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Abstract

The aim of this study is to analyse the infiltration of a cement paste into a pack of expanded
clay beads (Leca). In preliminary experiments, we focused on experimental difficulties such as
the wall effect (the packing of beads is naturally lower at the boundaries of the container), the
evolution of the behaviour of the slurry containing superplasticizer with time, and the porosity
of the Leca beads and their absorption of water. The porosity of the Leca beads can indeed
make the infiltration process more challenging, as dry beads may tend to absorb water from the
cement slurry, producing a filtration process that could lead to plugging and prevent further
penetration of the slurry, similar to issues happening during grouting.

Two infiltration setups were designed and built during the course of this master thesis: an
infiltration setup using gravity (cement poured from top) and an infiltration setup using a pump
injecting cement slurry from the bottom. Parameters investigated include the Leca bead size,
their saturation with water and the rheological properties of the cement slurry. During the
experiments, the infiltration time versus pressure and the change of the properties of the slurry
due to the infiltration process were measured. The goal is to provide an understanding of the
required properties of a cement paste sought to infiltrate into a porous media.
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Introduction

Cement is a hydraulic binder produced from the natural products limestone and clay. Portland
cement was used for the first time in the early 19th century. Since then, due to its easy use with
water, its large raw material occurrence, its outstanding mechanical properties and its low cost
compared to other construction materials, cement has become one of the most used materials in
civil engineering (Hambach 2017).

The most common application of Portland cement is its use as a binder in concrete. Pure cement
pastes (only cement and water) and mortars (with sand) also have a wide range of applications
ranging from injection in damaged masonry and grouting to porous bitumen infiltration for semi
rigid coatings and pumping in a narrow annulus over kilometers in the oil field. In this project,
we investigate the infiltration of low density beads with cement for thermal insulation purposes.
The aim of the thesis is to analyse how the fresh properties of a cement slurry or a mortar
influence the process of infiltration of a porous media. In order to be able to answer this question,
two main test series were carried out. An infiltration of cement paste into a column filled with
expanded clay beads under gravity (from top) and an infiltration from bottom with a pump.

Let us take a closer look at the application for insulation. It is convenient to accomplish a
maximum possible packing of the insulation material (e.g. expanded clay beads) as it leads to
better insulation on the one hand and decreases the materials total cost on the other. A slurry
with a volume fraction of beads close to random close packing is not able to flow (Mazanec 2013),
in fact it rather behaves like a solid. Hence, the idea was born to fill a cavity (for instance a
concrete double wall or, as in this study, acrylic tubes) in a first step (beads packing reaches
random close packing), and then, in a second step, infiltrate with the cement slurry.

Because of the numerous application fields of cement as a product and infiltration as the
process, as already mentioned above, deepening the scientific knowledge is of great importance
and a major motivation for this thesis. In fact, the objective of this study is to understand the
aforesaid topic more in detail by analysing different mixtures of cement pastes in combination with
different diameters of tubes and different size distributions of Leca beads. We want to identify
slurries that can easily infiltrate, meaning in a reasonable time and with as little segregation and
as little development of inhomogeneities as possible. The results should help further studies in
their approach and supply them with data to further push research in the field of infiltration of
cement pastes in porous media.

In the experimental campaign, we investigated and varied the following parameters:

o diameter of acrylic tube (the container)
o size and size distribution of Leca beads
e superplasticizer content

o water to cement ratio

o pre-wetting of Leca beads

The subsequent itemization gives an overview of the experiments and tests carried out through-
out this study:
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e preliminary tests on materials
— behavior of paste containing superplasticizer over time

— Leca water absorption (Leca beads pre-saturation in water can drastically influence
the infiltration by either filtrating water out of the cement slurry, or releasing some
water into the slurry)

— wall effects (packing is expected to be lower next to the walls) so the container size
will affect the results

— bleeding

— packing of beads (water volume test)
o test series 1 - Pour from top (under gravity)
o test series 2 - Infiltration with pump from bottom

o follow-up analysis
— packing (image treatment analysis)

— viscosimeter (yield stress and viscosity of the original mix and the slurry after infil-
trating through a pack of beads)

— strength tests on hardened samples
Finally, after this short introduction, the thesis devotes a chapter to give an overview of the

current state of the art, then presents the materials and methods used, then shows the results
and closes with the conclusion.
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Chapter 1

State of the art

This chapter presents the basic technical concepts and definitions that should help the reader
understand the content of the following chapters more in detail.

1.1 Penetrability

The capability of a slurry to infiltrate porous media or cracks is called penetration capability or
penetrability by Eklund and Stille (2008). It is dependent on the rheological properties of the
slurry (explained more in detail in section 1.2) and on the filtration tendency. "The filtration
tendency of a grout is the property that defines its ability to form a plug in a crack or during
entry into it" (Eklund and Stille 2008, p. 390). Filtration can occur when during the infiltration
process several cement particles build an arch between two beads or over a fracture and thus
gradually increase the blockage (Draganovi¢ and Stille 2011).

1.2 Rheology

Rheology is the science of deformation and flow of matter in a liquid, "soft" solid or solid state
(Barnes et al. 1989). In other words, the rheology is a tool to study the viscoelastic properties
of a complex fluid as cement. Two main applications in which rheology plays a key role are
the design of self compacting concrete (SCC) and pumpable concrete. Fresh concrete which
can achieve a certain flowability can be thought of as a fluid, and more in detail as a so-called
Bingham fluid (Ferraris et al. 2001). The Bingham model is a very useful rheological model to
describe the properties of a cement slurry even though non-linear effects like shear thickening
and shear thinning are not taken into account. Figure 1.1 shows the relation of shear stress and
shear strain in a Bingham fluid.

N

viscosity

shear stress

]

yield stress

>

shear strain

Fig. 1.1: Bingham model
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1.3 Packing 9

T=T0+ pU*x7y (1.1)

Equation 1.1 presents the Bingham equation, where 7 is the shear stress, 7y the yield stress, u
the viscosity and ~ the shear strain.

The viscosity is the relation between the shear stress and the shear strain (see figure 1.1).
The static yield stress is defined as the minimum stress that has to be applied to a slurry in
order to initiate flow (Nguyen and Boger 1992). The dynamic yield stress is the shear stress
where a slurry in motion stops moving. The yield stress is dependent on two main factors: the
interparticle forces and the solid volume fraction (Mazanec 2013). It can be measured with a
rheometer (see section 2.2.3) or an estimation of the yield stress can also be obtained with a
so-called Hagermann-Konus test (see section 2.2.1) by measuring the spread R (radius) and using
equation 1.2 (Roussel et al. 2005).

~ 225pgV?

