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Abstract

The rheological properties of cement-based grouts play a crucial role in
determining the final spread in grouted rock formations. In rheological terms,
cement grouts are known to be complex time-dependent yield stress fluids,
but their steady flow behavior is often described by the simple Bingham
constitutive law. The Bingham parameters obtained from the linear curve
fitting to flow curve data are then used in grout propagation calculations
during the design phase, e.g., for rock fracture grouting in tunnel construction.
Since cement grouts are time-dependent and thixotropic suspensions, the
interpretation of their flow curves during conventional rotational rheometry
is often complicated by the presence of wall slip, thixotropy, flow localization,
and sedimentation, particularly at low shear rates. A systematic approach
was carried out as part of the research work to study these effects within the
constraints of the concentric cylinder geometry (Couette) and for different
cement grout concentrations. Of particular interest were the influence of
geometry and flow sweep measurement interval on flow curves, including
the characteristic unstable flow branch that appears at applied shear rates
that are below the critical shear rate. The unstable flow branch observed
below the critical shear rate has been described as a characteristic feature in
the flow curves of thixotropic suspensions, e.g., cement grouts and laponite.
From a practical standpoint, these crucial shear rate aspects, including wall
slip, have not been considered during grouting design calculations while
using the common Bingham model. Thus, the research also considered these
shear rate aspects as part of grouting design by incorporating them into the
design approach within the existing framework of the Real Time Grouting
Control (RTGC) method.

Another interesting part of the research work presented in this thesis relates
to studies on the radial flow of yield stress fluids. The radial flow between
parallel plates is an idealized fundamental flow configuration that is often
used to understand grout spread estimation in rock fractures. In part,
the entire radial flow work was motivated by the ongoing discussions in
the literature regarding the different analytical solutions for radial flow.
Moreover, compared to other flow configurations, e.g., pipes and channels,
only a limited amount of work has presented analytical solutions, numerical
models, and especially experimental work for radial flow. Thus, during the
doctoral work, a radial flow experimental device was designed, manufactured,
and subsequently used to acquire Carbopol YSF radial flow velocity profiles
for the first time. The velocity profile measurements were carried out using
the pulsed Ultrasound Velocity Profiling (UVP) technique. The velocity
profiles from the initial radial low study showed that significant wall slip
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was present. An analytical solution with a Navier slip term was used to
describe the velocity profiles, resulting in a good agreement in the velocity
profile magnitude. However, the plug-flow region extent was smaller in the
analytical solution. Subsequent studies on radial flow sought to address
the wall slip issue using different wall slip reduction procedures (chemical
treatment and sandblasting). Both treatments showed substantial wall
slip reduction; however, some wall slip effects persisted, especially for the
thicker Carbopol gels. In addition, a plug-point estimation algorithm using
Tikhonov regularization was developed to calculate the yield points from
the non-smooth velocity profiles accurately. A final modification was the
addition of frame reinforcement to maintain the required constant aperture
better. The tests carried out in the final radial flow study followed the test
scheme from the previous studies, but with two concentrations of Carbopol.
The aim was to compare the measured velocity profiles with two radial
flow analytical solutions based on different assumptions that have recently
been discussed in the literature. The measurement results showed a good
agreement in the velocity profile shape, but with some velocity magnitude
discrepancies, particularly in the central part of the velocity profiles. Such
discrepancies could result from remaining wall slip together with other higher-
order flow effects, e.g., nonlinear flow due to inertial effects, that are not
accounted for by the analytical solutions. Nevertheless, within the context
of grouting practice, such magnitudes of differences could be considered
reasonable for scoping calculations during grouting design and execution.
Future studies related to radial flow can improve the current understanding
by conducting similar tests, but with improved experimental setups, e.g.,
better wall slip reduction, larger aspect ratios, and more detailed spatial
resolution for smaller flow apertures. Additionally, the understanding of the
rheological behavior of cement grouts would be improved from a practical
standpoint, i.e., grouting design and execution, if the wall slip phenomenon
is studied in more detail and considered an inseparable feature of yield stress
fluid flow.

Keywords: Cement grouts; grouting; yield stress fluid (YSF); thixotropy;
critical shear rate; radial flow; wall slip; Bingham model.



Sammanfattning

Cementbaserade injekteringsmedels reologiska egenskaper har en stor paver-
kan pa stréomning och intrangningslingd i sprickigt berg. Medlens reologi ar
komplex, inklusive tixotropi, men strémningen och intrangningen beskrivs
dnda oftast med den enkla linjara Bingham modellen i injekteringssam-
manhang. De tva parametrarna fran denna modell, flytgrans och viskositet,
anvands sedan inom injekteringsprojektering, for t.ex. tunnlar och dam-
mar, for att bedéoma intrangningen. Eftersom cementbaserade medel &r
tixoptropa suspensioner forsvaras utvirderingen vid métning med konventio-
nella rotationsviskometrar pa grund av glidning vid fasta begriansningsytor,
sedimentation/separation av partiklarna och instabila floden vid laga defor-
mationshastigheter. En systematisk méatprocedur for att studera ovanstédende
problem med rotationsviskometer och koncentriska cylindrar samt olika van-
liga vattencementtal, har utférts inom ramen fér detta doktorandarbete.
Av sérskilt intresse har varit att studera effekten av olika geometrier och
tidsintervallet mellan méatningarna, inklusive den instabila delen av flodes-
kurvan da deformationshastigheten &r ldgre dn ett kritiskt virde. Denna
del av kurvan har i litteraturen beskrivits som karakteristisk for tixotropa
suspensioner, som t.ex. cementbaserade injekteringsmedel. Praktiskt kan
ovanstdende kunskap anvéndas for att forbattra matningen av de reologiska
egenskaperna. Existensen av en kritisk deformationshastighet under vilken
det inte finns nagot stabilt fléde, i kombination med glidning vid fasta be-
gransningsytor, diskuteras sarskilt med hénsyn till dess paverkan pé faktisk
intrdngning i sldta och rda bergsprickor.

