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Preface

Sealing of rock tunnels and caverns by grouting is a main activity within rock engineering and
construction in order to limit the effect of a lowered groundwater table. Due to relatively low cost, cement
based materials are widely used for rock grouting. The material properties of the cement grout are
important to facilitate a proper design and grouting work. The rheological properties of the grout like
viscosity and yield stress are important and are normally measured in laboratory, which may result in lack
of accuracy and reliability compared to the grout that is actually grouted into the rock mass.

A new method is developed in this research project, where the grout properties are monitored in-line
during the actual grout operation. The measurements are based on ultrasound and pressure difference, and
results in. The method was successfully tested of concentrated micro cement based grouts.

The present licentiate thesis was performed by Mashuqur Rahman at the Division of Soil and Rock
Mechanics at the Royal Institute of Technology - KTH, Stockholm, Sweden with Hakan Stille as
supervisor. A reference group followed the project and contributed with valuable advice and discussions.
This group consisted of Rolf Christiansson (Swedish Nuclear Fuel and Waste Management Co - SKB),
Mats Holmberg (Tunnel Engineering), Thomas Dalmalm (The Swedish Transport Administration), Lars
Hissler (Golder Associates), Tommy Ellison (Besab) and Per Tengborg (Rock Engineering Research
Foundation - BeFo). The research project was financed as a result of a common call by BeFo, The
Swedish Research Council for Environment, Agricultural Sciences and Spatial Planning - Formas and The
Development Fund of the Swedish Construction Industry - SBUF.

Stockholm in December 2013
Per Tengborg
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Forord

Titning av bergtunnlar och bergrum med injektering dr en huvudaktivitet vid bergbyggande for att minska
péverkan pa grundvattennivan som arbetena kan leda till. PA grund av en forhéllandevis 1ag kostnad
anvinds vanligtvis cementbaserade material vid berginjektering, och dess materialegenskaper dr viktiga
att kinna till for att gora en bra design och fa ett onskat utférande av injekteringsarbetena.
Cementmaterialets reologiska egenskaper, viskositet och flytspinning, dr viktiga och méts normalt pa
laboratorium vilket kan innebira stora avvikelser mot egenskaperna i brukets som injekteras.

Med en ny metod som utvecklats i foreliggande forskningsprojekt kan man méta injekteringsbrukets
egenskaper under pagdende injektering, sd kallad in-line mitning, med hjidlp av ultraljud och
tryckdifferens. Metoden provades med gott resultat pa injekteringsmedel med mikrocement. Principerna
for denna typ av métning har utvecklats i samverkan med livsmedelsindustrin, dir in-line métning anvinds
for att ta fram reologiska egenskaper hos pumpbara material.

Detta licentiatarbete utférdes av Mashuqur Rahman vid avdelningen Jord och Bergmekanik vid Kungliga
Tekniska Hogskolan - KTH, Stockholm med Ulf Hakansson som handledare. En referensgrupp har foljt
projektet och bidragit med rad och diskussioner. Referensgruppen bestod av Rolf Christiansson (SKB),
Mats Holmberg (Tunnel Engineering), Thomas Dalmalm (Trafikverket), Lars Hissler (Golder
Associates), Tommy Ellison (Besab) och Per Tengborg (BeFo). Projektet har finansierats av BeFo,
Formas och SBUF som ett resultat av en gemensam utlysning.

Stockholm i december 2013
Per Tengborg
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Summary

Grouting is used in underground construction to reduce the water flow into tunnels and caverns and to
limit the lowering of the surrounding groundwater table. Due to their wide availability and low cost
relative to other materials, cement based materials are commonly used as grouts and, in this context, the
rheology of the cement grout is an important factor. Rheological properties of cement grout such as
viscosity and yield stress are commonly measured off-line using laboratory instruments, and some simple
tools are available to make field measurements. However, these methods often lack accuracy and
reliability. Although the rheological properties of the grout used play a fundamental role in design and
execution, no method has yet been developed to measure these properties in-line in field work.

In this work, for the first time, an in-line rheometry method combining the Ultrasound Velocity Profiling
(UVP) technique with Pressure Difference (PD) measurements, known as “UVP+PD”, was successfully
tested for continuous in-line measurements of concentrated micro cement based grouts. The feasibility of
using the UVP+PD method depends on the in-line determination of the rheological properties and time
dependent behaviour of the cement grouts. A test set-up consisting of a combination of an experimental
“flow loop” and a conventional field grouting rig — UNIGROUT E22H — from AtlasCopco, was used to
investigate the feasibility of determining the rheological properties of cement grout using the UVP+PD
method under field conditions. A laboratory based test set-up was used to further investigate the
rheological properties in a more controlled environment.

The velocity profiles were measured directly in-line. The shape of the velocity profiles was visualized, and
the change in the shape of the profiles with concentration and time was observed. The viscosity and yield
stress of the grout were determined using rheological models, e.g. Bingham and Herschel-Bulkley. In
addition, rheological properties were determined using the non-model approach (gradient method) and the
tube viscometry concept and were compared with results obtained using the rheological models. In
addition, the obtained rheological properties were subsequently compared with off-line measurements
using a conventional rotational rheometer. The UVP+PD method was found to be capable of determining
the true rheological behavior of cement grout regardless of the rheological model, providing the
opportunity to visualize the change in the shape of the velocity profiles. Furthermore, it was possible to
make an accurate determination of the velocity by ultrasound velocity profiling at a very flow rate (i.e.
1liter/min). The ultrasound velocity profiling was also found to be a reliable tool for determining the
characteristics of the grout pump. In conclusion, the UVP+PD method was demonstrated to be a
promising new in-line tool for determining the rheological properties of commonly used cement based
grouts and the changes with concentration and time.
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Sammanfattning

Injektering anvéinds vid undermarksbyggande for att minska inldckaget av vatten till tunnlar och bergrum
och for att begrénsa sdnkningen av grundvattennivéerna runt anldggningen. P4 grund av dess tillgdnglighet
och relativt laga pris, i forhéllande till andra material, anvinds cementbaserade medel ofta vid injektering.
De reologiska egenskaperna, sdsom viskositet och flytgrdns, &r viktiga att kdnna till for de
injekteringsmedel som anvénds och de méts vanligtvis med reometer i laboratorium eller med enkla
metoder i falt. Befintliga matmetoder har dock brister betrdffande noggrannhet och tillforlitlighet och trots
att egenskaperna spelar en stor roll, vid bade projektering och utférande, finns det &nnu ingen metod med
vars hjilp dessa kan métas kontinuerligt, “in-line”, under padgéende injektering.