=7 1.2
12872 R5 (12)

70

p.. density

V.. volume

g.. gravitational force
R.. radius of the spread

1.3 Packing

Several different models exist in order to describe the packing of spheres. One that is commonly
used and is also one of the simplest and oldest methods is called Appolonian packing. The idea
is that every void in a pack of beads is filled with a bead having the maximum possible diameter
to fit into the void. Continuing this process for a long time, the packing converges to 1. (Roussel
2011)

Scott and Kilgour (1969, page 863) define the Random Close Packing (RCP) as followed: "The
random packing with maximum density is referred to as random close packing; the packing with
minimum density was called ‘loose‘packing. Pouring a collection of uniform balls into a vessel
normally produces a packing density in between the two limits." The result of the study of Scott
and Kilgour (1969), which includes balls of different sizes and materials and several cylinder
heights, is a RCP of 0,6366 +0,08%. While this value of around 64% is obtained with a random
arrangement of the balls, a monodisperse arrangement can result in a packing of up to 74%
(Larrard and Sedran 1994).

1.3.1 Wall effect

In a packed column, the beads naturally have a lower packing in the sectors adjacent to the wall
of the tube than in the central parts, especially if the ratio R (tube diameter to bead diameter) is
smaller than R=8 (Chu and Ng 1989). This is a steric problem and can lead to faster infiltration
next to the wall than in the central parts of a column filled with a pack of beads.
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10 1 State of the art

1.4 Pre-wetting

Pre-wetting means saturating the beads before infiltration with the objective to avoid extraction
of water out of the cement slurry during the actual process of infiltration. This would reduce the
water to cement ratio of the mix and with a lower water to cement ratio, the internal friction
and the amount of solid particle collisions in the slurry augment and consequently it is more
difficult for a slurry to infiltrate small voids. (Assaad and Daou 2014)

1.5 Pumpability

"The pumpability of concrete, or its ability to move through pipes and hoses by the help of a
pump while maintaining its fresh and hardened properties, can be quantified as being better the
lower the necessary pressure to obtain a given flow in a specific configuration" (Jacobsen et al.
2009, p. 3). The main rheological parameter for good pumpability is the viscosity. If it is too
low, pressurized bleeding can occur, as the pressure created by the pump can squeeze out water
of the cement paste and subsequently lead to eventual blockage. So called pumping aids can
help reduce this negative effect. (Jacobsen et al. 2009, Wallevik 2002)
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Chapter 2

Materials and methods

2.1 Materials

2.1.1 Cement

The cement used for all experiments is Der Blaue CEM I 52,5 R and is produced by Lafarge.
Its particle size distribution was measured with a Mastersizer 3000 and the results are shown
in figure 2.1 with a D10 value of 3,1 um, a D50 value of 13,6 um and a D90 value of 38,3 um
(average of 5 measurements).

7

Volume [%)]

0,1 1 10 100 1000 10000

Particle size [um]

Fig. 2.1: Particle size distribution of cement Der Blaue

2.1.2 Leca - Expanded clay beads

The expanded clay beads used in this study have 2 different size distributions and were sourced
from the company Liapor: beads with diameters of 4-8 mm and a coarser mix with diameters of
8-16 mm.

According to the product specification sheet of Liapor, the beads with a diameter of 4-8 mm
have a bulk density of 350 +50 kg/m? and an apparent density of 650 +100 kg/m?. The 8-16
mm beads have densities of 320 £50 kg/m?® and 600 £100 kg/m? respectively. The pores inside
each Leca bead differ by significant margins as illustrated in figure 2.2, ranging from a few
micrometers up to two millimeters.
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12 2 Materials and methods

(a) whole bead (b) zoomed in

Fig. 2.2: Micrographies of Leca beads

2.1.3 Polycarboxylate ethers (PCEs)

Polycarboxylate ethers are the newest generation of superplasticizers and exist since the 1980s.
They are comb polymers consisting of a backbone and side chains. The backbone with its
carboxylic groups adsorbs on the cement while the side chains consisting of polyether can not
adsorb on the cement. They establish space between the cement grains. In fact, this so-called
steric hindrance is the main factor in PCEs that leads to a reduction of yield stress and viscosity.
Furthermore, electrostatic repulsion also plays a roll in increasing the workability of cement and
mortar, but is not so important in PCE as compared with other superplasticizers. (Flatt and
Schober 2012)

Polycarboxylates can have plenty of different molecular structures. On the one hand, this
leads to a wide range of potential applications, but on the other hand also to multiple possible
combinations of cement and superplasticizer. Therefore, and because of the fact that PCEs
tend to have more incompatibilities (the desired liquefaction of the cement slurry provoked by
the PCE can not be obtained in combination with a certain type of cement) than traditional
plasticizers, the mutual behaviour of one specific PCE with a given cement is not (yet) accurately
predictable and the effect of every PCE on a chosen type of cement has to be tested empirically.
(Flatt and Schober 2012, Ro8ler 2007)

2.1.4 Gas migration and fluid loss control agent

Gas migration control agents are usually used in the oil field where they prevent fluid (water in
cement) loss into rocks, and also prevent gas from travelling through the cement slurry (before
it sets), and rising to the surface (Barlet-Gouedard et al. 2011). According to the product
specification sheet of the gas migration control additive used (SimaWell GBK-001 L), its main
purpose is to prevent any gas from entering the slurry. It also works as a fluid loss control agent
when the latex particle size is carefully selected to match the size of the pores through which
water eventually escapes. The light latex particles will travel with cement, and upon slightly
penetrating into pores, will block them. In our case, the main objective is to reduce the fluid
loss which can occur when infiltrating into porous media, especially in the case where beads are
not pre-wetted.
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2.2 Methods and set-ups 13

2.2 Methods and set-ups

In this section the methods and set-ups of this study are explained.

2.2.1 Cone spread test

The cone spread test is a method to estimate the yield stress of a slurry by using equation 1.2
(section 1.2).

(a) Mini-cone (b) Spread

Fig. 2.3: Cone spread test

For the spread test we use the so-called mini-cone or Higermann-Konus with upper diameter
of 7 centimeters, lower diameter of 10 centimeters and a height of 6 centimeters (figure 2.3). The
cone is filled with the slurry until the top is plane, then lifted and the spread is measured once
the cement paste stops spreading.

2.2.2 V-funnel test

The mini V-funnel test allows us to measure the flowability and therefore estimate the viscosity
of a slurry. The dimensions of the mini V-funnel used for mortar testing with a volume of 1.1
liters are shown in figure 2.4. V-funnel tests were carried out in accordance with EFNARC
(2002), filling the funnel with the slurry until the top is plane, removing the plug and taking the
time until a hole is visible when looking through the funnel from top.
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14 2 Materials and methods

270 mm

30 mm v

240 mm

60 mm

-—

30 mm

Fig. 2.4: Mini V-Funnel

2.2.3 Viscosimeter

The viscosimeter used in this study is a Schleibinger Viskomat NT (figure 2.5) with the geometry
"Korbzelle".

Fig. 2.5: Viskomat Schleibinger NT with "Korbzelle"

The objective of the viscosimeter tests is to quantify the change of properties of the slurry
due to infiltration through a pack of porous beads. Hence, of every experiment of test series 2
(infiltration with a pump from bottom) that actually infiltrated the whole way through the pack
of Leca beads, viscosimeter tests of the cement paste before infiltration (original mix) and of the
slurry after infiltration (coming out on top) were made and compared.

We used the protocol in figure 2.6 for all the tests in this study. Starting with high shear rates
of 100 rpm and gradually reducing the rpm to 1 before accelerating again to 100 rpm. This way
the dynamic yield stress can be measured accurately.

