can be compared to the aperture of b in order to analyse the aperture that is
possible to be penetrated by the mixture. Theoretically it should even be possible to
use the maximal grain size in relation to the aperture of b. Because of practical reasons
it is hard to measure the maximum grain size in the mixture, due to the presence of
oversized grains and agglomerates of grains.
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7.2 Requirements of filtration tendency

Generally the filtration tendency governs fresh mixture property for the penetrability
of cement based grout into fine cracks. The filtration tendency can be tested in the
filter pump (prEN 14497), pressure chamber (VU:SC 48) or other similar devices like
that described in (Eriksson 2003), which is also a type of pressure chamber. The basic
idea of using measurement methods for filtration tendency is to identify the mesh or
slot aperture when plug formation occurs at the mesh or slot entrance (measurement of
the passed amount of mixture through the used slot or mesh aperture before plug
formation occurs).

The requirements of the passed amount of mixture through a certain slot or mesh
aperture should be related to e.g. the requirements of inflow of water into the tunnel.
Consequently if the requirements allow a relatively high inflow of water (q), there is
probably no use for a grout with a very low filtration tendency. The bigger cracks that
have to be sealed will anyway be penetrated by the grout (provided that a grouting
cement and ordinary grouting equipment has been used). On the contrary, if high
requirements (low inflow of water) are set, it is of great importance to make the
grout’s filtration tendency as low as necessary to fulfil the requirements of inflow that
were set and also seal the finer cracks.

The requirements of inflow into the tunnel can be translated to a required permeability
of the grouted rock mass. Work done by Erikson and Stille (2004) show that grouting
operations can be divided into three different classes depending on the desired
permeability and sealing effect of the grouted rock mass (class 1, 2 and 3). The classes
concern the sealing effects between 90% and higher. The sealing effect is defined by
the quotient of the difference between the inflow in the ungrouted and the grouted
structure divided by the inflow in the ungrouted structure.
eq7.1

Sealing effect = qungrouted _qgrouted [%]

ungrouted

It can generally be said that if the grouting operation shall fulfil a sealing efficiency of
more than 99% and a permeability of the rock mass of about 107-107, the filtration
tendency of the grout must be regarded as an important parameter to fulfil this
requirement. The same situation will occur if the requirement upon the sealing
efficiency is lowered to 90-99%, but the permeability requirement is lowered to less
than 10®. These two fictive examples are regarded to belong to the most difficult
grouting operations, class 3 in the classification (Eriksson and Stille 2004).
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If the grouted structure is exposed to for example one-sided water pressure in a
concrete dam structure, the filtration tendency is generally of great importance. The
cracks in the concrete structure can be due to e.g. overload, shrinkage, alkali aggregate
reaction etc. all these damages cause generally relatively small crack apertures of
approximately 0,05-0,5 mm. The cracks have to be penetrated a certain length, in
order to resist the leaching of the cement paste through the dam structure (eg leach of
chalk that deteriorates the strength of the cement paste). If only a short length of the
crack is sealed (high filtration tendency of the grout) the grouting operation will show
a lower resistance to leaching compared to a case where a grout with a lower filtration
tendency is used.

The necessary penetration length (grouted zone) around a tunnel structure varies from
between 5 to 25 meters depending on the desired sealing effect and the original inflow
and pressure of water (Eriksson, 2002).

To fulfil the requirements of filtration tendency it is often of importance to pretest the
mixtures properties, before using them in a real grouting operation. Pretesting can give
valuable information on the variation of the mixture’s properties (fresh and hard
properties) due to variation of different variables such as used cement, W/C ratio,
superplastisisers, additives etc. Pre-testing is suitable to perform in a laboratory
environment were most of the conditions of importance for the grout properties can be
controlled (such as surrounding air temperature, temperature of the mixing water,
accurate amount of the substances in the mixture). The pretest will result in a number
of recipes that result in different properties of the mixtures. Suitable mixtures can then
be used in different grouting situations in order to fulfil the requirements of for
example water tightness and structural strength, which in many cases are governed be
the mixture’s filtration tendency.

7.3 Main conclusions

Based on the performed tests and literature review presented in chapter 2 and 3, the following
conclusions have been stated:

o Filtration tendency is a complex phenomenon which depends on several
parameters. The parameters can also interact.

e The design of this work means that some caution should be taken regarding the
conclusions. The work has mainly focused on the principals of filtration
tendency.

® bt and by, are two important parameters which have been discussed earlier. It
can be questioned if there exists an unambiguous value of bei. The tests
indicate that the evaluated b will in many cases be dependent on the used
amount of mixture in the test. The relative amount that passes through the used
filter will therefore be related to the initial amount of mixture.
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e by is a new concept which is introduced in order to show that the passed
amount of mixture can be enough regarding grouting of cracks, although plug
formation finally will occur.

e The used method of testing the mixtures filtration tendency is probably of
importance. Important parameters are for example used initial volume of
mixture, filter geometry and pressure gradient over the constriction.

In order to analyse the filtration tendency of a certain mixture, the filtration tendency
can be expressed according to performed tests as a relationship between the aperture
and the grain size expressed as dos, see eq 7.2.

eq7.2

byt >k-dos; 2<k<16
k = f(grain size, grain size distribution, sup erplastisi ser,

W /C ratio, chemical reaction, geometry of aperture,amount of mixture)
According to performed filtration tests with inert and cement based mixtures k should
be larger than 2 in order to avoid plug formation. The value of k has in this study been
found to vary between at least 2 to and up to more than 16, in order to pass a major
part of the available amount of mixture (75-100%). The variation of k is due to a
number of parameters of the mixture, see eq 7.2.

e Results from filtration tests with inert based mixtures using a slot aperture
show that the value of k has to be more than 12. The results relates to the use
of a slot aperture of 75 and 125 um and a W/S ratio of 0,7.