Ett annat fokus i doktorandarbetet har varit att studera icke-Newtonska
modellvétskors (Carbopol) radiella stromning mellan parallella plattor. Den-
na typ av stromningsgeometri anvinds ofta som en idealiserad konfiguration
for stromning i bergsprickor. I jdmforelse med andra enklare geometrier,
finns endast en begriansad forskning utférd for denna geometri bade da det
géller analytiska och numeriska berdkningar men framforallt da det géller
experiment. Som ett forsta steg infér en mer systematisk undersokning av
icke-Newtonsk radiella stromning presenteras i detta arbete framtagandet
av en fysisk laboratoriemodell dar hastighetsprofilerna mellan plattorna for
forsta gangen visualiserats med hjilp av ultraljud. De utférda méatningar-
na med tre olika 6ppningar mellan plattorna sam tre olika varden pa det
konstanta flodet, visar pa en distinkt plugg som &r ett resultat av vétskans
flytgrans samt glidning i gransskiktet mellan vitskan och plattornas fasta
begriansningsytor. En jamforelse mellan uppmaéatta hastighetsprofiler och
analytiskt berdknade diskuteras dér resultaten Gverensstdmmer relativt vél,
med beaktande av de langtgéende forenklade antaganden som krivs for de
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analytiska berdkningarna. Fortsatta studier kommer att fokuseras pa att
forbéttra laboratoriemodellen fér en mer detaljerad studie av icke-Newtonska
vatskors stromning och hur pluggen utvecklas under den radiella intréng-
ningen, vilket fortséttningsvis &r av betydelse for projektering av injektering
i bergsprickor.

Nyckelord: Cementbaserade injekteringsmedels; injektering; icke-Newtonska
vétskors; tixotropi; kritisk deformationshastigheten; radiella strémning; glid-
ning; Bingham modell.
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CHAPTER 1

Introduction

1.1 Background

Cement-based grouting is a construction method that has long been used to
seal off water flow in structures such as tunnels, caverns, and dam founda-
tions (Louis, 1969, Hakansson, 1993, Lombardi and Deere, 1993, Gustafson
and Stille, 2005, Funehag, 2007, Fransson et al., 2016, Nejad Ghafar, 2017,
Rahman et al., 2017, Shamu and Hékansson, 2019, Hoang et al., 2021). In
addition, the technique is also used to improve the mechanical properties of
weak soil or fractured rock masses (U. S. Army Corps of Engineers, 2017).
The grouting industry often prefers cement-based grouts to other chemical-
based grouts because of their relatively low cost, combined with the fact
that they pose less of a risk as a pollutant, especially to underground water
resources.

In rock grouting applications, it is often necessary to estimate the expected
grouting efficiency or sealing effect that can be achieved. However, this is
not a trivial task, as the overall efficiency of a typical grouting operation
is in fact a complex multi-factored process. The main factors that con-
tribute to the efficiency of a grouting operation can be broadly grouped into
those attributable to: (i) the rock fracture geometry, (ii) grouting design
and execution, and (iii) the flow properties of the cement grouts, i.e., their
rheological properties including their penetrability; see (Hakansson, 1993,
Banfill and Saunders, 1981, Draganovi¢ and Stille, 2014). Briefly, rheology
is defined as the science of the deformation and flow of matter. The term
was coined by Eugene C. Bingham, a professor at Lafayette College, in the
1920s. Another definition that is more applicable to this thesis: Rheology is
the characterization of materials using ‘constitutive equations’ that relate
the stress history and strain history; see Doraiswamy (2002) and Barnes and
Hutton (1989).

A factor such as the rock fracture geometry is more often than not hard
to accurately determine through measurement. Moreover, such a factor
is not readily presentable as a tunable grouting parameter for grouting
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applications when compared to the rheological properties of cement grouts.
As such, more research progress has been seen on the development of tools,
materials and methods to achieve application specific cement grouts with
controllable flow properties (Houlsby, 1990, Hakansson, 1993, Roussel, 2016).
Furthermore, previous analytical, numerical and experimental studies that
focus on grout rheology have to a greater degree demonstrated how the
rheological properties significantly influence grout propagation, and conse-
quently the estimated final spread that can be achieved in grouted rock
fractures (Hakansson, 1993, Gustafson et al., 2013, Draganovi¢ and Stille,
2014, Nejad Ghafar, 2017). Similarly, this thesis continues with the focused
development on improving experimental approaches and analytical tools that
would aid researchers and practitioners alike with, e.g., analytical grouting
design approaches and practical knowledge on cement grout rheology that
can be readily implemented.

A starting point in understanding the key rheological properties of cement
grouts is through conventional rotational rheometry under controlled con-
ditions, i.e., by imposing known shear stresses or shear rates on a sample
of grout suspension and then measuring the corresponding shear rates or
shear stresses as output. To perform such experiments, several test methods
for the field and laboratory have been developed, with the most common
laboratory test being offline rotational rheometry with coaxial shearing
geometry (Couette) Barnes and Hutton (1989), Chhabra and Richardson
(2008), Ovarlez (2012). The resultant shear stress-shear rate data from
rotational rheometry are often plotted on diagrams commonly referred to
as flow curves. Interpretations of the flow curves are normally carried out
by using rheological models (constitutive equations). These models relate
the shear stress and shear rate to describe the flow behavior of a fluid (e.g.,
any cement grout) from a macroscopic point of view, i.e., with a given set
of parameters. The macroscopic point of view deals with flow on a scale
involving overall structures or processes rather than individual microscopic
components, which are considered in the microscopic view. Constitutive
equations can be derived from a macroscopic and/or microscopic point of
view; see Barnes and Hutton (1989).

One example of such a rheological model is the Bingham model, a sim-
plified two parameter model often used to describe the flow behavior of
cementitious suspensions that possess a yield stress component. The Bing-
ham model together with others, e.g., the Herschel-Bulkley (HB) model
and Casson model are usually used to describe the yield stress rheological
behavior of cements and other mineral suspensions (Van Wazer et al., 1963,
Kelessidis et al., 2006). The defining feature of these Yield Stress Fluids
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(YSFs) is a yield (critical) stress value 7o that needs to be exceeded by the
driving force or shear stress in order to initiate flow. Unlike common fluids
such as pure water and less viscous oils that flow immediately after being
poured, YSFs are structured fluids (i.e., composed of stronger structural
links or physical interactions between constituent elements) that need to be
first broken down in order to initiate flow (Balmforth et al., 2014, Frigaard,
2019). The outlined rheological models offer at least some way to capture
this important yield stress, which has been a topic of extensive discussion
within the literature.(Moller et al., 2009, Barnes, 2007)

Despite the utility of such rheological models in simplifying grouting design
calculations, they often do not encompass some key shear rate aspects of
cement grouts such as wall slip and various forms of flow localization. Wall
slip of particle suspensions has been discussed within the literature, however
its impacts on the grouting process have never been assessed; the same can
be said for the different types of flow localization.