The dynamic yield stress of a sample is obtained as presented in figure 2.7 on the example
of experiment B2. We assume the slurry is a Bingham fluid like explained in section 1.2. By
linearly fitting the experimental data and extrapolating further to low shear rates, we find the
shear stress value at 0 rpm (=0 s~1), which is equivalent to the yield stress of the sample. In the
protocol in figure 2.6 this is the corresponding value where the shear rate is the lowest (halfway
through the protocol).
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2.2 Methods and set-ups 15

Fig. 2.6: Viscosimeter protocol

shisar strass [Pal

000 10,00 200,00 0,00 AROD 50,00 0,00 ro,on

shasar sEradm [rpm

Fig. 2.7: Viskomat measurement on the example of test B2; after infiltration

2.2.4 Set-up 1 - Pouring from top

The aim of the first test series is to find cement pastes that can infiltrate into an acrylic column
filled with clay beads and understand the behaviour and needed properties of the slurry when
infiltrating from top. Set-up 1 is an open system, meaning that infiltration only occurs due to
gravity, without any additional pressure.

The set-up (figure 2.8) consists of an acrylic tube (diameter 10 or 15 centimeters) closed on
bottom with a wooden plate sealed with epoxy. The tube is filled with Leca beads up to a height
of 65 centimeters, and beads are secured into position by a grid (fixed with 3 screws) (otherwise
they might float). The volume of the cement paste needed to fill all the voids of the 65 centimeter
pack of beads (total volume inside the tube in the first 65 centimeters minus volume of the Leca
beads) is around 2,2 liters for the experiments with a tube of diameter 10 centimeters and around
4,6 liters for the tubes with a 15 centimeter diameter. In other words, 2,2 liters or respectively
4,6 liters of air are replaced by the slurry. In order to introduce the cement paste in a consistent
and reproducible manner, a V-funnel for concrete testing is filled with the required volume of
slurry and the infiltration starts when the bottom is pulled away.

2.2.5 Set-up 2 - Infiltration from bottom with a pump

The aim of the second test series is to understand the flow behaviour of cement pastes when
infiltrated in porous media from bottom with a pump.

The set-up in figure 2.9 is analogous to the one in section 2.2.4. Acrylic columns and Leca
beads are the same, with the only difference that the columns are filled with 85 centimeter of
Leca instead of 65 centimeter. A volume of 2,9 liters (for tubes with a diameter of 10cm) or 6,0
liters (for tubes with a diameter of 15cm) of cement slurry is needed to replace the entire volume
of air between beads in the pack with a height of 85cm. Due to rheology tests and other losses in
the pump and the tubes, around 8 liters (10cm tube) or respectively 12 liters (15cm tube) of
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16 2 Materials and methods

Fig. 2.8: Set-up 1 - Pouring from top

slurry were prepared for each experiment.

A screw pump of the company Mladek was used. Two grids (figure 2.10) ensure that the pack of
Leca beads stays in the desired position. The pressure sensor is a Cerabar PMC21. It is equipped
with a ceramic membrane, has a measurement range of 0-10 bars and an accuracy of +£0,3%. A
funnel (number 4 in figure 2.9) connects the pipe to the plexiglas tube while minimizing entrance
effects. The funnel is sealed to the acrylic tube with epoxy glue. Finally, a ball valve is added for
practical reasons.
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18 2 Materials and methods

Fig. 2.10: Grid with screws

2.2.6 Pre-wetting of Leca beads

As explained in section 1.4, pre-wetting can be of great importance to minimise filtration issues,
i.e. cement water loss to the porous media, thickening the slurry and potentially inducing
plugging. The following process for pre-wetting was carried out in this study:

e immerse beads under water for at least 1 hour
e put the beads in a sieve and allow the excessive surface water to leave for 10 min

o pour the beads into the column (figure 2.11) and start the pumping process within 20
minutes

Fig. 2.11: Leca after pre-wetting (white/transparent dots are water drops on the plexiglas pipe)

We would like to point out that there is uncertainty about how much of the bead porosity is
actually filled with water. It is likely that during the 10 minute draining, the water contained in
the big pores flows out, but it is also possible that some water stays absorbed on the surface of
the clay beads, making difficult a quantitative analysis in the framework of this thesis.

2.2.7 Reproducibility

An important factor in every scientific work is reproducibility of the obtained results. If an
outcome cannot be reproduced with the same equipment under the same conditions, it is not
robust at all. Hence especially for experiments performed in the laboratory where we have close
to standard conditions, it is of great importance that experiments are carried out multiple times
and that the results are within the expected variance. In the next sub-sections, the used protocols
and conditions adopted to ensure reproducibility are detailed.
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2.2 Methods and set-ups 19

2.2.7.1 Mixing protocol

The effect of mixing on the behavior of a cement paste has yet to be investigated more in detail,
but it is generally known that it greatly affects the fresh properties of the mix. For example,
both a higher mixing intensity (higher rpm) and longer mixing (more time) induce an increase of
adsorption of superplasticizer on cement particles, resulting in a decrease of the yield stress and
the viscosity (Mazanec 2013).

In this study, cement slurries were prepared following the protocol described in EN 196
(DIN EN 196:2016 04: Prifverfahren fir Zement - Teil 1: Bestimmung der Festigkeit 2016) with
a Hobart mixer for cement paste volumes of less than 1,5 liters, and with a hand mixer (Erba
1600W IP20) for volumes greater than 1,5 liters (figure 2.12).

The protocol consists of several steps:
o weigh water, cement and additives

e pour superplasticizer into the water and add water, superplasticizer and cement to the
mixer

e mix for 30 seconds at a slow rate
o mix for 30 seconds at a fast rate
e pause for 60 seconds to scratch bottom and walls
e mix for 90 seconds at a fast rate

The entire mixing process takes 3 minutes 30 seconds.

(a) Hand mixer in use (b) Hobart mixer

Fig. 2.12: Mixer types

2.2.7.2 Testing protocol

Every experiment of the two test series was carried out according to the same protocol presented
in figure 2.13.
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Mixing Conel Cone 2 Funnel Infiltration  Viskomat

[min]

Fig. 2.13: Testing protocol

As explained in section 2.2.7.1 the total mixing time is 3 minutes 30 seconds. The cone spread
test and the funnel test are carried out in order to check the properties of our slurry before every
experiment and make sure that they are the desired ones and are stable in time. Cone test 1
is conducted directly after the mixing process, cone test 2 after 15 minutes. In section 3.2.1
the results of cone spread tests monitored over time to verify the effectiveness of the PCE are
described and show that the spread value of the chosen slurry (ACE 430) is constant from 15
minutes after mixing up to two hours after mixing (figure 3.3). After the infiltration process,
which should last no longer than 10 minutes, we measure and compare the properties of the
original slurry with the paste coming out on top of the bead pack (if infiltration is achieved) with
a viscosimeter (results see section 3.10).