e Results from filtration tests with inert based mixtures using a mesh aperture
show that the value of k has to be not less than 3-4. The results apply for the
used mesh apertures of 36, 45 and 75 um and a W/S ratio of 0,7.

e  When using a monodisperse mixture (scaled-up tests) the value of k has been
found to be between 2-3. The result is applicable for a slot aperture and a W/S
ratio of 1,3

e Results from filtration tests using cement based mixtures show that the value of
k has to be between 4-10, some results regarding very fine grained mixtures
show that a value of k should be more than 16. The results are applicable for
slot apertures of 75, 100 and 125 um and a W/S ratio of 1,0.
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Table 7.1,

In a similar way the value of k can be described for the case of using by
eq7.3

Dy >K-dy;

req 2<k<8
k = f(grain size, grain size distribution, sup erplastisi ser,
W /C ratio, chemical reaction, geometry of aperture,amount of mixture)
The relative passed amount corresponds to roughly to 10 % of the available amount

(490 cm®) of mixture.

The parameters in eq 7.2 and eq 7.3 will influence the filtration tendency of the mixture
(value of the aperture b and brg) in different ways. Lower filtration tendency of the
mixture will decrease the value of b and byq. In Table 7.1 an approximation of the
different parameters influence on the filtration tendency has been made. The degree of
safety in the judgement is also estimated in Table 7.1.

Description of parameters that influences the filtration tendency of the mixture.

Parameter Influence Degree of safety
Steep grain size distribution | Decreasing of k Large
Higher W/C ratio Decreasing of k Large
Cement chemistry Increasing of k Large
Superplastisiser Decreasing of k 9!

Filter geometry 2 ?

' The influence and use of superplastisisers have not been the focus for this work. If

the dosage and type of superplastisisers had been changed, the results may have been
different. However, it can probably be stated that a correct use of superplastisisers
will increase the mixtures penetrability.

23 In this work, the influence of the filter geometry has found to be of importance. The
results are however in some cases not that clear. More work has probably to be done
in order to better analyze the influence of the used filter geometry on the mixture’s
filtration tendency.

In order to illustrate the influence of the factor k on the passed amount of mixture

through an aperture of b, it can be supposed that k can be related to b in the
following way, see Figure 7.2.
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Figure 7.2, Example of the influence of k onto the slot or mesh aperture b. The smallest value of
k=2 was found from the scaled-up filtration tests using a monodisperse mixture with
slot geometry. The larger value of k >16 was found when using a fine grained cement
based mixture and a slot geometry.

It should be noted that some of the mixture does not completely fulfil the definitions
of brq and beit (penetration length and bleeding), see Table 6.25 and Table 6.26. The
mixtures containing coarser grains will generally show a bleeding of more than 5 %
with regard to the passed amount of mixture.

This result only partly confirms the old rule of a thumb that recommends the grain size
expressed as dos of the dry powder to be smaller than 3 times the aperture that is
supposed to be penetrated (Bergman 1970). The use of inert mixtures, that generated a
dos value smaller than between 3-4 has a better compliance to the rule of thumb
(compared to the cement based mixtures). The old rule of thumb can be seen as a
lower limit of the k value. The shown interval of k regarding b and by,q show the
complexity of the filtration tendency phenomenon.

Plug formation in the performed tests is probably due to cake filtration (Svarovsky,
1985). The plug of grains builds-up between two or more adjacent obstacles in the
mixture’s flow path.

7.4 Detailed conclusions

In the following sections of this chapter a summary of the more detailed conclusions
regarding the influence of grain size and grain size distribution, grain concentration
and bleeding, rheology and superplastisisers and cement chemistry on the filtration
tendency have been performed.
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7.4.1 Grain size and grain size distribution in relation to the aperture

A more flattened grain size distribution will increase the amount of small grains. The
smaller grains have an increased risk for flocculation (create agglomerates) that will
increase the filtration tendency of the mixture. It can probably be stated regarding the
use of modern micro cements for grouting purpose (grain sizes up to approximately
dgs =30 um), that the small grain sizes are of crucial importance in order to develop
plug formation because of the increased risk of the smaller grains to flocculate into
larger agglomerates, which will initialise plug formation at the slot entrance.

Tests performed by Eriksson 2002, indicated that the length (thickness) of the plugs in
the filtration experiments are different due to the different cement used (grain size and
grain size distribution). This was probably because the thicker plugs were made of
grains with a sharper grain size distribution compared to thinner plugs consistent with
a wider grain size distribution. A wider grain size distribution will consequently in a
more effective way create a watertight plug, based on a smaller volume of grains. If
the mixture had been consistent with a monodisperse grain size distribution, no plug
formation would have occurred which could stop the flow of the liquid phase through
the plug. The created plug had always been pervious to water.

The influence of used filter geometry has been investigated by using different slot and
mesh apertures in the filtration experiments. The design (slot or mesh) and size of the
filter geometry have in this work been found to be of importance for the measurement
of the mixtures filtration tendency.

In the case of the mesh geometry a lot smaller initial amount of mixture had to pass
each filter opening of b compared to the case with a slot geometry (when using the
same available amount of mixture). According to the performed filtration tests, it is
reasonable to believe that the probability of plug formation will increase if larger
amounts of mixture pass the filter. The performed tests show however that larger
penetration lengths were achieved in the case of using the slot geometry compared to
the use of mesh geometry. The larger penetration length is probably due to differences
in the build-up of grains around the entrance of the aperture.

In the scaled up experiment, that use larger grains and larger filter geometries show
that the filtration tendency can be visualized. The location of the initialisation of the
plugs along the slot in the scaled up model seems to be a stochastic process. Smaller
plugs along the slot entrance will after a while create a plug that covers the whole slot
length or a wide range of the slot length.
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In the scaled up experiments, the influence of the grain shape is investigated by the use
of irregular black (rombic shaped) and regular white (spherically shaped) grains. No
differences, between the black and white grains were shown. However, there ought to
be a difference due to the difference in shape between the black and white grains. The
reason for this assumption is because the frictional forces between the grains, which
become dominant when the concentration of grains become high, should be dependent
at least to some extent on the grain shape.