I foreliggande genomforbarhetsstudie har en ny “in-line” metodik anvénts, med lyckat resultat pa micro-
cementbaserade injekteringsmedel, genom att kombinera en kontinuerlig métning av hastighetsprofiler
med ultraljud (UVP) och tryckfall (PD), i ett rérsystem. Studien har haft som uppgift att besvara fragan
om det dr mojligt att bestimma de reologiska egenskaperna och deras fordndring med tiden med denna
metod. Forsoken har dels gjorts under féltliknande forhallanden genom att koppla samman en flodesslinga
med en konventionell injekteringsutrustning — UNIGROUT E22H fran Atlas Copco, och dels i en mer
kontrollerad laboratoriemiljo.

Hastighetsprofilerna uppmiittes direkt “in-line” och dess utseende visualiserades momentant samt som en
funktion av cement koncentration och tid. Viskosiotet och flytgrins bestdimdes dels med hjilp av
reologiska modeller, sdsom Bingham och Herschel-Bulkley, och dels utan modeller genom den sk.
“gradient metoden”. Resultaten frén de béda tillvigagéngssitten jamfordes och méitningar utférdes dven
med konventionell reometer i laboratorium, med hjélp av koncentriska cylindrar. UVP+PD metodiken har
visat sig kapabel att bestimma de faktiska reologiska parametrarna pa cementbaserade injekteringsmedel
oberoende av reologiska modeller. Det har dven varit mdjligt att méta mycket smé floden (1 liter/minut)
med denna metod samt att nogrannt bestimma pumpkaraktéristika vid variabelt flode.

Sammanfattningsvis har UVP+PD visat sig vara en lovande ny metodik for bestdmning av
cementbaserade injekteringsmedels reologiska egenskaper samt deras fordndring med koncentration och
tid.
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1 Introduction

The process of injecting fluids that set in fractures or voids in a ground formation is called grouting. In
underground constructions, grouting is performed to reduce the water inflow or to strengthen the ground
conditions. It is important to eliminate or reduce excessive inflow of groundwater into e.g. a tunnel since
lowering the groundwater table can create an adverse settlement of buildings in the vicinity of the tunnel
or decrease the output of nearby wells. In general, the contractual requirements for grouting are becoming
increasingly strict, mainly due to the fact that environmental considerations are now being taken more
seriously in our society.
Due to their wide availability and lower cost, cement based materials are commonly used as grouts, and
the rheology of the cement grout is an important factor. It is necessary to have an understanding of the
grouting material in order to make a prediction of the outcome of the grouting (Héssler, 1991). The
grouting design used in practice is mainly based on empirical knowledge and determination of the grout
volume and pressure, in combination with an estimation of the yield stress of the grout used (Lombardi,
1985a). The rheological properties and selection of grout mix are considered to be important parameters
for designing the grouting work. The selection of grout mix is also mainly based on experience; a stable
grout mix was suggested by Lombardi and Deere (1993).
A comparatively recent grouting design approach based on determining the penetration length for
cementitious grout in rock fractures and the characteristic grouting time has been developed (Gustafson
and Stille, 2005). This methodology, called Real time Grouting Control (RTGC), for the design and
control of a grouting operation, relies upon knowledge of the yield stress and viscosity, in addition to their
change with time (Kobayashi et al., 2008), as shown in equation 1.

t0=—6 “ngp [1]

‘CO

Thus, with knowledge of these parameters, a stipulated grouting time can be designed, provided that the
yield stress and viscosity can be monitored in real time. The time dependency of the rheological properties
of cement grout is not considered for grouting design in practice but is known to be an important factor
(Hékansson, 1993). The need of an instrument capable of determining the rheological properties in-line
has been emphasized for many years by different authors, e.g. Hakansson (1993), Barnes et al. (1989).
However, although the rheological properties of cement based grouts play a fundamental role in grouting
design, no method is yet available to measure these properties in-line during field grouting operations.
Commercial grouting rigs used today are capable of measuring the pressure, grout flow and time during
grouting operation. However, the rheological properties of the grout used are still measured off-line in the
laboratory, and the results are often lacking in reliability and accuracy.
Ultrasound Velocity Profiling combined with Pressure Difference, known as the UVP+PD method, is a
promising new tool for measuring the instantaneous velocity profiles and determining the rheological
properties of cement grout directly in-line, and in real time. In this work, the UVP+PD method has been
used to determine the rheological properties of cement grout directly in-line under field like conditions as
well as in the laboratory.

1.1  Previous studies

Research on grouting has been continuously performed in Sweden for the last 25 years. However,
significant implementation in grouting practice in the field is still lacking. The flow of grouts in jointed
hard rock assuming a channel network was simulated by Héssler et al. (1992). The hydration of cement
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grout and the inclination of the channel network were taken into account, and a significant difference in
penetration was shown to be due to the time dependent properties of the cement grout.

Rheological properties of cement grouts were measured by Hékansson (1993) using different laboratory
and field measurement techniques. It was shown that the determined yield stress and viscosity of the
grouts used differ significantly depending on the measuring technique. The instruments used in the field
were found to be rather simple, and the laboratory based instruments were lacking in reliability and
robustness. Furthermore, different rheological models yield different values for the rheological properties.
A field instrument, raise pipe, was developed to determine the yield stress, which can be used in
combination with the marsh cone to determine the viscosity of the grout. The influence of the cement,
bentonite as an additive and plasticizers on the rheological properties of cement grout was investigated. It
was concluded that flow properties can be improved significantly by combining the plasticizers and
bentonite in a cement grout (Hékansson et al., 1992) .