Within the rheological literature on suspensions similar to cements etc.,
specific forms of flow localization have been described as: (i) shear localiza-
tion, a form of localization induced by the geometry, i.e., shear rate variations
due to the shape of the shear geometry result in static fluid bands beyond
some spatial distance where the shear rate is below a critical value, and
(ii) shear banding, a common flow phenomena in thixotropic suspensions,
wherein for the same applied shear rate flowing and static bands of material
coexist; shear banding occurs below a material dependent critical shear rate
4. (Divoux et al., 2016). The latter form of localization has been shown as
a widespread intrinsic characteristic of thixotropic suspensions e.g., cement
grouts, laponite and drilling mud. The shear banding phenomenon is still
an ongoing topic of discussion in the literature (Pignon et al., 1996, Coussot
et al., 2002, Olmsted, 2008, Divoux et al., 2016, Bonn et al., 2017). Although
the effects of wall slip and flow localization phenomena on grout propagation
are not yet fully understood, their effects on rheological measurements have
been demonstrated in several previous research works(Besseling et al., 2010,
Coussot, 2005, Divoux et al., 2016, Mgller et al., 2008). Their distinctive
attributes, as seen from common flow curves of cement grouts, allow the
extraction of approximate values of shear rates wherein their effects are
prominent. For instance, research work detailing the unstable flow branch
that results in the flow curves of cement suspensions due to flow localiza-
tion has been described by Rubio-Herndndez et al. (2018) and Qian and
Kawashima (2018). In this thesis, rotational rheometry was used to further
investigate such flow anomalies, intending to explain how they affect grout
propagation and whether they can be parameterized for grouting design.
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Besides direct rheometry of cement grouts, other fundamental experiments
in the form of radial flow tests were carried out to complement the body
of work on theoretical analysis of radial flow (Wallner, 1976, Dai and Bird,
1981, Lipscomb and Denn, 1984, Hassler, 1991, El Tani, 2012, Gustafson
and Stille, 2005, Gustafson et al., 2013, Zou et al., 2020a). The radial flow
geometry is an idealized flow configuration between two parallel disks that
is often used for describing grout propagation in planar fractures. The flow
configuration is an addition to regular one-dimensional (1D) flow in pipes
and channels, which do not have a velocity field that varies significantly
in the main flow direction (Shamu et al., 2020). Within the radial flow
setup, fluid propagation is meant to resemble the case in which grout flow
starts from a central injection borehole and spreads radially outward into
surrounding fractures (Héssler, 1991). The flow configuration has recently
received renewed interest within the grouting community, mainly due to the
unresolved issues regarding the underlying assumptions as well as the shape
of the velocity profile plug-flow region that forms during radial flow (Shamu
et al., 2020, Hoang et al., 2021, Zou et al., 2021). Compared to analytical
and numerical work, only a few experimental tests have been carried out to
verify the existing theories. As such, more experimental work is still required
to cover this research gap. As a first step towards addressing the current
differences that exist in the literature, this thesis contributes by developing
an experimental radial flow device to study the radial flow velocity field
using ultrasound-based velocimetry.

1.2 Aims of the thesis

The aim of the thesis is to contribute to the existing grouting practice on
cement grout rheology and a further understanding of the fundamental radial
flow configuration through systematic experiments. In point form, the aims
are detailed by the following objectives:

i. To investigate and understand the existence and occurrence of the critical
shear rate, unstable flow and wall slip during rotational rheometry of
typical cement grouts (i.e., for a selected range of water-to-cement ratios
(w/c) 0.6-0.8). The effects of these flow features on rheological flow
curves are to be studied using different rotational rheometry geometries,
i.e., with roughened and smooth concentric cylinders (Paper I).

ii. To assess how the fitted Bingham parameters from the flow curves
obtained in the tests outlined in (i) are affected by characteristic flow
features; also, how to parameterize these flow features and incorporate
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them into grouting design, e.g., for grout spread estimations (Paper I
and II).

iii. The first objective regarding the radial flow studies is to design an
experimental radial flow model for studying radial flow velocity profiles
of yield stress fluids using a common model non-thixotropic YSF fluid,
i.e., Carbopol 980. The radial model is to have smooth walls, provide
adjustable constant apertures and a clear flow area free of obstructions
(Paper III, Paper IV).

iv. To use Ultrasound Velocity Profiling (UVP) for velocimetry. The velocity
profile measurements are to be carried out using different flow apertures
and at different flow rates in order to get a clearer picture of how the
plug-flow region is affected by both aperture and flow rate conditions
(Paper III, Paper IV and Paper V). In line with this objective, a suitable
method to evaluate the plug-flow region is to be developed.

v. To analyze the influence of wall slip on the measured radial flow velocity
profiles. Furthermore, methods to suppress or eliminate wall slip effects
are to be explored in order to obtain experimental velocity profiles that
are minimally affected by wall slip (Paper IV).

vi. A final objective is to further study the measured velocity profiles
with wall slip reduction carried out and compare them with analytical
predictions (Paper V).

1.3 Thesis structure

The thesis is structured as follows. Chapter 2 starts by presenting a literature
review and theoretical background. The literature review is made up of
two parts: the first part of the review focuses on cement grout rheological
measurements, and the second part is related to the radial flow experiments.
Chapter 3 describes the test materials and experimental procedures. Chapter
4 then focuses on the experimental results. This is followed by Chapter 5 that
briefly summarizes the main research findings by way of a summary of the
appended journal papers. Chapter 6 concludes the thesis with a summary of
the main conclusions and an outlook for the future of the presented studies.






CHAPTER 2

Literature review and theory

This chapter aims to give a short review and basic theories related to the
research work. The chapter is divided into two main sections, i.e., Section
2.1 related to cement grout rheology and Section 2.2 on the radial flow
configuration.