In the case of using the mesh, a plug of grains can build-up in four directions around
the aperture. This compares to the case of using a slot aperture where the build-up of
grains can only be done in two directions. The abutment for plug formation against the
wires (mesh) can also be better compared to the edges of the slot aperture. A better
abutment can create a more stable plug formation, see Figure 6.8. Theory of grain
build-up between to obstacles has earlier been studied by Matinet, 1998.

In an actual grouting situation in a fractured rock or concrete structure, the probable
build-up of grains around the aperture will be two dimensional, which complies with
the case of using a slot geometry, but that is subject for further research. Gustavsson
2004 showed that the cracks in a rock structure are barely plan parallel to each other
and the borehole can strike the crack plane in any direction, see Figure 7.3.

Grouting pressure

Crack aperture

el |nflow of grout

Borehole

Grouting pressure

Figure 7.3, 2D figure of the borehole and an aperture. lllustration of inflow of grout from a borehole
into an aperture in arock or concrete structure.

Practically, it is probably that the parameter by, is the most valuable in a grouting
operation. This parameter may be evaluated in a pre-testing operation. by, can be
specified according to the desired penetration length (grouted zone) and the quality of
the passed mixture through the filter (W/C ratio of the mixture after passing the filter).
Basically, the b.q will be governed by the desired sealing effect and the permeability
of the grouted structure. A high desired sealing effect and a low permeability would
consequently mean that by, is set to a low slot aperture in the filtration test.
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7.4.2 Grain concentration and bleeding

The old way of dealing with penetration of small crack apertures was to start the
grouting operation using a mixture with a high W/C ratio (W/C ratio of 3 and even
higher). The grains would then create a plug (plug formation) that consists of a far
lower W/C ratio than the original mixture. The position and extension of the plug
(penetrated crack volume) will be uncertain. The W/C ratio should therefore be kept as
low as possible from the beginning in order to achieve a durable grouting
performance. This can be done by the use of a mixture with a suitable filtration
tendency and rheology.

A low W/C ratio in the mixture is associated with a number of disadvantage properties
of the mixture. For example can be mentioned that the W/C ratio will strongly affect
the tendency for flocculation of grains in the mixture. A lower W/C ratio will increase
the risk of extensive flocculation compared to a mixture with a higher W/C ratio.

The increased filtration tendency is mainly due to flocculation of grains into larger
agglomerates which, for example, causes plug formation at the slot entrance. The
speed of the chemical reactions (hydration of the cement grains) will be faster with a
lower W/C ratio. Fast hydration can obstruct the rheology (increase of yield and
viscosity) and lower the penetrability of the mixture. The negative influences of a low
W/C ratio on the filtration tendency and rheology can in some cases be treated by the
use of superplastisisers. The increased flocculation and chemical reactivity will cause
a limited ability to rearrange the grains (compared to a high W/C ratio) within the
mixture. The ability of rearranging the grains in the mixture has earlier been illustrated
in Figure 3.12.

According to performed tests the filtration tendency is more influenced by an
increased W/C ratio in fine grained mixtures compared to mixtures containing coarser
grains. Higher W/C ratio will generally lower the filtration tendency to a larger extent
than a similar increase of W/C ratio in a coarser mixture.

The bleeding is generally larger (at the same grain concentration) for the inert
mixtures compared to the cement based mixtures. A large bleeding of the mixture can
probably be related to a large possibility to rearrange the grains of different sizes
within the mixture, because of the large distance between the grain surfaces in a
mixture. The large distance can be caused by e.g. low grain concentration (high W/C
ratio) or an inert material that will not react and create new material in the mixture (as
in the case of cement hydratisation).
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Depending on the cement chemistry, pore water chemistry and the surface chemistry
in the grout mixture, a cement gel will be created around the grains in the mixture, see
chapter 4. This gel will probably decrease the possibility of the grains to rearrange
within the mixture and therefore probably also decrease the bleeding in the grout. The
fine grained cements (for example UF 12 and UF 16) can be mixed to a W/C ratio of
about 1,50 and still show a bleeding of less than 5%. According to performed tests, the
mixtures consisting of coarser cement grains (for example IC 30) show a bleeding that
exceeds 5% at an approximate W/C ratio of 1,0.

7.4.3 Grain concentration and numerical simulations

The numerical simulations of plug formation show that it is possible to see variations
of grain concentration near the slot entrance depending on the initial grain
concentration in the mixture and the slot aperture. The variation of grain concentration
near the slot aperture can be used as an indication of the probability for a plug
formation to occur. A large difference in flow velocities above and within the slot is,
according to this numerical experiment, also a sign of increased probability for plug
formation at the slot entrance. When the concentration gets high near the slot entrance,
the flow velocity decreases within the slot compared to the grain flow velocity above
the slot. If this is the case an accumulation of grains will occur at the entrance of the
slot. In the current model the probability of plug formation near the slot entrance can
be evaluated by using the grain concentration and the grain flow velocity as indicating
parameters.

No increase of grain concentration near the slot entrance (no matter how long the
simulations were run) could be seen for either the 5 or the 10 mm slot aperture cases
with an initial grain concentration of 5 % in the mixture. For the 10 mm slot aperture,
an increase of grain concentration near the slot entrance could be seen at an initial
grain concentration in the mixture of 20 %. If the grain concentration was increased up
to 30 % the mixture caused a significant increase of grain concentration near the slot
entrance (plug formation is therefore likely to occur).

According to the performed numerical simulations, it is believed that the plug
formation occurs when the inter-particle spacing becomes small (high grain
concentration at the slot entrance). When this happens the dominant forces will be the
frictional forces between the grains. This has also been stated by Wachem (2000).