Since filtration decreases the sealing efficiency significantly, numerical calculations of a grout spread for
varying apertures were made by Eriksson et al. (2000). It was shown that the formation of a filter cake will
increase the grout spread, although with a lower density and less sealing efficiency. In addition, the
rheology of the cement grout will change accordingly. The variation in the yield stress and viscosity was
investigated for different factors, e.g. w/c ratio, superplasticisers, mixing time, water temperature, field
mixer. The significant difference in the viscosity and yield stress was found to be due to the w/c ratio and
superplasticisers (Eriksson et al., 2004), and it was concluded that the rheological properties of cement
grout vary significantly. In addition, they cannot be reliably determined.

The rheology of grout is important for sealing the conductive joint system of the rock mass. For a blocky
rock mass with wide joints, efficient sealing can be achieved using a high viscosity grout; on the other
hand, for crushed rock mass with narrow joints, efficient sealing can be achieved with a thinner grout with
a longer grouting time. As a result, sealing of the rock mass joints is achieved by the combination of
grouting time and grout rheology (Dalmalm, 2003).

Since the penetrability of cement grout in fractures smaller than than 50 microns is questionable, silica sol,
a Newtonian fluid, was tested for a fracture with an aperture of 45-50 microns. For the same fracture, a
penetration of 1 m was found with cement grout inj 30. While the theoretical model predicted a 2.2 m
penetration length for silica sol, at least 1 m was found by visual observation. The sealing efficiency was
found by the hydraulic tests to be satisfactory (Funehag and Fransson, 2006). The theoretical model was
validated by physical demonstration and it was found that the actual penetration is strongly influenced by
the viscosity of the silica sol. A higher penetration was achieved in the physical demonstration than what
was predicted, which was most probably due to the wall slip (Funehag and Gustafson, 2008).

The concentration of cement grout, i.e. the water to cement ratio, is an important parameter for the stop
mechanism of grouting and has an effect on penetrability and filtration. A thicker grout for a smaller
aperture will cause filtration and form a filter cake. As a result, the pathway is gradually blocked. A higher
water to cement ratio will provide a longer penetration and better sealing efficiency (Axelsson et al.,
2009).

The penetration capability of grout with a water to cement ratio of 0.7-1.5 is divided in two parts, i.e. one
based on rheology and the other on filtration tendency. The filtration tendency is the property of the grout
to create a plug of cement grain in front of the crack opening. For a successful grouting operation and
desired penetration, the grain size of the cement grout should be 4-10 times less than the aperture to be
penetrated (Eklund and Stille, 2008).

BeFo Report 123



Since filtration will reduce the sealing efficiency, factors affecting the filtration and penetrability of
cement grouts were investigated. A laboratory based instrument, short slot, capable of changing the
constriction of the geometry and visual control of the filter cake, was developed and used for the
experiments. A higher concentration, i.e. a lower w/c ratio, yielded poor penetrability. Additives showed a
positive effect on penetrability, although the effect of constriction was not clear from this study. It was
shown that the best penetrability was achieved for a cement grout with a w/c ratio of 0.6 using inj 30 type
of cement (Draganovi¢ and Stille, 2011).

1.2 Objectives

The main objective of this study was to verify the feasibility of the ultrasound velocity (UVP) method for
measuring the velocity profiles of commonly used cement based grouts, continuously and directly in-line.
In order to verify this method for field usage, a standard cement grouting equipment, UNIGROUT E22H
and a LOGAC flow meter, were used to keep the conditions similar to what is used in practice. The
velocity data were subsequently used to determine the rheological properties of grouts with different
water-cement ratios. As a second step, the feasibility of using the UVP+PD method to determine the
change of the rheological properties of cement grout with respect to concentration and time was
investigated in the laboratory. Further objectives of the investigation were to determine the following:

1. Velocity profiles of cement based grouts for different water to cement ratios directly in-line using
the customized flow loops

2. Rheological properties of cement based grouts by curve fitting to the velocity data achieved
directly in-line

3. Shear rate, yield stress and viscosity of cement based grouts directly from the velocity profiles by
the gradient method

4. Flow curves, i.e. shear stress vs. shear rate, of cement based grouts by the two different methods
given above

5. Change of the rheological properties of cement grout with time using the Bingham model and
Herschel-Bulkley model.

6. Change of the yield stress with time using a non-model approach, i.e. gradient method, tube
viscometry concept and comparing the results with curve fitting approach

7. Volumetric flow rate directly in-line by using the UVP+PD method and comparing the results
with a flow meter for field use (LOGAC) and a convetional electromagnetic flow meter

8. Compare the in-line results with the off-line measurements by a rotational rheometer

1.3 Limitations

The primary limitation concerning the application of the UVP+PD method for cement based grouts is the
existing ultrasound transducer technology. Commercial transducers are often not capable of generating
sufficient acoustic energy to measure the velocity profiles up to the center of the pipe, which is a
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prerequisite for determining the rheological properties. However, custom made transducers were used in
this work, and finding the optimum set-up was within the scope of this work.

Cement grouts were tested both with and without SetControl (SC). However, since the main objective was
to determine the feasibility of the UVP+PD method for cement grout and its change with respect to time
and concentration, no actual comparisons were within the scope of this work. The sampling time and other
conditions were not identical, which means that the results with or without SetControl cannot readily be
compared.

Off-line measurements were made using a conventional rotational rtheometer. A time lag was inevitable
during the sampling procedure from the in-line flow loop to the laboratory measurements, which implies
that the sample was at rest for a certain period of time. As a result, the off-line measurements were not
always under identical conditions, and comparisons with the in-line results should thus be made with
caution.

1.4  Outline of thesis

This thesis starts with an introduction describing the necessity of determining the rheological properties of
cement grout directly in-line and continues with a description of previous research studies on cement
based grouts, concerning models of the penetration of cement grout in rock fractures, influence of the
rheological properties and measuring techniques, and effect of filtration on the penetrability of cement
grout.

The rheology of cement grout and different measurement techniques are discussed in chapter two and
concern the yield stress and viscosity and their changes with time. Measurement techniques consist of
different laboratory and field techniques, and their limitations are discussed.

The working principles of the UVP+PD method are described in chapter three. The methodology consists
of two parts, ultrasound velocity profiling (UVP) and UVP combined with the pressure difference (PD),
known as UVP + PD.

The experimental set-up and different equipment used for the experiments are presented in chapter four.
The results are shown and discussed in chapter five. Conclusions follow in chapter six.

This research work resulted in several appended papers, which are briefly described below.