2.2.7.3 External Conditions

Every experiment and every test in this thesis were carried out in the laboratory. The conditions
are therefore fairly constant. Throughout the whole process of this thesis, the following conditions
were met:

e temperature of 22°C £0,5°C
e humidity of 38% +11%

The water used for the slurries was not taken directly from the tap but from containers at room
temperature. This is to further improve the reproducibility as differences in water temperature
could also affect the properties of the cement slurry.
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Chapter 3
Results and discussion

In this chapter the results are presented and discussed.

3.1 Leca beads

For our study, we used expanded clay beads as the porous media. The results of different tests
regarding their properties and behaviour especially when in contact with a fluid are presented in
this section.

3.1.1 Porosity

I B R S
[ R =

increase of mass [%]
[
=

=T = R < T = I - <

0 1 10 30 60 120 300 600

immersion time [s]
—G-10MM e—-8mm

Fig. 3.1: Leca water absorbtion

For infiltration of cement in porous media, we are interested in the capability of the porous beads
to extract (filtrate) water out of the cement slurry during infiltration. The product specification
sheet of Liapor states that the Leca has an ability to absorb water of 16 +4% after 60 minutes
of immersion and of 25 +4% after 24 hours of immersion.

In order to estimate how the Leca beads behave when being immersed only for a short period of
time, we did an experiment that analyses the volume of air inside the Leca beads that is replaced
with water after a certain amount of immersion time. Because of the difficulty to measure the
exact density of the beads (the values in the product specification sheet have a variance of more
than 15%), the volume of air that is eventually supplanted by water was measured with the
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22 3 Results and discussion

following experiment: around 100 ml of Leca beads are taken directly out of the original bag
and weighed, then immersed under water for a given amount of time. Finally, the excessive
surface water is removed from the beads and they are weighed again. The results as percentage
of increase in mass are presented in figure 3.1. The error bar is calculated out of three runnings
each. The obtained results converge to the range of values of the product specification sheet (16
+4% after 24 hours), meaning that the results are in accordance with our expectations based on
the tests of Liapor. Furthermore, the most interesting insight of this diagram is that the majority
of the absorbed water is entering the pores of the beads within the first couple of seconds. In
fact, after only 1 second of immersion the mass of the Leca already increases by 10-11%. This
means that during the process of infiltration the beads could absorb a significant amount of
water out of the cement slurry and therefore change its properties (also see section 3.1.2). As
this effect is not favourable, we need to find a way to minimize the mentioned effect, which leads
us to pre-wetting the Leca beads, as detailed in the next subsection.

3.1.2 Pre-wetting

Non-pre-wetted beads tend to absorb water from the cement slurry leading to a reduction of the
w/c ratio and an increase of yield stress and viscosity. This so-called rapid slurry filtration or
dewetting can be prevented or at least attenuated by pre-wetting the beads (Bicer-Simsir and
Rainer 2013). In other words, by saturating the beads before infiltration (figure 2.11) the water
absorption from the cement paste is reduced, facilitating penetration. As shown in figure 3.1, the
bigger part of the water is absorbed by the beads in the first couple of seconds after immersion.
This fact has negative influence on infiltration as the dry clay beads tend to immediately absorb
water of the cement paste and consequently decrease its water to cement ratio and increase yield
stress and viscosity. In fact, a layer of pasty cement was building up in the first centimeters of
the column and acting like a plug (figure 3.2) in experiments with non-pre-wetted beads. This
filtration impedes the rest of the slurry to penetrate.

Fig. 3.2: Pasty layer due to lack of pre-wetting (experiment T2)

3.2 Blend stability

To perform well-controlled experiments, slurries should maintain constant properties over time.
The results of PCE stability and bleeding tests are presented and discussed in this section.
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3.2 Blend stability 23

3.2.1 Evolution of fresh properties in slurries containing PCE

Different kinds of PCE were tested, focusing on their effectiveness and their behaviour over time.
As only small volumes of cement paste are prepared, the weight of the PCE used per mix is in the
range of a few grams. Therefore, the PCE we are looking for should not be too effective, or strong,
i.e. a few drops more or less should not change the entire behaviour of the slurry. Furthermore,
and most importantly, we are looking for a PCE that maintains the rheological properties of the
slurry constant over time. In other words, its yield stress and flowability should stay the same
in a time span which is big enough to carry out all the desired experiments. Also, later in the
final application, the desired characteristics should be maintained during the whole process of
infiltration. This will prevent unexpected issues both in the laboratory and on construction site.
In order to verify the effectiveness of the superplasticizer, five different PCEs were tested including
the MasterGlenium Sky519, MasterGlenium ACE 430 and ACE 500, the VP 787 and VP 931. We
kept the water to cement ratio constant at 0.4 and aimed to find the % by weight of cement (bwoc)
of the particular PCE needed, to reach a given spread. Table 3.1 points out that MasterGlenium
ACE 430 is quite strong (lower %bwoc for the same spread or higher spread with same %bwoc)
compared to other PCEs.

The PCE stability over time was tested on the Sky 519 and the ACE 430. As shown in figure
3.3 the MasterGlenium SKY 519 had spreads of around 20cm in the first couple of minutes
growing up to 32 cm after two hours, while the MasterGlenium ACE 430 hardly showed any
variation in spread (yield stress) between 15 and 120 minutes after the initiation of the mixing
process. It means that the ACE 430 maintains the properties of the slurry more constant over
time and was therefore selected for all the experiments of this thesis. In other words, only the
amount of PCE was varied throughout this study, not the type.

Tab. 3.1: Effectiveness of different PCEs

- w/c | PCE [%bwoc] | spread [cm] after 4 min
ACE 430 | 0,4 0,3 25
ACE 500 | 0,4 0,7 23
VP 931 | 04 0,3 22
VP 787 | 0.4 0,6 26
Sky 519 | 0.4 2.0 20

3.2.2 Bleeding

Bleeding tests were carried out for mixtures used in both test series, in accordance with API
(2005). We used 250ml glass cylinders tilted at an angle of 45 degrees. The amount of bleeding
water was measured after 120min. As seen in figure 3.4 on the example of the grout used in
experiment T1 (see table 3.4), the bleeding is negligible in all the tested slurries that were used
in this study.
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Spread [cm]
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Fig. 3.3: Behaviour of PCEs over time
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Fig. 3.4: Bleeding after 120 minutes on the example of the slurry of experiment T1

3.3 Packing

As already explained in the introduction, a high solid volume fraction of beads is an indispensable
characteristic in this study, especially for insulation purposes. If a high packing was not that
important, one could just mix cement and beads (given the clay beads would not break in the
process of mixing) and simply pour all together. Hence there would be no need for infiltration in
the first place.

3.3.1 Water volume test

We tried different methods to be able to quantify the packing of Leca beads. The first method
consisted of pre-wetting the beads, placing them into the acrylic cylinders, fix them with a grid
on top, put the cylinder with the beads inside on a balance, tare the balance, pour water until
it reaches up to a few centimeters below the grid, measure the height of the water and finally
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3.3 Packing 25

take a reading from the weight of the water added. An estimation of the packing can then be
obtained with the following formula:

P=1--" (3.1)

Vi

P ... packing
V. ... volume of added water
V; ... total volume inside the cylinder

The results (average values of 3 tests each) are listed in table 3.2.