2.1 Rheological measurements of cement-based grouts

2.1.1 Importance of rheological measurements

For many years, rheology has been an essential tool to describe the flow
properties of cement-based suspensions in different construction applications,
ensuring that the cement suspensions possess optimal flow properties for the
specific application (Greenberg and Meyer, 1963, Banfill, 2006). For cement
grouting, optimal flow properties facilitate grout injection into rock fractures
with minimal sedimentation whilst simultaneously allowing for sufficient
time frame for the injection process, before significant hydration occurs
(Hékansson et al., 1992, Hikansson, 1993, Lombardi and Deere, 1993, Stille,
2015, Shamu and Hakansson, 2019, Draganovié¢ and Stille, 2014). Different
forms of rheometrical test methods exist, with the most common being
rotational rheometry (Coussot, 2005, Ovarlez, 2012). However, rotational
rheometers are well suited to controlled laboratory environments as opposed
to the harsh field conditions. As such, simple devices such as marsh cones
and flow cups are often used in the field to provide crude estimates of the
cement grouts’ flow properties.

More recently, advances in technology have seen the introduction of different
flow visualization techniques, such as those based on Magnetic resonance
imaging (MRI) and ultrasound, e.g., pulsed ultrasound velocimetry (Powell,
2008, Jarny et al., 2008, Rahman et al., 2017, Hakansson et al., 2017).
Such methods provide near real-time fluid viscosity measurement, allowing
rheometric measurements within the process line (in-line). For example, the
work by Hakansson et al. (2017) showed how ultrasound-based velocimetry
in combination with pressure difference measurements (UVP+PD) measures
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cement grout rheology with the potential of being used during grouting
operation in the near future. However, such systems still have to be validated
in practice before their widespread use, leaving rotational rheometers as
one of the few widely used and more accurate rheological test devices.
In some studies, flow visualization methods are coupled to conventional
rotational rheometers to obtain local velocimetry measurements in addition
to macroscopic rheological measurements (Ovarlez et al., 2011, Jarny et al.,
2008). Such studies have led to a greater understanding of particle migration,
sedimentation, and flow localization phenomena that are otherwise overlooked
during rheometric testing.

The objective of rheometry, in general, is to simplify the problem of defining
the shear stress versus shear rate relationship of a fluid by making use
of simple shear flow. Shear flow is achieved by the relative motion of
different layers of a fluid that are placed in contact with a rotating part
of the rotational geometry. For rotational rheometers, different types of
test geometries are available for forming the crucial shear gap, wherein
the suspension flows during rheometric testing (Banfill and Saunders, 1981,
Shamu and Hékansson, 2019). A typical geometry is a concentric cylinder
(Couette) geometry, which is suitable for more dilute cement suspensions,
i.e., with higher water content (w/c ratios) such as cement grouts (Banfill
and Saunders, 1981, Nguyen and Boger, 1992) (Figure 2.1). In most cases,
the inner cylinder (rotor) is rotated at different rotational velocities that are
related to the shear rate 4 at the rotor wall r1, whilst the outer cylinder
is held stationary. In this way, adjacent fluid cylindrical fluid layers slide
over one another. By measuring the resultant torque M, that is the force
due to friction at a particular rotational velocity €2, the corresponding shear
stress 7 at a distance r is then determined. An equation for the shear stress
distribution along the shear gap given a concentric cylinder geometry with a
rotor height of A is then defined by Equation 2.1,

M
m(r) = 2rhr?’
Equation 2.1 shows that the stress decreases from the inner cylinder r; to
the outer cylinder 72. In the special case where the ratio of the two cylinders
is small enough, i.e., r2/r1 < 1.05, the shear stress can be considered uniform
across the shear gap. Based on this assumption, the shear rate %(r) can be
estimated by Equation 2.2 as follows,

(2.1)

QT‘l

— 2.2
E— (2.2)

i(r) =

Repeating the measurement process for several rotational velocities yields
points that constitute a rheological flow curve, i.e., a common rheological
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plot of the shear rate versus shear stress relationship of the material being
tested.

As outlined in the Introduction, rheological constitutive models are then
used to describe the fluid’s flow curve data or rheological behavior more
straightforwardly. The use of such models, e.g., the Herschel-Bulkley model,
Bingham model, and Casson model, results in essential model parameters for
comparing fluid properties and adjusting mix ratios to achieve the desired
rheological behavior for an application. All three models feature a yield
stress component 7g. In the current work, the Bingham and Herschel-Bulkley
models were primarily used and the equations describing these rheological
models given the shear stress and shear rate data (7,7) are as follows: the
first is the most widely used and simplest two-parameter Bingham model,
with a Bingham yield stress 79 and a Bingham viscosity uz,

T =10+ UB7. (2.3)

The second one is the Herschel-Bulkley model, a three-parameter model,
which has often been shown to fit the lower shear rate data of particularly of
low water content cementitious suspensions in a better way compared to the
Bingham model (Yahia and Khayat, 2001). The Herschel-Bulkley equation
is given by Equation 2.4,

T ="To,s +k¥". (2.4)

Tonp 15 the Herschel-Bulkley yield stress, k is the consistency coefficient, and
n is the flow index.

Rotating
inner cylinder

Q

Material Rotational velocity, ()

—Stationery
outer cylinder

FIGURE 2.1 — Schematic of the concentric cylinder geometry for rotational
rheological tests.
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2.1.2 Complex rheological flow behavior

The rheological models outlined in Section 2.1.1 are simplistic constitutive
models based on several assumptions (Frigaard, 2019). The primary assump-
tions include the no-slip boundary condition at the rheometer geometry
walls, homogeneous shear flow is attainable at all shear rates, and the fluid’s
rheological properties are not time dependent. However, in reality, this is not
the case. The idealized Bingham model describes the yielding of a fluid by a
sharp transition; whereas, the actual case for natural fluid systems is often
a complicated process, which occurs over a characteristic range of stresses
(Balmforth et al., 2014). The transition from a ‘solid-like’ regime or a state
of rest (i.e., a state with higher resistance to flow due to higher elementary
particle interactions) to a ‘liquid-like’ regime after yielding involves complex
flow phenomena with transient regimes. Such gradual transitions in fluid
flow behavior have been observed even for the simplest of Yield Stress Fluids
(YSFs), e.g., as observed even for a model YSF Carbopol gel (ETD 2050)
over long duration start-up experiments; see Divoux et al. (2012), Bonn
et al. (2017). Carbopol gels are cross-linked polymers of acrylic acid that are
often used as model yield stress fluids in rheological experiments, since they
exhibit negligible thixotropy and time-dependent effects; see Dinkgreve et al.
(2017). One of the more common variants is Carbopol 980 from Lubrizol
(Lubrizol, 2011, 2009).