Paper I: Hékansson, U., Rahman, M., Wiklund, J., 2012. In-line measurements of rheological
properties of cement based grouts- Introducing the UVP+PD method. In: Proceeding of 4th
International Conference on Grouting and Deep Mixing, 16"-18" February New Orleans. ASCE,
Geotechnical Special Publication No. 228, Vol. 1, 1023-1034.

This paper discusses different techniques for measuring the rheological properties of cement grout and the
associated problems in existing techniques. This was a feasibility study, and the objective was to measure
instantaneous velocity profiles and subsequently determine the yield stress and viscosity using different
rheological models, e.g. Bingham and Herschel-Bulkley. The volumetric flow rate was determined by
integrating the velocity profiles and was subsequently compared with the flow rate measured by the
LOGAC™ device. A standard field grouting rig, UNIGROUT E22H, was used to keep the conditions, e.g.
mixing, pumping etc., the same as they would be in the field. The feasibility study was successful, as it
was possible to determine the rheological properties of cement grout using the UVP+PD method.
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Paper II: Wiklund, J., Rahman, M., Hakansson, U., 2012. In-line rheometry of micro cement based grouts
- A promising new industrial application of the ultrasound based UVP+PD method. Applied
Rheology 22, 42783.

In this paper, rheological properties determined by the UVP+PD method are presented and compared with
off-line measurements. The rheological properties were determined using rheological models, e.g.
Bingham and Herschel Bulkley. In addition, a non-model approach, the gradient method, was used and
presented. This is the first time the UVP+PD method was used for cement based grouts in field like
conditions. It was possible to measure the velocity profiles up to the center of the pipe for w/c ratios of 0.6
and 0.8, which is a prerequisite for determining the rheological properties using the UVP+PD method.
However, the results showed the requirement of an improved transducer design capable of generating
sufficient energy for accurate measurements of the velocity profiles. Off-line measurements were made
and found to be in good agreement with the in-line results. Volumetric flow rates were determined and
subsequently compared with the commercial flow meter LOGAC™ device. The UVP+PD method was
found to be a promising tool for determining the rheological properties of cement grout in-line, under field
like conditions, and capable of performing an accurate measurement and visualization of the flow rate.

Paper III: Rahman, M., Hakansson, U., Wiklund, J., 2012. In-line rheological measurements of cement
grouts: Effects of water/cement ratio and hydration. Submitted to the journal Tunnelling and Underground
Space Technology.

The work reported in this paper investigated the feasibility of the UVP+PD method for determining the
change of the yield stress and viscosity of cement grout with respect to concentration and time. Yield
stress and viscosity were determined using the Bingham and Herschel Bulkley rheological models. In
addition, a non-model approach, gradient method and tube viscometry concept, was used and
subsequently compared with the results obtained by the rheological model fitting procedure. A new non-
invasive sensor unit was used and found to be capable of generating sufficient energy to measure the
instantaneous velocity profiles beyond the center of the pipe for w/c ratios down to 0.6. A laboratory
based flow loop was used to achieve a stable flow rate. The volumetric flow rate was determined by
integrating the velocity profiles and was subsequently compared with the LOGAC™ commercial flow
meter and an electromagnetic flow meter. The UVP+PD method was capable of determining the change of
the rheological properties of cement grout with respect to concentration and time directly in-line. In
addition, it was found to be an effective tool for visualization and accurate flow measurement.

Paper IV: Rahman, M., Hakansson, U., Wiklund, J., 2012. Grout pump characteristics evaluated with the
Ultrasound Velocity profiling. In: Proceeding of ISRM International Symposium, EUROCK, 28th-30th
May 2012, Stockholm.

In this paper, the Ultrasound Velocity Profiling (UVP) technique was shown to be an effective tool for
determining the characteristics of the grout pump. A standard grouting rig, UNIGROUT E22H and a
laboratory based set-up with a progressive cavity type of pump, was used and the instantaneous velocity
profiles were measured. A large fluctuation in the velocity was observed due to the piston type of pump
used in the grouting rig. Negative velocity was also observed which was due to the backstroke of the
piston. This is a unique feature of the UVP which is not possible to obtain by other methods. In contrast
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and as expected, the progressive cavity type pump provided a very stable flow rate. Based on the
visualization of the pulsed flow, characteristics of the grout pump can be determined and optimized for
practical grouting. In addition, UVP was found capable of making accurate determinations of the flow rate
when it is less than 1 liter/min, which is not possible using commercial flow meters. Since field grouting
work is based on empirical methods and the determination of the flow and pressure, a device capable of
making accurate measurements of the flow rate would lead to a better determination of the execution time
in grouting practice.
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2 Background
2.1 Introduction

Rheology is the science of deformation and the flow of matter. The word ‘rheology’ was created by
Professor Bingham of Lafayette College. The study of rheology was rather slow and occasional until the
early decades of the twentieth century. However, during the Second World War, rheology came to be an
emerging force to be dealt with in the synthetic fibre and plastic processing industries (Barnes et al.,
1989).

2.2 Rheology of cement grouts

The rheological behavior of cement based grout is considered complex (Hékansson, 1993). The grout is
non-Newtonian and thixotropic and consists of a yield stress. Further, the hydration of the cement also
plays a key role, as the rheological properties change with time. The rheology of cement grout is a factor
of prime importance regarding the transporting, pumping, pouring and spreading of the material. In
practice, cement grouts with water to cement ratios of 0.6-1.5, consisting of a solid volume concentration
of approximately 30%-50%, are used (Rosquoét et al., 2003). In concrete, the shear rate increases with the
aggregate content, and a complete breakdown is achievable at the end of mixing. In contrast, for cement
grouts, due to the absence of aggregate, the surface area of the finer cement particle is higher and the
rheology is more complex as a result of the interaction between the suspended particles and the
breakdown during shearing. Typical values of the rheological properties of the cement based materials are
summarized by Banfill (2003) and are shown in Table 1.