Tab. 3.2: Packing

- d=10cm | d=15cm

- [7%] (%]
Leca 4-8mm 63,1 60,9
Leca 8-16mm 60,4 58,5

Measured values of 58,5% and 63,1% are close to the expected value, the random close packing
(RCP) calculated by Scott and Kilgour (1969) (see section 1.3). This is highly desirable especially
for insulation purposes. It is nevertheless surprising, that the values for the 10 centimeter
diameter tube are higher than the ones for the 15 centimeter tube, as the wall effect is naturally
higher with smaller diameters (and converging to 0 with diameters close to infinity). This tends
to show the low accuracy of the method. A logical reason for the values of the 10 centimeters tube
being constantly higher than the ones of the 15 centimeter tube could not be found. Therefore
another approach of measuring the packing of Leca beads was made in section 3.3.2.

3.3.2 Image treatment analysis

Additionally to the tests in 3.3.1, we analysed the packing density with the image treatment
analysis program ImageJ. Once the samples (T1, T3, T5 in table 3.4 and B1 in table 3.5) were
set, we cut them in different cross-sectional areas. We analysed sections in 4 different heights
equally distributed over the total height of the tube. With certain colour thresholds, Leca beads
can be distinguished from the cement (figure 3.5). The ratio of area of beads to total area inside
the acrylic tube is defined as the packing density. There were no significant differences regarding
packing in sections at different heights of the tube, as the upper and the lower grid effectively
kept the pack of beads in place.

For the image treatment analysis (and in general for all the experiments of test series 2, see
section 3.6) the 4-8mm Leca beads were used with the smaller acrylic tubes (10cm diameter)
and the 8-16mm beads were combined with the tubes with the bigger diameter (15cm). This
enables us to have a similar ratio of tube diameter to bead diameter in both cases. Table 3.3
shows that the average packing obtained by image treatment analysis was 56,1% for the 4-8mm
Leca and 54,7% for the 8-16mm Leca with a standard deviation of 1,3% and 1,9% respectively.
These values are around 5% lower than the obtained values with the method in 3.3.1. We cannot
explain this deviation. Indeed, a deviation that would tend to underestimate the packing with
the first measurement method would be related to loss of water saturation from large pores while
the beads are put in the sieve (they loose the excessive surface water, explained in section 2.2.6).
This would overestimate the amount of water needed to fill the interparticle space and therefore
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(a) Original sample (experiment T1 in table (b) Same sample after colour threshold
3.4) analysis

Fig. 3.5: Image treatment analysis of cross-sectional areas

underestimate the packing density value. We observed the opposite. Only water being strongly
adsorbed on the clay beads particles could explain the current tendency, which is unlikely. Even
though the highest possible accuracy was sought, it is hard to tell whether there is still additional
water on the surface (see figure 2.11) or, at the opposite extreme, if water that (for complete
saturation) should actually be in the outer pores of the beads has already dropped. More work
is needed to clarify this point.

A second reason for the difference in packing between the two methods can origin in the
image treatment analysis. The loss of some areas of beads which are not detected by the image
treatment analysis program (e.g. cement paste entering the pores or other contrast issues) can
lead to results that are marginally too low.

To draw a conclusion on packing:

the packing of the Leca beads is ranging from 56,1% to 62,0 % for the 4-8mm Leca, and
from 54,7% to 59,4% for the 8-16mm Leca with a standard deviation between 1,3% and
1,9%

the image treatment analysis is expected to be more reliable than the home made water
volume test explained in 3.3.1

comparing our results with the results of Scott and Kilgour (1969), the values obtained in
this study are in the so called loose packing range

packing is slightly higher in a pack of 4-8mm beads than in 8-16mm beads in both
experiments. In fact, it is around 1,5% higher in the image treatment analysis and around
2,5% higher in the water volume test. The next paragraph will show that this effect is
related to a lower packing near the wall and a larger effect of the wall in the system
(8-16mm beads in 15c¢m pipe)

Tab. 3.3: Packing calculated from image treatment analysis

- Average | Minimum | Maximum | Standard deviation
- (7] (7] (7] 7]

Leca 8-16mm in 15cm pipe 54,7 51,6 57,0 1,9

Leca 4-8mm in 10cm pipe 56,1 54,7 58,3 1,3
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3.3.3 Wall effect

In order to be able to quantify the wall effect explained in 1.3.1, we analysed each of the sample
(cross-sectional area) we let set (T1, T3, T5 in table 3.4 and Bl in table 3.5) with an image
treatment analysis program (as explained in 3.3.2) focusing on the 4 different areas shown in
figure 3.6. The three rings have a width of 1 average bead diameter (1.2cm).

(c) Third ring (d) Central part

Fig. 3.6: Wall effect analysis
63,00%

61,00% -
59,00% o 59,49%

57,00% — 57,20%
55,00% /_ = —

53,00% /

SLO0% 55 50% o

49,00% 48,97%

Packing

47,00%
45,00%
Ring 1 Ring 2 Ring 3 Center

el ] 5 C 11 10cm

Fig. 3.7: Packing and wall effect on the example of 8-16mm beads

For this analysis we used acrylic tubes of 10cm and 15¢m, meaning that the diameter of the
acrylic tubes is 6-9 times the diameter of the biggest Leca bead (16mm) and 12-18 times the
diameter of the smallest Leca bead (8mm). Figure 3.7 demonstrates the average packing of
8-16mm beads and the minimum and maximum values obtained in 5 tests each. The average
packing in the central part (figure 3.6d) (wall effect does not affect here) in the two different tube
diameters (15cm and 10cm diameter) is respectively 57,20% and 59,49%. When we only look at
the outer ring with a width of 1 average bead diameter, the packing is significantly lower (50,3%
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28 3 Results and discussion

and 48,97% for 15cm and 10cm tubes respectively). This difference is reflecting the wall effect.

The wall effect is expected to be higher in tubes with a smaller diameter (and, as already men-
tioned in section 3.3.1, converging to 0 with diameters close to infinity). Figure 3.7 demonstrates
that this expectation is met as the difference between the packing in the central part and the
packing in the outer ring is indeed higher in the 10cm tube (10,52 percentage points) than in the
15cm tube (6,9 percentage points).

3.4 Compressive strength

We performed compressive strength tests (figure 3.8) of the hardened blend that was mainly
used in this study (w/c=0,4; ACE 430: 0,35% bwoc). The hardened cement paste (without Leca
beads) has a compressive strength of 79,1 MPa (average of 3 tests).

Fig. 3.8: Compressive strength test

3.5 Test series 1 - Pouring from top

In the first test series, as explained in 2.2.4, the cement slurry was poured into the tube filled
with Leca beads from top. Five experiments were carried out analysing the infiltration under
gravity. Results are shown in table 3.4. The difference in spread (between 30-31,5cm; around
5% discrepancy) for equivalent mixtures (T1-T4) is due to minor inaccuracies in the weighing
process, the mixing protocol and the actual cone spread test.