This frictional force model "kicks in" when the local solid’s volume fraction becomes
higher than about 50 %. Because of the direct dependence between the formation of a
plug and the frictional force model it is very crucial to have a good model for the inter
grain frictional forces. Moreover it might be feasible to set the “kick in” volume
fraction lower than 50 %. It is likely to believe that the numerical simulation in the
future can serve as a useful tool in order to predict filtration tendency of a grout
mixture.
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From the numerical simulations it can be concluded that some similarities between the
filtration and scaled-up experiments were found. It should be stressed that at present
the numerical model is far too crude to be qualitatively compared with the real
experiments (filtration and scaled-up experiments). However, it is a first step towards
a numerical simulation of a real grain mixture and in the far future maybe even a real
grout mixture. More development is necessary in order to improve the algorithms and
criteria for plug formation.

7.4.4 Rheology and superplastisisers

In order to achieve a good penetrability (filtration tendency and rheology) of the grout
mixture, it is probable according to performed filtration tests, of importance to have a
relatively low yield- and viscosity value of the mixture. The necessity of using
superplastisisers is especially illuminated when using fine grained mixtures. The use
of superplastisisers in the grout mixture will increase the possibilities to influence the
fresh properties compared with only using cement and water in the mixture. The
superplastisisers mainly influence the flow properties (fluid phase) in the mixture
(viscosity and yield value). The addition of superplastisisers will decrease the yield
and viscosity in the mixture. The yield- and viscosity values of the mixture seem to
vary within relatively wide limits and still show a low filtration tendency (for the
mixtures within these limits of yield- and viscosity values).

Results presented by Hansson 1997 show that it was difficult to predict the mixture’s
filtration tendency by the help of rheological measurements. Further development of
rheological models in order to predict the mixture’s penetrability has also been made
by Eriksson 2002 (based upon a model developed by Hissler, 1991). This work also
concludes that it is hard to predict the mixture’s filtration tendency by the help of
existing rheological measurements and models.

The superplastisisers also have an effect on the grains, (solid phase) because of the
decreased risk of flocculation due to the creation of repellent forces between the
grains. Superplastisisers can generally have a large influence on fine grained mixtures
such as mixtures containing the UF 12 cement. The penetrability can decrease even
though a cement with smaller grain sizes is used (compared to a coarser one). This is
probably due to flocculation of the smaller grains into larger agglomerates which will
initialise the plug formation.

There seems to be a difference between different types of superplastisisers (steric and
electrostatic ones). Generally it can be seen that the steric superplastisiser (Cemflux)
will decrease the yield- and viscosity values of the mixture to a larger extent compared
to the electrostatic ones (L 15 and Melcrete). This has also been found by Fjillberg
(2003). The repulsive effect of the electrostatic superplastisisers seems to decline more
rapidly compared to the steric ones.

Commercially available cement based grout mixtures with addition of superplastisiser
can generally achieve a yield value and viscosity of less than 2 Pa or 0,10 Pas, with a
bleeding of less than 5 %.
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The variation of yield- and viscosity values can according to performed rheological
measurements (at W/ C ratio of 1,0 and UF 12, UF 16 or IC 30), be varied between 5-
0,1 Pa and 0,01-0,1 Pas (depending on used grain size and grain size distribution).

A relatively high yield- and viscosity value of approximately 5 Pa and 0,1 Pas for UF
12 generated a relative passed amount of mixture of 30-40%. A relatively low yield-
and viscosity value of approximately 0,1 Pa and 0,01 Pas for IC 30 generated a passed
amount of mixture of 10-20%. These results are valid for the use of a slot aperture of
125 um. Even in this case with the cement based mixtures, it can be seen that a low
yield- and viscosity values will not always generate a low filtration tendency. This is
probably because of the influence of the mixture’s different grain sizes expressed, as
for example, by dos.

7.4.5 Cement chemistry

In reality the possibilities of affecting the chemical composition of the cement (based
upon commercially available cements) are relatively small. The composition of the
cement is to a wide extent governed by the raw material content in the cement
manufacturing process. There is, however, some possibilities of affecting the cement
reactions in the grout.

The gypsum reactions are probably one of the dominant early cement reactions which
influence the filtration tendency of the freshly mixed grout. The added gypsum must
balance the rapid aluminate reactions in the cement. A shortage of added gypsum will
create false setting of the grout and consequently contribute to a bad penetrability
(Bradley, 1986). An overdose of added gypsum will probably also influence the
penetrability in a negative way. Other early cement reactions of interest are the silicate
reactions, which affect the setting time of the mixture. W/C ratio is however probably
one of the most influential parameter on to the setting time. Additives like retarders or
accelerators can, of course, also control the setting time.

The results from the filtration experiments indicate that there is a difference between
the filtration tendencies of a mixture consisting of inert or cement grains, although the
grain concentration and grain size and grain size distribution are almost the same. It is
probable to believe that the hydration process in the fresh grout mixture, influences the
filtration tendency. Performed tests with cement based material indicate that a major
part of fine grains in the mixture will increase the filtration tendency of the grout
mixture.

The fine grained cements have a larger specific grain surface area compared to the
coarser ones. The larger specific surface area will cause the speed of the early
chemical reactions to increase. An increased chemical reaction speed will generally
increase the risk for creation of agglomerates of grains in the mixture, which
consequently will higher the filtration tendency.

175



8 Proposal to continued research

8.1 General

There are basically three main areas that are of interest to further develop in order to
map and explain the mechanisms of the freshly mixed grout that govern the filtration
tendency. The main areas are filtration tests, scaled-up experiments and numerical
simulations. This work has mainly focused on filtration tests of inert and cement based
grouts. The performed filtration tests of grouts can of course be expanded and
developed by using, for example, several other grain size distributions, other types of
cements and other test equipment. An alternative and complementary way of dealing
with the filtration tendency is to further develop the scaled-up experiment and
numerical simulations. The scaled-up experiment has primarily to be developed in
terms of improvements of the test equipment (for example better defined used grain
concentration and measurements of flow velocities within the model). The numerical
simulation has to develop its equation and algorithms in order to handle flow of
densely packed mixtures of grains and fluid.