Table 1 Typical values of the rheological properties of cement based material, Banfill (2003)

Material Cement paste, = Mortar Flowing concrete  Self-compacting ~ Concrete
Grout Concrete

Yield stress 10-100 80-400 400 50-200 500-2000

N/m’

Plastic 0.01-1 1-3 20 20-100 50-100

viscosity

Pa.s

Structural Significant Slight None None None

Breakdown

The rheological properties of cement based materials are determined by a mathematical curve fitting to the
shear stress vs. shear stress curves. There can be disagreements between the results obtained using
different mathematical models and reported in different research work, e.g. Yahia and Khayat (2003),
Nehdi and Rahman (2004). The Bingham model is widely used owing to its simplicity and the linear
relationship between shear stress and shear rate. However, the rheological behavior of dense cement based
materials could be better explained by the Herschel-Bulkley model since it can explain the shear thinning
behavior that is observed (Larrard et al., 1998). The Bingham model and the Herschel Bulkley model are
given as:

Bingham: 7 =7, +uy (2]
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Herschel-Bulkley : T=1,+ky" [3]

As can be seen, both of the models exhibit a yield stress. In the Bingham model, the viscosity is expressed
by a linear relationship with the shear rate while, in the Herschel-Bulkley model, apart from the yield
stress, the shear thinning behavior is represented by the flow index n. The inter-particle forces between the
cement suspension are the origin of the yield stress, which are partially dependent on time and the shear
history. The degree of interaction depends on the concentration, particle size and surface properties. The
interaction causes a flocculation which plays an important role in the rheological properties of the cement
suspension and penetration of the grout. At high shearing, the flocculation can be reduced. However, re-
flocculation and thickening will occur when the suspension comes to rest. These phenomena are known as
structural breakdown and build up or thixotropy.

From a grouting point of view, the rock fracture geometry is hardly known. As a result, there is not much
importance of a sophisticated rheological model. Use of rheological models consisting of yield stress is
convenient and it is sufficient to use the Bingham model. The flow rate and the filling capacity of the
cement based mixture depend on the yield stress. Yield stress is very important for cement mixtures set
without vibration. As a consequence, yield stress can be referred as the quality control index (Yahia and
Khayat, 2001).

2.2.1 Viscosity

Viscosity is considered to be the most important material property. Any practical study investigating the
material response will eventually lead to the viscous behavior of the material (Barnes et al., 1989).
Viscosity is the relationship between shear rate and the stress applied on the material. In the case of
Newtonian behavior, viscosity is independent of the shear rate. However, for non-Newtonian behavior, it
is referred to as ‘apparent viscosity’ or ‘shear rate dependent viscosity’. A variation in the viscosity can be
observed with changes of temperature and pressure. Cement grouts and cement based materials are subject
to hydration, and the viscosity changes accordingly. As observed by Hakansson (1993) and summarized
by Banfill (2006) and Sant et al. (2008), hydration proceeds in several stages. The first stage involves a
rapid reaction between the anhydrous minerals and water, resulting in a wetting peak. Subsequently, a
slow reaction for two or more hours known as the dormant period is followed by an accelerated stage
responsible for interlocking. Finally, the fourth stage involves the deceleration process. As a consequence,
the viscosity of the cement based materials will change in accordance with the hydration process.
However, determination of the plastic viscosity and the consistency index, K, by the Bingham and
Herschel-Bulkley models might also yield different results for the same sample due to the shear rate range
of the mathematical fitting. As shown by e.g. Nehdi and Rahman (2004), the Bingham model will always
yield a higher viscosity than other rheological models, e.g. the Casson model.

2.2.2  Yield stress

The yield stress is regarded as the material property that denotes the transition between solid like and fluid
like behavior. Consequently, it is the minimum stress that makes the fluid flow like a viscous material.
Inter-particle forces between the solids in a suspension result in a yield stress that must be overcome to
start the flow. In addition, an applied stress that is lower than the yield stress will result in a deformation
like a solid instead of flowing. The existence of a yield stress has been questioned by some authors, e.g.
Barnes and Walters (1985), due to the fact that, given accurate measurements at very low shear rates, no
yield stress exists. In this work, two Newtonian plateaus were observed at the very low and high shear
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rates, and the rest of the region showed a power law behavior. No yield stress was achieved for a shear
rate range of 10°-10s". The historical concept of yield stress was summarized by Barnes (1999), and the
long argument on the existence of yield stress was concluded by the fact that it is acceptable to describe
the material behavior with a yield stress over a limited shear rate range; however, this is represented by
limited data. It was summarized that the yield stress might be misunderstood because of the wall depletion
effect, which shows a Newtonian plateau at the low shear rate. However, the removal of the wall depletion
would lead to a flow curve without any yield stress consisting of a lower-higher shear rate Newtonian
plateau. The yield stress is measured using different type of viscometers, e.g. rotational, cone and plate,
tube etc. As shown by Mannheimer (1991), the wall slip effect is a major problem when measuring the
yield stress of cement slurries, especially at the lower shear rates. When using the Couette geometry of the
rotational viscometer, 100% wall slip was observed for a mean shear stress of less than 20 Pa.
Furthermore, a 100% wall slip was observed when the tube viscometer used had the same roughness for a
mean shear of less than 28 Pa. A Newtonian viscosity at the lower shear rates was observed that was the
result of wall slip; however the correction for the slip represented a material behavior including a yield
stress. Cement suspensions with strong particle interactions have been reported to have a dynamic yield
stress in addition to the static yield tress at zero shear rate due to their thixotropic nature. The static yield
stress was referred to as the ‘gel strength’ (Keating and Hannant, 1989) . The dynamic yield stress would
be less than the gel strength due to the fact that the slurry breaks down under shearing when it exceeds the
gel strength. Consequently, a continuously increasing deformation will take place when the shear stress
exceeds the dynamic yield stress. To measure the yield stress of concentrated suspensions, both direct and
indirect methods have been proposed and performed (Nguyen and Boger, 1983). Constitutive equations
and rheological models are used to extrapolate the resulting fitted curve to zero shear rates, since it is not
possible to obtain the shear stress at zero shear rate using conventional rotational viscometers. To make
the grout suitable for practical use, high range water reducers (HRWR), viscosity enhancing admixtures
(VEA) and rheology modifying admixtures (RMA) are used to change the rheological behavior of the
grouts. According to the author’s understanding, these admixtures are known to the grouting industry as
plasticizers or super-plasticizers. RMA is used with high performance grout to increase the resistance
against wash out, bleeding and sedimentation. Moreover, these admixtures have an effect on the yield
stress. When using the analytical models to determine the yield stress of the grout, it should be noted that
different models will yield different results depending on the shear history of the material (Yahia and
Khayat, 2003).