Tab. 3.4: First test series - Pouring from top

- | Tube | Leca | pre-wetted | w/c PCE spread funnel | infiltration
- | ¢olcm] | ¢[mm] yes/no - | [%] bwoc | (15min) [cm] | time [s] yes/no
T1 15 8-16 yes 0,4 0,35 30 1,8 yes
T2 | 15 8-16 no 0,4 0,35 30 1,8 no
T3 | 10 8-16 yes 0,4 0,35 31 1,75 yes
T4 | 10 4-8 yes 0,4 0,35 31,5 1,8 no
T5 10 4-8 yes 0,3 0,9 40 3 yes
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3.5 Test series 1 - Pouring from top 29

In previous tests at smaller scale (tube with around 1 liter of volume and a height of around
40cm; no grids to fix the pack of beads) we optimized the recipes of different slurries by trial
and error. One of those mixtures seemed to infiltrate quite well. It is the one that we used for
experiment T1. In fact, it also penetrated through the entire pack of beads in this test series
(table 3.4), confirming the assumptions from preliminary tests.

Test number T2 is almost the same as the first one with the only difference that the Leca
beads were not pre-wetted, but instead taken directly out of the bag with no further treatment.
The result was that the slurry which infiltrated well in test number T'1 was not able to penetrate
anymore (analysed more in detail in section 3.1.2). In fact, as shown in figure 3.2, a pasty layer
was building up due to filtration, impeding the rest of the slurry to penetrate.

Test number T3 differs from test number T1 solely in the smaller diameter of the column. The
aim of this test is to be able to quantify the wall effect by comparing the packing densities of the
two tube diameters as explained in section 3.3.3 and evaluated in figure 3.7.

The smaller Leca beads with a diameter of 4-8mm were used in test number T4 (figure 3.9).
The fact that test number T3 infiltrated well and number T4 did not, indicates that cement
paste can more easily infiltrate into space within bigger beads than smaller ones, for which the
interparticle space is smaller. It is interesting to point out that the packing of the two size
distributions of beads is not too far apart (section 3.3.2), meaning that the total amount of voids
is also similar. Nevertheless, as commonly known, the individual holes between smaller beads
are on average smaller than the individual holes between bigger beads, which makes it harder for
a slurry to infiltrate.

Fig. 3.9: Experiment T4 at the end of infiltration

The slurry in test number T5 is quite different from the previous 4 with a w/c ratio of 0,3%
bwoc and 0,9% bwoc of PCE. It is worth to highlight that this slurry has a higher viscosity
(higher funnel time) but a lower yield stress (higher spread). This correlation of properties is
worth being discussed more in detail in the following paragraph.

The main question of this thesis, which was already mentioned in the introduction, is the following;:
what are the properties of a cement slurry needed to infiltrate a pack of expanded clay beads?

The most interesting correlation of properties for this study is probably between the yield stress
and the segregation behaviour of a slurry. According to Shen et al. (2009) segregation is defined
as the tendency of coarse particles to separate from the cement slurry. A lower viscosity leads to
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30 3 Results and discussion

higher segregation as more and more particles tend to segregate resulting in different properties
and strengths in different parts of the sample. Thus, a certain viscosity is indeed desired. At the
same time we also seek a slurry with a low yield stress, as it is the stress applied to the slurry
that has to be surpassed in order to initiate flow (see section 1.2). Nevertheless, those two desires
are contrary, because as commonly known, a higher water to cement ratio implies lower yield
stress and lower viscosity (considering a paste only consisting of water and cement, no additives
as e.g. superplasticizers). To find an equilibrium between the segregation and the yield stress
and better understand their correlation is crucial for an optimal slurry for infiltration purposes.
As the slurry in experiment number T5 infiltrated quite well - despite the high viscosity - one
could make the assumption that the yield stress is the deciding factor whether a slurry infiltrates
or not and the viscosity primarily determines the time the infiltration takes. Another interesting
thought worth pointing out is that the PCE might be responsible for reducing the yield stress
and the w/c ratio mainly influences the viscosity. But further investigations will have to be made
to confirm both of these two theories.

3.6 Test series 2 - Infiltration from bottom with a pump

The purpose of the second test series is to investigate the infiltration behavior of cement pastes
in a pack of Leca beads when pumping the slurry from bottom. The experiments that were
carried out are presented in table 3.5. The values for the spread are measured 15min after the
start of the mixing. Contrary to the experiments with infiltration from top, because of the higher
infiltration uniformity when infiltrating from bottom (explained in section 3.7.2) in this test
series we could also evaluate the infiltration rate of the slurry in liters per minute (see section
3.8).

Tab. 3.5: Second test series - Infiltration from bottom

- Tube Leca pre-wet | w/c | PCE | spread | funnel | infiltration
- | ¢lcm] | g[mm] | h [cm] | yes/no - (%] [cm] | time [s] yes/no
B1 15 8-16 85 yes 0,4 | 0,35 29,5 1,8 yes
B2 15 8-16 85 no 0,4 | 0,45 28 2,3 no
B3 10 4-8 85 yes 0,4 | 0,35 30,5 1,8 no
B4 10 4-8 15 yes 0,4 | 0,35 29,5 1,75 yes
B5° 15 8-16 85 no 0,4 | 0,65 38 1,45 yes

The purpose of experiments B1l, B2 and B3 was to compare the two infiltration processes
(from top and bottom) as they have the same parameters as experiments T1, T2 and T4 in table
3.4 (also see section 3.7).

In none of the three runnings of experiment B2 the slurry infiltrated the whole way through
the 85cm pack of non-pre-wetted beads (same as in experiment T2, the equivalent experiment in
the first test series). The pasty layer which is formed due to filtration (definition see section 1) is
impeding penetration and can be seen in figure 3.10. It is explained more in detail in section 3.1.2.

In experiment B3 it is interesting to point out that the slurry did not infiltrate through the
entire 85 cm of Leca beads, but did reach the 40cm mark. We did experiment B4 in order to
check the penetrability of the same slurry as in B3, but with a lower height of the pack of beads

!different charge of cement Der Blaue CEM I 52,5 R
2with 0,5 sk/gal of gas migration agent
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Fig. 3.10: Pasty layer on the bottom of the pack of beads in experiment B2

(15cm instead of 85cm). As expected, the cement paste infiltrated the whole way through the
15cm of Leca beads, which allowed us to test the properties of the slurry after infiltrating through
the pack (for change of properties see 3.10). This shows that the question whether a given slurry
can infiltrate through a given pack of beads does not only depend on the diameter distribution
of the beads but also on the height of the pack. One can imagine this height dependency effect
by theoretically replacing the pack of beads with an imaginary grid, which fineness is depending
on the height of the pack of beads. The higher the pack, the finer the holes of the imaginary grid
and the harder for the slurry it is to penetrate the whole way through.

Experiment B5 was the only experiment in this study that achieved infiltration through an
entire pack of non-pre-wetted beads. The aim of experiment B5 was to implement the gas
migration control additive explained in section 2.1.4 and analyse its effects. While on the one
hand the gas migration control agent helps the slurry penetrating through the pack of beads, also
the amount of PCE was increased by a notable margin, lowering the yield stress and facilitating
penetration. As seen in figure 3.11, the latex particles seem to agglomerate near the Leca beads
helping to prevent filtration of water from the cement slurry to enter the non-pre-wetted beads
and therefore preventing the slurry from getting thicker and getting stuck.