Other fields of interest to further develop and investigate are grout mixer design, test
equipment for field use (regarding filtration tendency) and optimisation of the used
cement (physical and chemical properties). A larger field study of a grouting operation
at, for example, a tunnel project can be performed in order to investigate the practical
use of certain ideas about penetrability of cement based grouts.

8.2 Development of test equipment for laboratory and field use

The design of the measurement systems suitable for laboratory and field use is not that
easy to predict. Both the systems should measure representative parameters like the
passed amount through a filter (filtration tendency), yield value and viscosity, on a
representative grout sample.

The influence of the used filter geometry, initial amount of mixture and applied
pressure gradient over the filter geometry has to be further investigated in laboratory
tests.

Testing of grout mixture on site is of importance to secure the quality of the used
grout. Robust methods for testing are a subject for further development. It is desirable
in many aspects to use insitu measurement systems in the mixing procedure of the
grout. Measurement systems for filtration tendency and rheology could maybe be
placed on the outlet of the stirring chamber for example.
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8.3 Filtration experiments

The many parameters (W/C ratio, slot- and mesh geometry, grain size and grain size
distributions, superplastisiser etc.) that were investigated in this work caused that a
limited number of experiment were performed (in order to reduce the number of
experiments). The statistical bases of the conclusions about the influence of different
parameter onto the filtration tendency can in some times be a bit brief in the presented
work. A larger number of experiments of each test combination should of course
improve the statistical bases of the conclusions.

The inert and special produced cement material was very time consuming to produce.
The inert and special produced cement materials available for testing have therefore
been limited. It would be desirably to use a larger amount (volume) of mixture in order
to investigate the influence of used initial amount in relation to the filtration tendency
(the stochastic filtration process).

The influence of different gypsum additives is an interesting area to investigate. The
rate of soluble and sparingly soluble gypsum is probably an important parameter to
analyse when producing cements with low filtration tendency. The soluble gypsum
commonly consists of CaSO4*2H,0 (semi hydrated gypsum) and the sparingly soluble
gypsum can be CaSO4 (Anhydrite). Experiments should be made varying the amount
of these two gypsum types.

This study just focused on to the use of a certain cement clinker mineral (Portland
clinker), it would, of coarse, be of interest to use for example aluminate cement or a
portland cement with the addition of slag, fly ash or other additives in order to
investigate their influence on to the mixture’s filtration tendency.

The additional investigations regarding filtration tests will probably get even more
valuably information of the influence of the mixture’s ingredients and its potential risk
of plug formation.

8.4 The physical model

The scaled-up experiment can be improved in numerous aspects. It would be desirable
to run the experiment for a longer time. Moreover it is important to be able to control
the volume fraction of grains at the model inlet. A mechanism for dropping the grains
into the model at a controlled volumetric rate should be constructed. In addition the
model should be rebuilt to make it easier to remove the grains at the bottom of the
model after each test is finished.
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Measurement of the pressure drop, volumetric flow (mixture of grains and fluid) and
flow of grains should be done within the slot and nearby the slot entrance and outlet.
These measurements would make it easier to do qualitative, and maybe even
quantitative, distinctions between each experiment (influence of for example different
grain concentrations and slot apertures). It would be interesting to do the experiment
with different grain sizes distributions. The roughness of the crack should be altered.
However it should be kept in mind that only one parameter at a time should be
changed. If all of the above improvements of the experiments where realized the
repetitiveness of the experiment could be checked, which would imply that the
statistical and random nature of the experiment could be verified in a more rigorous
manner.

It should be kept in mind that it is of limited interest to simulate formation of mono
sized grains. Cohesive and interlocking are also neglected, which is probably is of
major importance for the plug formation in a real grout mixture. The present type of
experiment will probably anyhow improve the understanding of how the mixture’s
physical properties, e.g., the grain concentration, grain size and grain shape, influence
the probability of plug formation.

8.5 The numerical model

The numerical simulations performed in this work can be regarded as a first step
towards a useful tool of predicting the risk of high or low filtration tendency for a
certain mixture. In this work the attention is focused on the frictional forces between
the grains. The frictional forces in combination with the slot geometry are probably
two of the most important of a vast number of parameters, which affect the filtration
tendency of a real grout. Major efforts should be devoted in order to get the frictional
model as close to reality as possible. The frictional model used in this work is a semi-
empirical model. Therefore, the success of the model is to a large extent dependent on
good experiments.

The success of the numerical models is probably to a large extent dependent on good
experimental results in order to get high-quality correlation for the different quantities
that are modelled. To improve the numerical model even more additional transport
equations for the frictional and adhesive forces between the grains could be
programmed. A function for the mass flow of grains, as a function of time through a
given cross-section of the model should be programmed in order to get a quantitative
measure on whether a plug is forming.

When this is done the focus of attention should be turned to the other parameters like
the time dependent properties (hydration of cement grains) and boundary conditions.
The no-slip boundary conditions used for the granular phase are not correct, hence a
partial slip boundary condition, which would be closer to reality, should be
implemented. Equations for chemical reactions in the mixtures and time dependent
rheological models should be implemented. The interphase momentum transfer
correlations need to be improved, i.e., the momentum transfer between grains and the
fluid phase.
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A grout mixture is a non-spherical non-elastic multicomponent grain mixture.
Preferably 3D simulations instead of 2D simulations should be performed. Simulations
of complex geometries are probably necessary in order to predict the initialisation of
the plug formation. Lagrangian simulations (instead of the performed Eulerian
simulations) of such a mixture will probably require an order of magnitude increase in
computational power and a difficult extension of the granular dynamics theory.