2.2.3 Change in the rheological properties

The rheological behavior of cement based grouts changes with time. The change in the rheological
properties can be described by the terms thixotropy and hydration. Thixotropy is the material property that
is responsible for the solidification of gels, which may again be liquefied to sols. Provided that there is
constant temperature and shear rate, the solidification happens repeatedly. However, thixotropy can also
be explained by the fact that the viscosity of a material increases when it is at rest and decreases with an
increase in the shear stress. The history and the definitions of thixotropy have been summarized by Barnes
(1997). What is implied is a decrease in shear stress at constant shear rate or an increase in shear rate at
constant shear stress. Moreover, the phenomenon of thixotropy can be observed by a hysteresis loop in the
shear stress-shear rate curve of a cement suspension. Since the flocculated structures are broken down, a
down curve, i.e. a decrease in shear stress at the same shear rate compared to the up curve, will be
observed. The structural breakdown refers to the process of breaking certain linkages between the cement
particles, which were assumed to be formed by the hydration process. The true thixotropic behavior of
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cement paste, e.g. coagulation, dispersion and re-coagulation of the cement particles, plays a major role in
generating the time dependent behavior. The particles are assumed to have a linkage that is broken during
this process. Based on this assumption, a material model (PFI — Particle Flow Interaction model) to
simulate the rheological behavior of cement paste was proposed by Wallevik (2009). The coagulation
process is due to the potential energy of the particles, which ‘glue’ them together when they come into
contact with each other for a certain duration of time. However, this coagulation can be referred as
‘reversible’ and ‘irreversible’ depending on the breakage of the linkage of the particles. The time
dependent shear response of cement paste with a low water to cement ratio was shown by Sant et al.
(2008). At an early stage, the shear stress was observed to reach equilibrium after a peak shear stress.
However, at a later stage, the shear stress increased rapidly and the measured shear stress exhibited a saw-
tooth response. This can be explained by the continuous loss and recovery of inter-particle forces under
the applied stress. Besides in cement, thixotropic behavior was observed in Bauxite residue (Nguyen and
Boger, 1985). The yield stress decreased over time and an equilibrium state was achieved while shearing
for a longer period. In addition, the recovery time was very high when the suspension was at rest, which
showed an irreversible thixotropic structure associated with the red mud suspension. This was explained
by the fact that two types of bonds were present in the system, the inter-particle bond and the inter-
aggregate bond. While the suspension was under shear, an applied stress higher than the yield stress broke
the inter-aggregate bonds in an irreversible manner and the inter-particle bonds were broken in a
reversible manner. An equilibrium of yield stress over longer shearing period indicated that the aggregate
structure cannot be destroyed by prolonged shearing but will rest at a certain level. As summarized by
Banfill (2006), the practical significance of the thixotropy in cement systems lies in the rapid structural
build-up that reduces the exerted pressure by self-compacting concrete in formwork. In addition, the rapid
stiffening of the sprayed concrete prevents it from slumping before setting. Further, thixotropic slurries
have been found problematic in connection with flow in pipes. When flowing through a pipe, the liquid
near the pipe wall will be highly sheared and will be subjected to rapid and prolonged breakdown. As a
result, a lower viscosity will prevail near the pipe wall. However, at the center of the pipe, the shearing
will be lower; hence an inner, more viscous layer would be present.

The rheological properties of cement suspensions change over time due to hydration. Hydration results in
a chemical shrinkage in cement paste and develops in several stages. The hydration starts with a wetting
peak, after which follows a dormant period. An accelerated period is subsequently observed, followed by
a decelerating period, which ends with the steady state period. The determination of the yield stress and
viscosity of cement paste and grout shows a similar trend. As shown by Hakansson (1993) and Sant et al.
(2008), the yield stress increases with time and then becomes dormant for a period of time.

2.3 Factors of influence

The rheology of cement based grout is complex in comparison with that of concrete due to the absence of
aggregate and since the structural breakdown is not pronounced (Hékansson, 1993) . A shear thinning
behavior originates from the particle size, shape distribution and water to cement ratio. Moreover, a yield
stress and a thixotropic time dependent behavior due to the reversible breakdown of the particle structure
under shearing are exhibited. Gravitational sedimentation, flocculation due to inter-particle forces and
particle mitigation due to the velocity gradient are other complicating factors. Factors affecting the
rheological properties of cement grouts can be summarized as water to cement ratio, cement type
(fineness, particle size and distribution), admixtures (e.g. superplasticisers, sodium silicate and calcium
chloride), additives (bentonite and silica fume), hydration (i.e. time from mixing with water) and
temperature (Hakansson et al., 1992).
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Using micro fine cements is regular practice in the grouting industry to increase the penetrability into fine
rock fractures. The water to cement ratio and the use of superplasticisers are factors of major importance
when using these types of cements. On the other hand, use of additives and admixtures has become more
or less outdated. When using superplasticisers, however, it should be noted that the effect will be limited
in time and becomes less significant after approximately 30 minutes. The effect of cement hydration will
take some time before having an influence, and the dormant period usually lasts a few hours. A decrease
in temperature will increase the viscosity, although the effect is not significant in normal temperature
ranges used in practice.

2.4 Measurement techniques

Measurements of the rheological properties of cement based grouts are made in the laboratory and in the
field. Instruments that are used in the laboratory are not robust, and instruments that are used in the field
are rather primitive and their results might be unreliable and difficult to reproduce (Hékansson and
Rahman, 2009).

2.4.1 Laboratory measurement

Laboratory measurements are made using different types of rotational and tube viscometers. Rheological
properties can be measured by rotational viscometers using indirect and direct techniques. As mentioned
by Nguyen and Boger (1983), the indirect methods can be referred to as the direct extrapolation of the
rheological shear rate-shear stress data, i.e. extrapolation of the flow curves assuming different rheological
models. Direct methods are for example the shear stress relaxation method and the shear vane method.