Moreover, several complex flow phenomena manifest in rheometric flows of
suspensions such as cement grouts. These intricate flow phenomena have
been described in the rheological literature as wall slip, shear banding, shear
localization, thixotropy, particle migration, and sedimentation are among
the main ones (Banfill and Saunders, 1981, Coussot, 2005, Ovarlez et al.,
2011, Moller et al., 2006, Moller et al., 2009, Divoux et al., 2016). Given
that most of these flow phenomena are due to the intrinsic nature of cement
grouts, they merit being considered in more detail. The following paragraphs
briefly describe the effects that each of these flow phenomena have on the
interpretation of rheological tests, particularly flow curve measurements.

Wall slip is a common flow phenomenon in YSF flows with smooth walled
surfaces (Sochi, 2011). For instance, during suspension flow in a rheometer
geometry with smooth walls, the concentration of solid particles decreases
towards the wall whilst the liquid concentration increases. What remains
near the wall is a thin slip zone of (interstitial) liquid with an overall thickness
much smaller than that of the entire sample. The shear rate in this more
liquid like slip layer is much higher than the rest of the sample. Additionally,
the thickness of the wall slip layer can depend on factors such the size of the
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flow geometry and specific roughness of the wall layer, making it a difficult to
understand (Sochi, 2011). In general, if slip is ignored, the effective viscosity
is underestimated Coussot (2005), Kalyon (2005). Different methods for
wall slip reduction have been tried, from physical methods, e.g., surface
roughening through sandblasting, attaching sandpaper to geometry walls,
grooved geometries and vane tools etc. to the use of chemical treatments
that alter the surface charge in a way that suppresses wall slip (Sochi, 2011).

Thixotropy is generally described as a time-dependent decrease in a fluid’s
viscosity due to a reversible change of the fluid microstructure during shear
(Coussot et al., 2002). Consequently, the damaged structure rebuilds if
the shear force (shearing action) is removed or if the available shear force
is much lower than the attractive forces needed to re-establish links be-
tween elementary structural interactions. For cementitious suspensions,
the structural links due to hydration are somewhat negligible immediately
after mixing and intensive shearing. However, the chemical reactions that
contribute to hydration can add to the structural build-up process for longer
time durations, leading to irreversible structural changes. With thixotropic
yield stress suspensions, one can observe flow localization in the form of
shear banding and shear localization when the applied shear rate is below
a threshold value. Shear banding is prevalent when the applied shear rate
falls below the characteristic critical shear rate 4.value of the fluid. In such
a case, the fluid separates into distinct bands with flowing and stationary
material that arises from the instability of competition between material
intrinsic restructuration and destructuration due to flow. This situation
leads to unstable non-homogeneous flows that can exhibit themselves as
non-monotonic flow curves Coussot et al. (1993), Coussot (2014a). This
thesis also investigates such unstable regions in cement grout flow curves.
On the other hand, shear localization is a form of flow localization that
arises due to rheometer shear geometry constraints. For instance, for an
applied rotational velocity, the resulting shear stress distribution within
the Couette gap varies based on Equation 2.1. At a low enough applied
rotational velocity, the shear stress distribution within the gap would be
below the critical yield stress 9. It might be the case that shear banding
and shear localization are closely coupled, since they occur within the low
shear rate range.

Additionally, particle movements, e.g., through migration and sedimentation
processes, are quite common during rheometric tests of suspensions in the
Couette setup (Bhatty and Banfill, 1982). These particle movements are
primarily dependent on the particle concentration, amount of shear and test
duration (Ovarlez et al., 2012). Furthermore, other geometries such as the
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vane tool seem to induce more particle migration and sedimentation (leading
to higher measured shear stresses), as demonstrated in the work by Ovarlez
et al. (2011).

2.1.3 Application of rheological parameters

It is often the case that the rheological parameters determined from rhe-
ological flow curves are used as part of the grouting design process. The
primary purpose of doing so is to have a theoretical basis for describing the
complex process of cement grout propagation in fractures (Lombardi and
Deere, 1993, Carter et al., 2015, Stille, 2015).

For example, several design methods for cement-based rock grouting within
the grouting community utilize the Bingham model for grout propagation
estimation. Some common ones being (Grouting Intensity Number) GIN
approach Lombardi (1985), Lombardi and Deere (1993), Lombardi (1996),
Aperture Controlled Grouting (ACG) Shuttle et al. (2007b,a, 2008), Bonin
et al. (2012), Carter et al. (2012, 2015), North American Refusal Criterion
(NARC) El Tani (2012, 2013) and the Real Time Grouting Control (RTGC)
method Kobayashi et al. (2008), Fransson et al. (2016), Gustafson et al.
(2013). GIN, one of the earlier developed methods, has merit in providing
a simple approach aiming to control the grout spread independently of
fracture aperture (Lombardi and Deere, 1993). However, other authors
have pointed out the inadequacy of GIN in its lack of an injection rate to
monitor and control grout spread, as well as its overestimation of grout
propagation lengths; see Shuttle et al. (2007b, 2008), Rombough et al. (2006),
Lombardi (2007, 2008). In contrast, the ACG method has an advanced
grouting scheme featuring a more detailed characterization of the site geology,
including Discrete Fracture Network (DFN) modeling and subsequent grout
mix sequencing to achieve the required pressure and flow control (Carter
et al., 2015). NARC emphasizes the flow rate limit as a critical parameter
that arises from its central idea of having a minimal flow criterion that
stands as a specification to stop grouting (El Tani, 2012, 2013). Like NARC,
the RTGC and ACG methods also provide analytical tools to estimate
grout propagation for a particular grouting stage or desired target. In
addition, RTGC allows for the specification of flow rate and time-based stop
criteria for determining the onset of flow stoppage, i.e., signifying the end of
grouting. In Sweden, the focus has been on the RTGC method, having been
successfully validated in some grouting projects Stille (2015). Nevertheless,
any developments that arise from work related to the RTGC method can be
adapted to other grouting approaches since they also use the conventional
Bingham model.