In an iterative way, the numerical model for penetrability of grout mixtures could be
improved and give results closer to reality.

8.6 Mixer design

Further investigation has probably to be made in order to analyse the influence of the
mixer design on the filtration tendency. It is of importance for the rheology and
filtration tendency to quantify the rate of dispersion of the grout. A measuring system
for the dispersion rate would certainly make it easier to optimise the mixer design and
the procedure of the mixing process.

8.7 Field tests

The field test ought to be performed in a tunnelling project. Parameters of the grout
mixture like grain size, grain size distribution, grain concentration and the use of
superplastisisers could be tested at different grouting situations. Suitable inspection
methods shall be used to evaluate the results. Examples of methods can be drilling of
inspection holes in the grout curtain, measuring the loss of water under a certain
pressure head in a number of holes. The major problem with this kind of field
measurements is however the various conditions of the rock along the tunnel (as for
example various crack apertures, rock type and ongoing inflow of water). The field
tests can probably illuminate the properties of the fresh grout mixture that are of major
influence in the actual grouting operation. Different grouting operation will probably
always highlight different grout properties as the most important.
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APPENDIX

1 Numerical Model Plots

I‘ A _.I

300

Figure 1.1, Computational grids of the simulated cracks, (a) 10 mm crack and (b) 5
mm crack. The geometry of the simulated slot aperture has the same
measures as the physical model.



Contours of Volume fraction (phase-2) (Time=1.2000e+02) Jun 26, 2004
FLUENT 6.1 (2d, segregated, eulerian, lam, unsteady)

10 mm slot aperture.

Figur 1.1, Transient numerical simulation results at t=120 s, 5% grain volume
concentration.
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Contours of Volume fraction (phase-2) (Time=1.2000e+02) Jun 26, 2004
FLUENT 6.1 (2d, segregated, eulerian, lam, unsteady)

5 mm slot aperture.

Figur 1.2, Transient numerical simulation results at t=120 s, 5% grain volume
concentration.
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Contours of Volume fraction (phase-2) (Time=1.2000e+02) Jun 26, 2004
FLUENT 6.1 (2d, segregated, eulerian, lam, unsteady)

10 mm slot aperture.

Figur 1.3, Transient numerical simulation results at t=120 s, 10% grain volume
concentration.
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Contours of Volume fraction (phase-2) (Time=1.2000e+02 Jun 26, 2004
FLUENT 8.1 (2d, segregated, eulerian, lam, unsteady)

5 mm slot aperture

Figur 1.4, Transient numerical simulation results at t=120 s, 10% grain volume
concentration.
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Contours of Volume fraction (phase-2) (Time=1.2000e+02) Jun 26, 2004
FLUENT 6.1 (2d, segregated, eulerian, lam, unsteady)

Slot aperture 10mm

Figur 1.5, Transient numerical simulation results at t=120 s, 20% grain volume
concentration.
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Contours of Volume fraction (phase-2) (Time=1.2000e+02 Jun 26, 2004
FLUENT 8.1 (2d, segregated, eulerian, lam, unsteady)

Slot aperture 5 mm

Figur 1.6, Transient numerical simulation results at t=120 s, 20% grain volume
concentration.
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Contours of Volume fraction (phase-2) (Time=1.2000e+02) Jun 26, 2004
FLUENT 6.1 (2d, segregated, eulerian, lam, unsteady)

Slot aperture 10 mm

Figur 1.7, Transient numerical simulation results at t=120 s, 30% grain volume
concentration.
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Contours of Volume fraction (phase-2) (Time=1.2000e+02) Jun 26, 2004
FLUENT 6.1 (2d, segregated, eulerian, lam, unsteady)

Slot aperture 5 mm

Figur 1.8, Transient numerical simulation results at t=120 s, 30% grain volume
concentration.



2 FILTRATION EXPERIMENTS

Filtration tendency UF 12 C
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Figure 2.1, Filtration experiments with Ultrafint cement 12 (UF 12). Used W/C ratio is 0,7-1,75.
Used superplastisisers is Cemflux (C). Slot apertures 75, 100 and 125 pm.
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Figure 2.2, Filtration experiments with Ultrafint cement 12 (UF 12). Used W/C ratio is 0,7-1,75.
Used superplastisisers is Melcrete (M). Slot aperture 75, 100, 125 pm.



Filtration tendency UF 12 L
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Figure 2.3, Filtration experiments with Ultrafint cement 12 (UF 12). Used W/C ratio is 0,7-1,25.
Used superplastisisers is L 15 (L). Slot aperture 75, 100, 125 pm.



Filtration tendency UF16C
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Figure 2.4, Filtration experiments with Ultrafint cement 16 (UF 16). Used W/C ratio is 0,7-1,75.
Used superplastisisers is Cemflux (C). Slot apertures 75, 100, 125 pm.
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Figure 2.5, Filtration experiments with Ultrafint cement 16 (UF 16). Used W/C ratio is 0,7-1,75.
Used superplastisisers is Melcrete (M). Slot apertures 75, 100, 125 um.
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Figure 2.6, Filtration experiments with Ultrafint cement 16 (UF 16). Used W/C ratio is 0,7-1,75.
Used superplastisisers is L 15 (L). Slot aperture 75, 100, 125 pm.
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Figure 2.7, Filtration experiments with Injekteringscement 30 (IC 30). Used WI/C ratio is 0,7-1,0.
Used superplastisisers is Cemflux (C). Slot aperture 80, 100, 125 pum.
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Figure 2.8,