When measuring the rheological properties of cement grout using the rotational viscometer, the concentric
cylinder geometry is often used. The advantage is that this geometry requires only a small sample that can
be measured for a longer period of time. However, a measurement with the concentric cylinder geometry
should be performed with care since the wall slip phenomenon is inevitable when measuring a shear
thinning thixotropic fluid (Barnes, 1995). The wall slip occurs due to the displacement of the disperse
phase (concentrated suspension) away from the solid boundary, leaving a low viscous layer near the
smooth wall. Since cement based suspensions also generate flocks, a comparatively larger gap is required
when using the concentric cylinder geometry, which paradoxically leads to a larger slip effect. However,
the slip can be reduced by roughening the wall surfaces.

To eliminate the wall slip effect, Nguyen and Boger (1983) introduced the vane method. Different
measurement geometries were used, e.g. a concentric cylinder, and the complexity associated with the
measurement at low shear rates and the model fitted parameters was discussed. The significance of
measuring the shear stress-shear rate data by a direct method was stressed. The measurement with the
vane geometry is independent of the vane dimension and size and was shown to be more accurate for
highly concentrated thixotropic suspensions. A further work by Nguyen and Boger (1987) showed that,
when measuring a concentrated suspension of thixotropic material using the concentric cylinder, the
sample might be partially sheared due to the yield stress. Moreover, the measured shear stress will also
depend on the rotational speed of the bob that is applied. Besides the effect of the applied rotational speed,
the measured shear rate will differ due to the time dependent behavior of the sample material.

Tube viscometers are the most commonly used instruments for measuring viscosity due to their low cost
and simplicity. When a fluid is driven by pressure through a pipe, the velocity is at its maximum at the
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center, which implies that the velocity gradient or shear rate is at its maximum at the pipe wall and zero at
the center. The wall shear stress is obtained from the pressure difference over a known distance. The shear
rate is determined assuming a Newtonian fluid, and a correction factor, e.g. Rabinowitsch-Mooney, is
applied to determine the shear rate for a non-Newtonian fluid. As a result, the wall shear stress vs. wall
shear rate curve is obtained, provided that pipes with different diameters with the same L/R ratio are used.

The wall slip phenomenon is evident for cement grout when tube viscometers are used. A cement layer is
depleted at the pipe wall, and the smooth surface provides a lower viscosity of the grout. The wall shear
rate should therefore be corrected because of the slip. More detail on tube viscometry can be found in
Mannheimer (1991), Barnes (1999).

2.4.2 Field measurement

Rheological properties of cement grout are commonly measured in the field by simple instruments, such
as a Marsh cone and yield stick. The Marsh cone is used to measure the fluidity of cement grouts in the
field. In fact, this is a workability test to check the specification and control the quality of cement pastes
and grouts. The longer the time necessary for the grout to flow out of the cone, the lower the fluidity. The
flow time of the grout can be correlated with the viscosity assuming a Bingham plastic material, provided
that the yield stress and density of the grout is known. The yield stress can be determined by the ‘raise
pipe’. Here the grout is intruded into a vertical raise pipe, and the principle is that the flow stops when the
maximum shear stress at the pipe wall is below the yield stress. The density of the fluid must be known for
this test (Hakansson et al., 1992). In addition, the yield stress can be measured by the yield stick in the
field (Axelsson and Gustafson, 2006). Experiments were performed on crushed dolomite type grouting
material and cement grout with w/c ratios of 0.8-2.0. In comparison to the rotational rheometers, the yield
stick provided slightly lower yield stress values. It was concluded that the yield stick can be used as a
robust method to determine the yield stress of cement grout in the field. In addition, it can be combined
with the marsh cone to determine the viscosity of the grout. Referring to the yield stress as cohesion, a
simple instrument, called the plate cohesion meter, was introduced by Lombardi (1985b). A thin steel
plate with a rough surface to which the grout can stick is submerged into the grout. If the specific weight
and the amount of the grout that sticks on the plate are known, the cohesion per unit weight can be
determined. Although these methods are used in the field, the results obtained are often lacking in
accuracy and reliability (Hakansson et al., 1992).
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3 Ultrasound methodology
3.1 Ultrasound Velocity Profiling (UVP)

Ultrasound Velocity Profiling (UVP) is a technique originally developed in medicine to measure blood
flow. This method was subsequently extended by Takeda (1986) for application in fields of engineering.
The principles of ultrasound Doppler velocity profiling are discussed in detail in the literature; see for
example Takeda (1995). The working principle is based on the emission of pulsed ultrasound bursts and
echo reception along the beam axis. The ultrasound transducer is placed at an angle with respect to the
pipe wall and emits short bursts of ultrasound waves before switching to receiving mode. When the
ultrasound waves hit a scattering particle, parts of the ultrasound energy scatter on the surface of the
particle and echo back towards the transducer. The echo reaches the transducer after a certain time delay.
If the scattering particle is moving with a non-zero velocity component into the acoustic axis of the
transducer, the received signal’s frequency will be different compared to the emitting frequency due to
Doppler shift taking place. The local velocity of the suspended particles inside the beam axis is analyzed
from the echo signals originating from several time delays or distances from the transducer.

3.2 UVP+PD method

The basis of the UVP+PD comes from the pipe viscometry concept. The working principle of pipe and
capillary viscometers can be derived from a force balance over a cylindrical fluid element in fully
developed, steady state, laminar flow in a pipe. Single point rheological parameters are obtained from the
pressure drop and volumetric flow rate. The UVP+PD instrument is basically a tube viscometer with
multi-point measurement.

This method can be used for continuous determination of various rheological parameters. The concept of
combining UVP with PD was proposed in the 1990s when the UVP-DUO-MX monitor from Met-Flow,
Lausanne, Switzerland, became commercially available. The limitation of the capillary viscometer
instrument is that it only provides single point data corresponding to a specific shear rate, hence limiting
its use for non-Newtonian fluids. The UVP+PD method developed at SIK, the Swedish Institute for Food
and Biotechnology, allows real-time measurements of radial velocity profiles and hence complete flow
curves. From the derived data, rheological properties such as viscosity and yield stress can be determined
directly in-line. The potential of this method for measuring the rheological properties of cement grouts
was discussed by Hékansson and Rahman (2009) and the feasibility of this method was investigated by
Hakansson et al. (2012) and Wiklund et al. (2012a). It was subsequently found that the UVP technique
itself can be a very good method for evaluating the grout pump characteristics with respect to pulsation
(Rahman et al., 2012). The UVP+PD technique has also been successfully used in various other industrial
suspensions, such as food, paper pulp and mine tailings, e.g. Birkhofer, (2007), Kotz¢é et al., (2008),
Wiklund and Stading (2008), Wiklund et al. (2007) and Wiklund et al. (2006).