12
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To a more considerable extent, the assumption of cement grouts as ‘Bingham
fluids’ has thus far facilitated the development of simplified analytical tools for
rock grouting design. However, from a practical standpoint, the current use
of the Bingham model throughout the design phase has several shortcomings
that merit being more systematically addressed. Nevertheless, the Bingham
model does not consider the known key shear rate aspects of cementitious
suspensions, e.g., wall-slip, thixotropy, and time dependency as outlined
earlier in Section 2.1.2. These shear rate aspects influence the flow behavior
and thus the grout propagation, especially at low shear rates. In this way,
the consequences of not considering such crucial phenomena while aiming
for simplicity in design remain relatively unknown. The current thesis
shows how considering the shear rate aspects and stop criteria with the
Bingham model can be better used for grouting design, e.g., by presenting
a derivation of the wall shear rate variable %,,,;; that can be used together
with the shear rate parameters 4. and 7,s. By using these parameters
together, grout propagation estimations could be made more reliable. The
equations describing “,,qu; and its dimensionless equivalent +p,,,,, based on
RTGC variables are also summarized in Equations 2.5-2.6. These wall shear
rate variables (Ywail, ¥D,,.,;) are also presented as part of a single unified
nomogram, facilitating their use for scoping calculations, e.g., by grouting
practitioners. Only the final forms of the shear rate and flow rate equations
are given in Equations 2.5-2.8. The radial flow schematic in Figure 2.2
is used as a reference; since these equations assume radial flow of cement
grouts, which is subsequently discussed in Section 2.2.

The dimensionless wall shear rate yp,,,, can be directly expressed in terms
of the relative propagation length I'p, v = I /70 the steering parameter,
and the Bingham properties 19, pup as,

. 1 I 1
Ap = ( 1) DY (2.5)

Ip ) 1+Ipyin(l+1Ip7)
and Awa = Dip,.,, where I = % (2.6)
UB

The flow rate and dimensionless flow rate are then given by,
dVy 2Ip+2/y (2-3Ip+ Ip°) Vymas

= (2.7)
dt 1+2/’y (ID+%) l?’L(ID’}/-l-l) to

Qg:

Qb = Quri— (28)

g,mazx

where Vy oz = 2Bl as (1 +2/7) is the maximum injected volume reached
at the maximum propagation length I = I,,,4,.
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2.2 The radial flow configuration

2.2.1 Importance of radial flow

Within the context of grouting, the radial flow configuration is a flow that
features a fluid centrally injected from a pipe into a flow area between
two parallel disks. The flowing fluid then flows radially outward from the
central injection area. Such a flow configuration presents an idealization for
describing two-dimensional (2D) cement grout propagation in rock fractures
(Wallner, 1976, Hassler, 1991, Stille, 2015, Zou et al., 2018, Funehag and
Thérn, 2018, El Tani, 2012). The basic radial flow configuration is illustrated
in Figure 2.2. Since the inception of RTGC as a method for grout spread
estimation, there has been a particular interest in the 2D case of radial flow
(Gustafson et al., 2013, Zou et al., 2020b, Shamu et al., 2020, Stille, 2015).
This interest has been partly because the radial flow geometry presents a
more realistic flow configuration different to 1D pipes and channels, especially
for the fractures intersecting with the injection borehole (Dai and Bird, 1981,
Zou et al., 2020b).

Injection borehole, @27y

2B
i Fracture aperture

A—A Fracture wall
+B
z Pg B S S
> e W)
r | - —B
|
j (1)
i "9
- T

FIGURE 2.2 — A schematic of the radial flow configuration.
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Analytical and numerical solutions have continually been developed to
simplify the description of grout propagation in these different elementary
geometries (both 1D and 2D) (El Tani, 2012, Lipscomb and Denn, 1984,
Dai and Bird, 1981, Na and Hansen, 1967, Guo et al., 2017, Zou et al.,
2020a). For the radial flow of YSFs, several analytical solutions based on the
Bingham model exist (Dai and Bird, 1981, Zou et al., 2020a, Lipscomb and
Denn, 1984, El Tani, 2012). More recently, renewed interest in analytical
solutions to radial flow of YSFs from the grouting community has seen a
discussion highlighting the main differences between the primary solutions,
i.e., the solution by Zou et al. (2020a) and Dai and Bird (1981); see articles
on the discussion (Hoang et al., 2021, Zou et al., 2021).

Only a few radial flow experiments are available (Savage, 1964, Laurencena
and Williams, 1974, Wallner, 1976, Majidi et al., 2010, Mohammed et al.,
2015, Funehag and Thorn, 2018). The majority of these experiments focused
on the flow rate and pressure distributions that develop along the radial
direction. The experimental work by Shamu et al. (2020) was the first study
with an emphasis on visualizing the shape of the velocity flow field that
emerges during radial flow. The study used Carbopol as the rheological
model YSF and ultrasound velocimetry (UVP) within the constraints of an
experimental radial flow device with smooth Plexiglas walls. Carbopol was
used as the model YSF fluid since it exhibits minimal thixotropy and time
dependency, especially for the experimental time frames in the radial flow
tests (Dinkgreve et al., 2017, Bonn et al., 2017). This initial work showed
detailed velocity profiles along the radial length for the first time, highlighting
how wall slip affects the measured velocity profiles. Subsequent radial flow
experimental studies by Shamu et al. (2021a) focused on suppressing the
wall slip effects that were prevalent in the initial study by using the relatively
unexplored Polyethylenimine (PEI) chemical treatment and conventional
wall roughening through sandblasting Younes et al. (2020), Christel et al.
(2012). The wall slip phenomenon is persistent in yield stress fluid flow,
as described in the extensive reviews by (Sochi, 2011, Bonn et al., 2017,
Coussot, 2014b). Thus, more detailed experimental work on YSF radial
flow is required. Such work should seek to measure the ‘true’ shape of
the radial velocity flow field with minimal wall slip effects and compare
the measurements with the primary analytical solutions presented in the
literature thus far.