Filtration experiments with Injekteringscement 30 (IC 30). Used W/C ratio is 0,7-1,0.
Used superplastisisers is Melcrete (M). Slot aperture 75, 100, 125 pm.
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Figure 2.9, Filtration experiments with Injekteringscement 30 (IC 30). Used W/C ratio is 0,85-1,0.
Used superplastisisers is L 15 (L). Slot aperture 75, 100, 125 pm.
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Filtration tendency UF 12, Fine, C
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Figure 2.10, Filtration experiments with sieved Ultrafint cement 12 (UF 12, Fine). Used W/C ratio
is 1,0-1,25. Used superplastisisers is Cemflux (C). Slot aperture 100, 125 pm.
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Figure 2.11, Filtration experiments with sieved Ultrafint cement 12 (UF 12, Fine). Used W/C ratio
is 1,0-1,25. Used superplastisisers is L 15 (L). Slot aperture 100, 125 pum.
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Filtration tendency UF 12, Coarse, C
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Figure 2.12, Filtration experiments with sieved Ultrafint cement 12 (UF 12, Coarse). Used W/C
ratio is 0,85-1,25. Used superplastisisers is Cemflux (C). Slot aperture 100, 125 um.
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Figure 2.13, Filtration experiments with sieved Ultrafint cement 12 (UF 12, Coarse). Used W/C
ratio is 0,85-1,25. Used superplastisisers is L 15 (L). Slot aperture 100, 125 pum.
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3 CHARACTERISATION OF GRAIN CURVES
(RRSB)

RRSB- distribution
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Figure 3.1, Calculation of the d* value of UF 12, UF 16 and IC 30, according to the RRSB

distribution.
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Figure 3.2, Calculation of the d” value of Cem 2 and Cem 4 according to the RRSB distribution.
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4 EVALUATION OF FLOWREGIME IN THE
SLOT

In order to evaluate the flow regime (laminar or turbulent) that occurs in the slot
during the filtration experiments, calculation of Reynolds number has been
performed. The flow regime is of importance to establish in order to evaluate the
filtration results (passed amount of mixture). If laminar flow is established during
flow of mixture through the slot, the influences from the flow regime can be
assumed to be neglected. Turbulent flow can influence of the passed amount of
mixture because of creation of eddies at the entrance of the slot aperture and
entrapment of air in the mixture that shall pass the slot. None of these phenomenons
are desirable to occur in order to analyse the filtration tendency of the grout in a
proper way.

Reynolds number can be defined as:

eq 4.l

U-L
1%

Re =

U is the characteristic velocity of the mixture and L is a characteristic length of the
flow. v is the kinematic viscosity of the mixture.

The kinematic viscosity is defined according to:

eq 4.2

According to textbooks regarding fundamental flow mechanics, it can be assumed
that a turbulent flow regime is achieved in a non circular pipe (for example a slot) if
the Reynolds number exceeds approximately 2300. Measured viscosity (1) of the
mixture in the region of 0,06 Pas and a density (p) of approximately 1550 kg/m3,
the kinematical viscosity can be calculated according to:

eq 4.3

0,06
1550

=3,9E°m*/s
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The velocity to achieve a turbulent flow regime:

eq4.4

_ Returbulent v

turbulent — L

U

When using a slot aperture (characteristic flow length) of 75 um, the flow velocity
to cause turbulent flow is:

eq 4.5

-5
U - 2300-3,9E

p— =1196m/s

An alternative way of calculate the critical flow velocity is to base the calculations
upon the slot length (thickness of the steel plate), which is 500 um. This calculation
will give the critical velocity according to:

eq 4.6

=5

_ 2300398 7 3?6E =179m/s
500E

A flow rate of 179 m/s of the mixture through the slot, would make that the
available content in the container (490 cm’® mixture), would be empty in much less
than one second during the filtration experiments, which is not the case in any
performed filtration experiment. The required measured time to empty the container
is approximately in the region of one minute or more. The used pressure gradient of
30 kPa in the filtration experiments to press the mixture through the slot geometry,
will most likely not give rise to a turbulent flow regime. The flow rate can be
considered according to these calculations to be laminar during all performed
filtration experiments.
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5 AIR SIEVING OF INERT MATERIAL

Air sieving of material is a process of classification the size and distribution of the
grains in a dry powder. The powder is introduced into a gas flow, and the grains are
primarily subject to two forces,

1. The resistance, or the drag force caused by the gas flowing around the
grains.

2. The mass force. The mass force acting on the grains can be gravity or
centrifugal forces.

Depending on the magnitude and direction of these forces, grains move along
different trajectories and can thus be collected separately after leaving the
classification zone in the apparatus. An exact calculation of the forces acting on
grains and thus a calculation of trajectories, and ultimately, of the cut size, is not
possible in most cases. The prevailing flow in the separation zone of a classifier is
too unsteady and inhomogeneous. The effect of feed (concentration, grain size
distribution), friction preclude the description of temporal and local velocity
patterns in the classification zone. Theoretical considerations must therefore be
based on simplified models.

In this work is the air classifier used as a sorter. In sorting, a homogenous powder is
separated into components of more or less uniform material. The grains are
separated according to density or grain shape. Air classification is used
predominantly in the fine and very fine range, for effective separation of grain sizes
between 300 pum down to 1 um. The capacity of a classifier is generally
characterized by the quantity of fines that can be obtained. The quantity of fines is
not a fixed value, because the output of fines depends on the grain size distribution
of the input powder and on the cutting point that is set. A large amount o fines in
the original powder will generally lower the produced amount of sieved powder. A
typical procedure of air sieving a dry powder can be like the following steps:

1. A product of the desired fineness is removed.

2. A relatively coarse-grained product is dedusted.

3. A small amount of oversize material is separated.

4. Fractions with a definite upper and lower limit are produced.

5. Grain size and grain distribution of the produced powder is analyzed. The

used equipment in this work for analysation of the grain size and grain
distribution is Cilas 850 GR.