J

Fig. 3.11: Latex particles of the gas migration control agent
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3.7 Infiltration from top versus infiltration from bottom

3.7.1 Excessive water - Inhomogeneities

After pre-wetting, no water should remain on the surface of the beads (compare with figure
2.11) as undesired changes of properties could occur, like an increase of the w/c ratio and
thus a decrease in strength or excessive water being trapped (figure 3.12a). Comparing an
experiment with infiltration from top with an experiment with infiltration from bottom, even
with all parameters being exactly the same, there is certain differences in the behaviour of the
infiltration, like for example in terms of surface water.

Regarding test series 1 (top): because of the fact that water has a lower density than cement
paste, the excessive water of the beads can only go up, never down. If the resistance of the
viscosity of the cement slurry combined with the resistance of the pack of beads is too high,
excessive water from pre-wetting gets trapped (figure 3.12a) and results in inhomogeneities (figure
3.13). In fact, we can observe white areas where the properties of the cement are obviously not
the same as in the rest of the cross-section. The structural strength is lower in the white parts as
one can scratch them with a fingernail. What we assume is that those white parts occurred due
to the surface water locally diluting the cement paste by great margins. Those inhomogeneities
were especially observed in the lower third of the column of the sample when pouring from top.
In contrast, when infiltrating from bottom, the water is being cumulated during the process of
infiltration as a layer on top of the cement slurry, as shown in figure 3.12b and consequently the
aforementioned issue does not occur, which is a big advantage of infiltration from bottom over
pouring from top when it comes to final application on construction site.

(a) Trapped surface water after infiltration (b) Surface water when infiltrating from
from top bottom

Fig. 3.12: Visualisation of slurry heterogeneities: accumulation of water (a) within the beads
during infiltration from top, or (b) at the top of the fluid interface during infiltration
from bottom

3.7.2 Infiltration uniformity

Comparing the two set-ups regarding infiltration uniformity, we could observe the following: in
test series 1 (pouring from top), the infiltration happened quite unevenly (see figure 3.9). The
cement slurry penetrated faster at the wall (lower particle packing fraction) and the bottom
was reached at different times. On the contrary, in test series 2 (infiltration from bottom), the
infiltration front of the cement slurry was uniform during the entire process of infiltration (see
figure 3.12a). This is due to the gravity balancing the movement of the faster and the slower
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(a) Experiment number T3 of table (b) Experiment number T5 of table
3.4 3.4

Fig. 3.13: Inhomogeneities when pouring from top

infiltrating parts. Hence, the infiltration rate can be measured more accurately and the flow
distribution is more uniform.

3.8 Infiltration rate

The infiltration rate is an important parameter in infiltration processes as it reveals the pen-
etrability of a slurry (definition see section 1.1) into a pack of beads. Due to the infiltration
uniformity differences between experiments where we pour from top and experiments from
bottom (explained in section 3.7.2) we only plotted the values of the second test series (bottom).
We measured the infiltration rate by taking the time the slurry needed to infiltrate every 10cm
of height and subsequently converted the obtained values into liters of slurry per minute that
infiltrated into the porous media. Figure 3.14 shows the evolution of the infiltration rate of 4
different experiments over time. We can divide the experiments into three groups:

o infiltration through the entire pack of beads was achieved (B1)
o infiltration was not achieved through the entire pack of beads (B2 and B3)

o slurry with gas migration and fluid loss control agent (B5)

All 4 experiments started with an infiltration rate of between 1,0 and 1,4 liters per minute
at the beginning of the infiltration process. Experiment B1 continued with an almost constant
infiltration rate of around 1 liter per minute only decreasing marginally towards the end (from the
70cm mark on). Experiments B2 and B3 did not infiltrate the whole way through due to different
reasons (small holes, no pre-wetting, filtration, pasty layer) which is reflected by the quickly
decreasing infiltration rate over time (figure 3.14) until blockage occurs and further penetration is
impeded. This happened shortly after the 40cm mark in both experiments. Regarding experiment
B5 it is interesting to point out that while the infiltration rate also decreased in a similar way to
experiments B2 and B3, it never completely stopped and finally reached the top of the pack of
beads. What we assume is that this is due to the latex particles of the fluid loss control agent.
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Fig. 3.14: Infiltration rate

3.9 Pressure measurements

In test series 2 (infiltration from bottom) the pressure evolution was measured over time during
the infiltration process. Especially when filtration occurs, the rising pressure can give important
insights. Contrariwise, in the experiments where we pour from top (test series 1), it would not
make sense to measure the pressure, as it is an open system and thus the pressure does not rise
when an eventual plug is starting to form.

Experiments from test series 2 can be divided into two categories:

o experiments where we let the cement paste set - samples were used for image treatment
and packing analysis (experiments B1 and B3 in table 3.5). In those experiments we did
not measure the pressure evolution over time as we would have lost one expensive pressure
measurement device in each experiment to the hardened concrete

e experiments where we measure the pressure evolution during the infiltration process -
cement paste and Leca beads were removed from the tube after the experiment, before the
cement hardens (experiments B2 and B5 in table 3.5)

The pressure graphs of the three runnings of experiment B2 are shown in figure 3.15. In each
of the three curves we can see the pressure increasing continuously until a certain point where
the set-up started to leak and the pressure decreased abruptly. This is also the reason why the
experiment was repeated three times. After observing the set-up leak for three times in a row,
we concluded that the home made set-up simply does not resist pressures higher than around 1.8
bars. Running number 2 leaked even earlier. This is because replacing the epoxy connection
between the funnel and the acrylic tube (see figure 2.9) by a sponge rubber and holding funnel
and tube together with two belts, lead to less strength of the system. In general, the set-up
worked well for experiments that infiltrated through the entire pack of beads, but once filtration
and blockage occurred, the pressure got too high and the set-up started to break. The weak
point was always at the intersection of the acrylic tube and the plastic funnel (see figure 2.9).

The pressure graph of experiment B5 is shown in figure 3.16. The numerous peaks coincide
with the observation during the actual experiment that the infiltration seemed to pause several
times before continuing again. Nevertheless, we could not find a reasonable explanation for the
pressure being lower at a later point in time than at the beginning of the infiltration.
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36 3 Results and discussion

3.10 Viscosimeter - Cement paste properties before and after
infiltration

As explained in section 2.2.3, viscosimeter tests were carried out with every slurry that infiltrated
the whole way through the pack of Leca beads. Properties of the slurry before infiltration (the
original mix) and after infiltration (slurry that infiltrated through the entire pack of beads and
came out on top) are compared and analysed in this chapter.

Table 3.6 shows that the yield stress can be significantely lower after infiltration than before.
While infiltrating through 85cm of Leca beads, the yield stress of the slurry in experiment Bl
decreased from 4,0 Pa to 0,5 Pa. In experiment B4 the yield stress of the original mix was 3,8
Pa. After infiltrating through 15cm of Leca beads it decreased to 2,6 Pa. Experiments B1 and
B4 were with pre-wetted beads, hence the surface water can play a major role in diluting the
slurry during the process of infiltration and thereby decrease its yield stress. Nevertheless, it
is noteworthy that also in experiment B5 (non-pre-wetted beads) the yield stress is lower after
infiltrating through the pack of beads than it was before. In fact, we could observe accumulations
of particles in the lowest part of the pack of beads in every experiment with non-pre-wetted
beads (see figure 3.2), which could be a major reason for the change in yield stress.