2.2.2 Radial flow analytical solutions

In analytical solutions for YSF radial flow, assumptions such as considering
a much longer main flow direction compared to the vertical aperture, no-slip
wall condition, incompressible flow, steady-state, and laminar flow have been
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primarily used to simplify the governing equations (Lipscomb and Denn,
1984, Dai and Bird, 1981, Park, 2020, Muravleva, 2017). The discussion
initiated by Hoang et al. (2021) and the subsequent reply by Zou et al. (2021)
served to highlight the differences and clarify the confusion between the
leading radial flow analytical solutions for Bingham fluids presented in the
literature thus far, i.e., the original solution by Dai and Bird (1981) and the
one by Zou et al. (2020a).

As highlighted by Hoang et al. (2021), the fundamental differences between
the two solutions are as follows:

i. The solution by Zou et al. (2020a) assumes that the vertical component
of velocity in the continuity equation is negligible, whereas the solution
by Dai and Bird (1981) does not make this assumption. This makes
the theoretical model byZou et al. (2020a) simpler than Dai and Bird
(1981); thus, making it a simpler for practical approximations related to
rock grouting applications; see Zou et al. (2021).

ii. The solution by Zou et al. (2020a) applies a shear stress boundary
condition where the shear stress is equal to the yield stress, i.e., 7. |.=-,
within the unyielded region, the shear stress can be any value below the
yield stress.

The radial flow velocity profile equations adapted to the Herschel Bulkley
rheological model are described by Equations 2.9 to 2.12. Instead of the
Bingham model, the Herschel Bulkley model was used since it better describes
the lower shear rate rheological behavior of YSFs, e.g., the Carbopol model
YSF used in the radial flow experiments. Complete derivations leading
to the final form of the velocity profile equations given here can be found
in Zou et al. (2020b), Shamu et al. (2020). The boundary conditions for
the equations are illustrated in Figure 2.2 and the fluid is assumed to be
incompressible, with negligible inertial effects. The velocity profile is then

defined as,

n41
n

vl (2, <2< B)=

n < 10P 2.9

Q nt1
S (35) (- s

where vf is the velocity for the yielding flow parts between the edges of the
plug-flow region z, and the walls at B, v? is the velocity for the plug-flow
region, and %—1: is the pressure gradient. The Herschel Bulkley parameters

16



2.2. THE RADIAL FLOW CONFIGURATION

are 79, k,n. The plug-region of the velocity profile is given by,
1
n 10P\" ntl
el B - n 2.10
n+1 ( k Or > ( %) ( )

Half of the plug-flow region at point z, is expressed as,

P(0<2<2,)=

L T (re — ro)
P(P-P)

where P; and P, are the pressure at the inlet ¢ and outlet r;. The pressure
gradient is then given by Equation 2.12 as,

OP  ag (P — Py)(1—n)

(2.11)

E = —ﬁ7where ag = T’t(l_n) — To(l_n) . (212)
The flow rate () obtained by integration is written as,
B
Q= / dmr v,dz
0 (2.13)
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It is noted here that in the case where the vertical velocity is included in the
first-order approximation for 2D radial flow as pointed out by Hoang et al.
(2021), the equation for half of the plug flow region changes, that results in,

P\
Zp = —T0 (87”) (2.14)

In this case, half of the plug flow region depends on the radius since the
pressure gradient is a function of r, whereas half of the plug flow region in
the solution by Zou et al. (2020a) is independent of the radius r since it
neglects the vertical velocity. The analytical solution for the flowrate has
the same form as Equation 2.13, whereas the pressure gradient needs to
be inversely solved from equation 2.13 with a given boundary condition of
constant flowrate Q. The wall slip that is often observed in most experiments
with smooth walled geometry can be considered by using the Navier slip
law (Kim, 2019, Ferrds et al., 2012, Damianou and Georgiou, 2014). In that
case, Uy, is the slip velocity at the wall and is proportional to the wall shear
stress, i.e., v, = BTw; B is a slip coefficient. The corresponding velocity
profile equations after considering wall slip are then given by,

n 1 0P % nt1 n41
IR Bl B — o (y— =
ntl ( K 87") [(B=2) = (= 2)

vl (2, <2< B) =
o (2.15)
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The flow rate equation with the slip term is expressed as,
B
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2.2.3 Ultrasound velocimetry in radial flow

In this thesis, the Ultrasound Velocity Profiling (UVP) method is used to
measure and investigate the radial velocity flow field. UVP has been used
to measure velocity profiles in a wide range of complex fluids (Satomura,
1957, Takeda, 1991, Baker, 1970, Wiklund and Stading, 2008, Birkhofer,
2011, Takeda, 2012, Rahman et al., 2017). UVP works on the principle of
detecting frequency shifts between successive reflected ultrasound pulses that
would have been transmitted into the medium under study in a programmed
way. Depending on the flow configuration, pulses received from different
depths are processed using signal processing algorithms, transforming the
measured frequency shifts into velocities that constitute the velocity profile
(Barber et al., 1985, Jensen, 1996). The individual velocities v; at each point
of the flow geometry where the velocimetry is carried out are calculated by
Equation 2.18,
cfa,

Vi 2focos

where fj is the central ultrasound transmission frequency, ¢ is the velocity
of sound, f4, the Doppler shift frequency for particles flowing at a certain
distance position (i-th gate) and 6 is the Doppler angle. More details
regarding the UVP system used for the current work are given under Section
3.2.2.

(2.18)

18



CHAPTER 3

Experimental methods

This chapter deals with the materials and measurement procedures used
during the different types of experiments. Section 3.1 presents the rheometric
methods for the cement grout tests, followed by Section 3.2 that describes
the methods for the radial flow tests.