17



The used laborotory classifier with the name Alpine 100 MZR was supposed to be
suitable for separation of this dry dolomite and cement powder into the specified
grain curves.
Some technical data for the classifier 100 MZR:
e Steplessly adjustable separating rang of dg7 =2-80 pm.
e Can be used for materials up to a Mohs” hardness of 5.
e Capacity of the classifier:
- minimum charge approximately 50 g or 1-2 dm’.
- maximum feed capacity approximately 2-6 kg.

e High precision cut of even in the ultrafine range < 10 um

e Variable parameters to be set in the separation process are the wheel speed
(2200-20000 rpm) and the flow rate of air through the wheel.

For further information of air sieving of dry powder material, see (Nied R, 2000)
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Table 6.1,

Table 6.2,

SEDIMENTATION

VISCOSITY

Measurement of the sedimentation velocity for the black and white grains.

Measurement |  VBlack Viwhite
[m/s] [m/s]

1 3.8*10* | 3,9*10™

2 4,1*10* | 3,7%10™

3 3,710* | 3,9*10™

4 3,6*10* | 4,0*10™

5 3,8*10* | 3,5*10™

mean 3,8*10* | 3,8*10™

Measurements for calculation of oil viscosity.

Measurement | Time [s] | Oil temperature [C°]
1 98,3 20,2
2 97.6 20.2
3 98,5 20,3
4 99,0 20,3
5 98,7 20,3
mean t=98,4 Toi = 20,3
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Table 7.1,

Table 7.2,

7/ DENSITY OF CEMENT AND INERT BASED
MIXTURES

Density measurements (kg/m3) of cement based mixtures (before filtration).

WI/C ratio UF 12 UF 16 IC 30 Cem2 | Cem4 | UF12, UF 12,
fine coarse
0,7 1624 1650 1625 1450 1525 - -
0,85 1558 1557 1559 - - - 1580
1,0 1481 1494 1484 - - 1475 1475
1,25 1389 1399 - - - 1395 1398
1,50 1346 1355 - - - - -
1,75 1306 1292 - - - - -

Theoretical densities of the mixtures, based of a compact density of 3100 kg/m®. All
used cements are supposed to have the same compact density (before filtration).

W/C ratio | Density
0,7 1662
0,85 1578
1,0 1512
1,25 1431
1,50 1372
1,75 1327
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Table 7.3,

Density measurements (kg/m®) of cement based mixtures, after filtration through a

slot geometry with an aperture 75, 100 and 125 um.

Mixture UF 12 UF 16 IC 30
Density | No. |Std. dev.|Density| No. [Std. dev.Density| No. |Std. dev.

WiCratio 0,7 | [kg/m’l | [1 | [1 |kgm’l| [ [ |kg/ml| 1| [

75 pm - - - - - - - - -

100 pm - - - - - - - - -

125 pm 1588 9 40,31 1656 9 13,90 | 1605 | 90 | 14,61
W/C ratio 0,85

75 um 1500 8 18,8 1517 10 23,2 1469 | 8 20,0

100 um 1536 4 25,62 | 1552 6 12,11 | 1564 | 6 8,01

125 um 1536 6 8,80 1552 6 2,58 1561 | 6 15,30
W/C ratio 1,0

75 pm 1447 12 65,1 1459 12 14,3 1296 | 10 81,1

100 pm 1480 6 8,37 1493 6 26,03 | 1495 | 6 8,37

125 um 1478 6 12,14 | 1488 6 21,13 | 1503 | 6 9,31
W/C ratio 1,25

75 um 1406 6 14,97 | 1398 6 25,45 - - -

100 um 1383 4 21,79 | 1402 6 13,66 - - -

125 um 1386 4 2496 | 1402 19,92 - - -
WI/C ratio 1,50

75 pm 1349 4 14,36 | 1356 6 13,20 - - -

100 pm 1349 4 18,43 | 1355 6 14,14 - - -

125 um 1341 4 13,77 | 1348 2 3,54 - - -
W/C ratio 1,75

75 um 1300 4 20,41 1295 6 17,32 - - -

100 um 1299 4 21,75 | 1286 4 17,50 - - -

125 um 1318 2 - - - -
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Mixture

UF 12, Fine

UF 12, Coarse

Density

No.

Std. dev.

Density

No.

Std. dev.

WI/C ratio 0,7

[kg/m?]

[]

[]

[kg/m?]

[]

[]

75 pm

100 pm

125 pm

WI/C ratio 0,85

75 pm

100 pm

1550

14,14

125 pum

1568

38,89

WI/C ratio 1,0

75 um

100 pm

1495

125 pm

1495

1468

17,68

WI/C ratio 1,25

75 pm

100 pm

1375

1383

24,75

125 pm

1395

1410

28,28

WI/C ratio 1,50

75 um

100 pm

125 pm

WI/C ratio 1,75

75 pm

100 pm

125 pm
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Table 7.4, Density measurements (kg/m?®) of inert based mixtures (before filtration)..
WIS ratio Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6
0,6 1590 1628 1536 1556 1607
0,7 1588 1569 1555 1575 1551 1543
0,8 1527 1534 1518 1510 1511 1529
1,4 - 1349 1335 - - -

Table 7.5, Theoretical densities of the inert mixtures, based of a compact density of 2850
kg/m?>. All used mixtures are supposed to have the same compact density (before
filtration).

W/S ratio | Density
0,6 1683
0,7 1618
0,8 1564
1,4 1370
Table 7.6, Density measurements (kg/m® of inert based mixtures, after filtration through

different filter geometries, W/S ratio 0,7.

Slot Mesh/ slot Mesh
aperture aperture aperture
75 um 125 pm 45 pm 75 um 36 um 45 um | 75 pum
Density | Density | Density | Density | Density | Density | Density
Mixture | [kg/m’] | [kg/m® | [kg/m’] | [kg/m® | [ka/m® | [kg/m’] | [kg/m’]
2 1400 1500 1500 1570 - 1477 1557
3 - 1100 - 1293 - - -
4 1563 1573 1600 1607 - 1533 1610
5 1550 1540 1193 1477 - - 1590
6 1450 1487 1053 1277 - - -
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