Tab. 3.6: Change of yield stress due to infiltration

- T, before | 7, after

: [Pa] | [Pal
Exp B1 4,0 0,5
Exp B4 3,8 2,6
Exp B5 0,6 0,4

To summarize the results of the viscosimeter tests:

o the yield stress was lower after infiltration (on top) than before infiltration (original mix)
in all the testings

o adding gas migration control agents can reduce the loss of water to the non-pre-wetted
beads

o surface water from pre-wetting can dilute the slurry during the process of infiltration

For future studies it would be useful to find a more accurate way to saturate the beads right
until their saturation point and thereby reduce the surface water.
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Chapter 4

Conclusion and perspective

4.1 Main results

In the first part of the investigations, we analysed the basic components of an infiltration process.
We found a slurry that is relatively stable (little bleeding, high PCE stability over time) and
that can infiltrate into a pack of expanded clay beads.

We showed that the Leca beads absorb the majority of the water until saturation during the
first couple of seconds, meaning that pre-wetting the beads is of great significance. This was also
proved in further experiments, where the same slurry penetrated into pre-wetted beads but did
not do so in non-pre-wetted beads. Indeed, the absorption of water from the beads out of the
cement slurry increases its yield stress and forms a pasty layer that acts as a plug. However,
pre-wetting must be done accurately, as the results also showed that excessive surface water can
lead to inhomogeneities and decrease the strength of the hardened cement.

The packing reached with Leca beads (without vibration) was in the so-called loose packing
range. It is significantly higher than a volume fraction of beads that could be mixed with the
slurry and poured all together. This means that our two step procedure - first placing the beads
and then infiltrating - allows us to reach a higher packing (better insulation).

Furthermore, we discovered that infiltrating from bottom might require more effort in terms of
the set-up, but has clear advantages compared to pouring from top (no water being trapped;
more uniform infiltration) and should therefore be the main focus for future investigations.

4.2 Perspectives

The main focus of this thesis was to analyse different combinations of beads, tubes etc. and
different effects with mostly the same slurry. Consequently, the findings mainly include results
regarding set-up, infiltration mode, beads and processes like e.g. pre-wetting. Future studies
could use these insights and focus directly on the mix of the cement slurry itself (changing w/c
ratio, PCE contents, other admixtures and additives). To give an example: the effects of lowering
the water to cement ratio and increasing the PCE contents (while maintaining a similar spread)
can be interesting to analyse, as trends were detected in this study that such a slurry actually has
the same yield stress but a higher viscosity. If then prove can be found that the viscosity is not
influencing penetrability in a significant way, this could lead to slurries with lower segregation
but similar penetration capabilities and thus further deepen the knowledge regarding cement
pastes infiltrating porous media.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Bibliography

API, R. (2005). “10B-2". In: Recommended Practice for Testing Well Cements.

Assaad, J. J. and Y. Daou (2014). “Cementitious grouts with adapted rheological properties for
injection by vacuum techniques”. In: Cement and Concrete Research 59, pp. 43-54.

Barlet-Gouedard, V., E. Michel, and D. Sylvie (Sept. 2011). Solid gas migration control additives
based on latex powders for cementing applications. US Patent 8,020,618.

Barnes, H. A., J. F. Hutton, and K. Walters (1989). An introduction to rheology. Vol. 3. Elsevier.

Bicer-Simsir, B. and L. Rainer (2013). “Evaluation of Lime-Based Hydraulic Injection Grouts for
the Conservation of Architectural Surfaces”. In: The Getty Conservation Institute.

Chu, C. and K. Ng (1989). “Flow in packed tubes with a small tube to particle diameter ratio”.
In: AIChE journal 35.1, pp. 148—-158.

DIN EN 196:2016 04: Prifverfahren fir Zement - Teil 1: Bestimmung der Festigkeit (Apr. 2016).
Berlin: DIN Deutsches Institut fiir Normung e. V.

Draganovié¢, A. and H. Stille (2011). “Filtration and penetrability of cement-based grout: Study
performed with a short slot”. In: Tunnelling and underground space technology 26.4, pp. 548—
559.

Eklund, D. and H. Stille (2008). “Penetrability due to filtration tendency of cement-based grouts”.
In: Tunnelling and Underground Space Technology 23.4, pp. 389-398.

Ferraris, C., F. De Larrard, and N. Martys (2001). “Fresh concrete rheology: recent developments”.
In: Materials Science of Concrete VI, Amer. Cer. Soc. Ed. S. Mindess, J. Skalny, pp. 215-241.

Flatt, R. and I. Schober (2012). “Superplasticizers and the rheology of concrete”. In: Understanding
the rheology of concrete. Woodhead Publishing, pp. 144-208.

Hambach, M. (2017). “Hochfeste multifunktionale Verbundwerkstoffe auf Basis von Portlandze-
ment und Kohlenstoftkurzfasern”. In:

Jacobsen, S., J. H. Mork, S. F. Lee, and L. Haugan (2009). “Pumping of concrete and mortar-State
of the art”. In:

Larrard, F. de and T. Sedran (1994). “Optimization of ultra-high-performance concrete by the
use of a packing model”. In: Cement and concrete research 24.6, pp. 997-1009.

Mazanec, O. (2013). “Charakterisierung der Mischzeit und des rheologischen Verhaltens ul-
trahochfester Betone unter Einbeziehung interpartikuldrer Wechselwirkungen”. PhD thesis.
Technische Universitdt Miinchen.

Nguyen, Q. and D. Boger (1992). “Measuring the flow properties of yield stress fluids”. In: Annual
Review of Fluid Mechanics 24.1, pp. 47-88.

RoBler, C. (2007). “Hydratation, FlieBfidhigkeit und Festigkeitsentwicklung von Portlandzement:
Einfluss von FliefSmitteln, Alkalisulfaten und des Abbindereglers”. PhD thesis. Professur
Allgemeine Baustoffkunde.

Roussel, N. (2011). Understanding the rheology of concrete. Elsevier.

Roussel, N., C. Stéfani, and R. Leroy (2005). “From mini-cone test to Abrams cone test:
measurement of cement-based materials yield stress using slump tests”. In: Cement and
Concrete Research 35.5, pp. 817-822.

Scott, G. and D. Kilgour (1969). “The density of random close packing of spheres”. In: Journal
of Physics D: Applied Physics 2.6, p. 863.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
10
ledge

now!

b

o
i
r

m You

Bibliography 39

Shen, L., L. Struble, and D. Lange (2009). “Modeling dynamic segregation of self-consolidating
concrete”. In: ACI Materials Journal 106.4, p. 375.

Wallevik, O. (2002). “Pumping of concrete, in “Rheology course”. In: IBRI Concrete Industry,
Rheology of cement suspensions”, Practical applications, Iceland, pp. 623—-627.