3.1 Rheological measurements of cement grouts

Several factors that affect the interpretation and characterization of fresh
cement grout rheological behavior were outlined in Chapter 2. It was pointed
out that the primary factors are mainly due to cement grouts’ intrinsic
chemical and physical characteristics, e.g., thixotropy, structural build-up,
and cement hydration at more extended time frames with their origins at the
particulate level Roussel (2016). In addition, other factors that are based on
the flow geometry and surface conditions, e.g., wall slip also play a crucial
role in the overall rheological characterization. Carrying out rheological
measurements allows one to acquire a more general description of the flow
behavior due to the underlying complex flow phenomena

Before rheological tests are carried out in a controlled lab environment, the
cement grout material is often mixed with a high shear rate mixer to achieve a
homogeneous suspension. Such mixing follows a well-defined test protocol to
ensure that the grout is fully destructured, thus maximizing reproducible and
repeatable measurements (Fernandez et al., 2002, Ovarlez, 2012). Assuming
that the mixing is sufficient, the subsequent flow curve measurements are also
influenced by test time, temperature, and geometry wall roughness, amongst
other factors (Roussel, 2005, Coussot, 2005). Previous works dealing with
cement grout flow curves have not studied in detail how wall slip and flow
localization affect the measured flow curves and the resulting fitted Bingham
model parameters. As such, the primary factors that were systematically
studied to address this research gap are as follows:

i. The effect of measurement interval ¢,, or duration of time allowed to
attain some reasonable steady state per shear rate point during flow
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curve sweeps; see Banfill and Saunders (1981), Shaughnessy and Clark
(1988).

ii. The effect of different concentric cylinder geometry, i.e., different rotors
and cups, as shown in Figures 3.3 and 3.4.

iii. The tests were carried out on cement grouts with different water to
cement ratios typical used in grouting practice, i.e., Swedish tunneling
projects. Two grout mixes were used; a thicker grout with a w/c of 0.6
and a thinner one with a w/c of 0.8.

3.1.1 Materials and preparation procedures

The preparation of cement grouts involved a mixing procedure to produce
fully dispersed cement grout batches for rheological testing (Banfill and
Saunders, 1981, Coussot et al., 2002, Ovarlez, 2012, Rahman et al., 2015).
The mixer used to disperse the cement powder was a high shear mixer
(Dispermat CV30). The total mixing time for each batch was ~4 minutes at
~10 000 rpm; the mixer is shown in Figure 3.1. Immediately after mixing, a
fresh sample from the batch was poured into the rheometer test geometry.
Figure 3.2) shows an image of the rheometer that was used for the cement
rheological tests (TA-Instruments, 2006). When the concentric cylinder
geometries shown in Figure 3.3 are setup as part of the rheometer system,
the final shearing gap is then 1 mm for all cases (see Figure 3.4). In this
thesis, the behavior of pure cement grouts without additives was studied.

Mixer rotor head

-

FIGURE 3.1 — Dispermat CV30 high shear mixer for mixing the cement grouts.

20



3.1. RHEOLOGICAL MEASUREMENTS OF CEMENT GROUTS
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FIGURE 3.2 — TA AR-2000ex rheometer used for the rheologic

2

al measurements

It has been shown already that the general effect of commonly used su-
perplasticizing agents is a flow curve that qualitatively resembles the one
obtained for a pure grout with the same flow w/c ratio, but with lower stress
values (this means a lower yield stress and viscosity) (Hékansson et al., 1992,
Wallevik and Wallevik, 2011). The Cement grouts used were prepared from
Cementa Injektering 30 (CEM I 52,5 N - SR 3 LA), a common cement type
that is often used in Swedish tunneling projects (Cementa, 2013).

3.1.2 Rheological test procedures

The systematic flow curve tests following the factors listed in Section 3.1
involved the following steps. Each cement mix, i.e., a fresh batch of w/c 0.6
or w/c 0.8 was tested in every one of the three available concentric cylinder
geometries shown in Figure 3.4. For each flow curve test, an increasing
shear rate sweep followed by a decreasing shear rate sweep were used, i.e.,
controlled shear rate (CSR) flow sweeps. Each flow curve test also had a
time factor that was tested, i.e., the measurement interval or time per shear
rate point t,,. In this way, with 3 test geometries, 2 cement mixes (w/c 0.6
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and 0.8), and 3 measurement intervals ¢,, = 4, 24 and 40 seconds, a total of
18 flow curves tests were carried out. The shortest measurement interval of
four seconds was selected to investigate whether such short time intervals
had any influence on the flow curves. Also, t,, = 4 s was selected based on
the fact that it had been used in previous cement grout tests (Rahman et al.,
2017). The other two measurement intervals t,, = 24 s and ¢,, = 40 s were
estimated from step shear rate tests carried out for 100 s at (0.01 and 20) 1/s
to ascertain some reasonable steady state time, which was determined to be
~60 s (Paper I). For each of the 18 flow curve tests, a rheometer pre-shearing
of 20 s at 300 1/s, followed by a rest of 30 s was performed. For each flow
sweep the shear rate range was between 0.001 to 300 1/s, with 10 points per
decade. However, only the flow curves from decreasing shear rates (down
curves) were used for the Bingham fitting analysis. This is because data
obtained from down curves is more representative of the grouting condition,
i.e., starting from higher shear rates (near borehole) down to lower ones.
Also, the down curve data is more repeatable (i.e., within 10%), compared
to the up curves.

FIGURE 3.3 — Images of the concentric cylinder geometry, (a) grooved cup and
smooth cup (b) Smooth rotor, grooved rotor, and four-blade vane
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Smooth rotor, @=14 mn.
-Rotor length, 42 mm

Smooth cup, =15 mm

rooved rotor, @=14 mm
-Groove depth, 0.1 mm
-Groove spacing, 1 mm Grooved cup, @=15 mm
Grooved cup, @=15 mm -Groove depth, 1.6 mm
-Groove depth, 1.6 mm -Groove spacing, 3.4 mm
-Groove spacing, 3.4 mm

Four-blade vane, @=14 mm
-Vane length, 42 mm

FIGURE 3.4 — The schematics illustrate the dimensions of the different concentric
cylinder geometries used for the rheological measurements: (a) Smooth concentric
cylinders (b) Grooved cup and rotor, and (c) Vane and grooved cup. The effective
shear gap in all cases is ~1 mm.

Additionally, creep measurements were carried out as a further investigative
step for flows at low shear rates, where unstable flows due to the critical
shear rate are expected. The results of 