The true rheological properties, regardless of the rheological model, can be determined by the gradient
method, which is a unique feature available in the UVP+PD method. The shear rate is calculated from the
gradient of the velocity profiles, and the yield stress is determined from the plug radius. However, the

gradient method is sensitive to noise and requires an accurate measurement of the velocity profiles.

The procedure of the determination of rheological properties by the UVP+PD method is shown in figure 1.
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Figure 1 Rheological properties determination flow chart using the UVP+PD method
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4 Experimental set-up
4.1 Experimental flow loop

Two different types of experimental set-ups were used for the field like and laboratory based conditions.
The standard grouting machine, UNIGROUT E22H from Atlas Copco, was used to keep conditions the
same as in the field. The flow was circulated through a flow loop consisting of a standard grouting rig,
UNIGROUT E22H, UVP+PD test section and LOGAC™ flow/pressure meter. LOGAC™ was used as a
reference for the flow rate determined by UVP. The experimental set-up used for the field like conditions
is shown in figure 2.

Ultrasound transducers

Pressure
sensors

Figure 2 Experimental set-up used for the field like conditions

A laboratory based flow loop was designed consisting of a helical rotor progressive cavity type of pump to
achieve a stable flowing condition during the measurement of the flow and the determination of the
rheological properties. The flow was circulated through a flow loop consisting of a storage tank, a
progressive cavity single screw pump, the UVP+PD test section, LOGAC™ flow meter and temperature
sensors. The objective was to obtain a steady flow using a progressive cavity pump and a simpler set-up
by excluding the UNIGROUT E22H. A schematic illustration of the experimental set-up is shown in
figure 3.
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Figure 3 Experimental set-up used for the laboratory based conditions

4.2 UVP+PD instrumentation
4.2.1 Ultrasound transducers and flow cell

Two different types of ultrasound transducers were used in this project. Cement grout is an attenuating
material and standard commercial transducers are not capable of emitting sufficient acoustic energy to
measure the velocity profile until the center of the pipe. For this reason, custom made delay ultrasound
transducers were used. Delay line is a material fixed ached of the transducers which reduces the near field
distance. As a result, velocity profiles just in front of the transducer face can be measured. A flow adapter
cell was developed and fitted with one pair of custom made delay line 4 MHz transducers. The inner
diameter of the flow adapter was 22.5 mm. The flow adapter material was stainless steel. Transducers
were mounted in flush with the pipe through the cavities with diameter equal to the housing diameter of
the transducers. Transducers were installed at a distance equal to the near field distance to avoid the near
field region where the ultrasound field is highly irregular. The flow adapter and transducer installation
used for this experiment is shown in figure 4.
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Figure 4 Flow adapter cell consisting of delay line ultrasound transducers

For the experiments carried out in field like conditions, two 4 MHz ultrasound transducers (TR0405LH-X,
Signal-Processing SA, Savigny, Switzerland), high temperature, were fitted with the flow adapter. These
transducers allow measurements directly from the transducer front, implying that more or less zero
velocity at the wall can be recorded. The active and outer diameters of the transducers are 5 mm and 8
mm, respectively. The transducers were fixed inside the flow adapter in the horizontal plane to minimize
the sedimentation effect and were placed opposite to each other with a Doppler angle.

However, delay line transducers might often lack on the emitted acoustic energy and robustness (Rahman
et al.,, 2012). As a consequence, a robust, non-invasive ultrasound sensor unit, capable of emitting
sufficient acoustic energy, mounting outside of the stainless steel pipe was required. For the experiments
in laboratory based conditions, a novel non-invasive sensor unit was developed that consists of ultrasound
transducers, wedges, absorbers, and acoustic couplants. This was the first time experiments were
performed to measure a profile non-invasively through high grade stainless steel. The 3D-model of the
non-invasive sensor unit with mounting device is shown in figure 5.

Figure 5 3D model of the non-invasive sensor with mounting device (Wiklund et al., 2012b)
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4.2.2 Instrumentation

The velocity profile measurements were made with a pulser/receiver instrument, the UVP-DUO MX
(Met-Flow, SA, Lusanne, Switzerland) model with a multiplexer. The instrument firmware and driver
software were modified to allow access to the demodulated echo amplitude data (DMEA; raw data that
can not be obtained using standard instruments). The UVP Duo instrument and other hardware devices
were connected to a master PC via Ethernet and a DAQ card (National Instruments, ABB). MatLab based
software with a graphical user interface (Rheoflow) was used to control all hardware devices for data
acquisition, signal processing, visualization of the data and real time monitoring of the rheological
properties. UVP data acquisition was implemented using an active X library (Met-Flow, SA). A high
speed digitizer card (Agilent Acquiris) was used as an integral part of the data acquisition scheme,
enabling simultaneous measurements of the velocity profiles and acoustic properties.

Two differential pressure sensors (ABB 256DS, ETP80,ABB Automation Technology Products AB,
Sollentuna, Sweden), 45V DC, 20 mA, PS 40 bar, were used to measure the pressure difference over a
distance of 1.3 for 4 MHz transducers.

4.3  Materials

Due to the ease of preparation and use, wide availability and relative low cost, cement based materials are
the most commonly used grouts for permeation grouting. In this work, Cementa 1C30, a relatively fine
cement with a water/cement ratio of 0.6 — 1.0 (by weight), was used. IC30 is a sulphate resistant,
chromate reduced and low alkali grouting cement. The largest particle size is 30 microns. A mixing time
of 4 minutes was used for all batches. Cementa SetControl II was used as an additive; this is a high
performance binding time regulator that is suitable for grouts based on Cementa grouting cements.
SetControl II was used to keep conditions similar to those the field.
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5 Results
5.1 In-line measurement of the rheological properties of cement grout

The feasibility of using the UVP+PD method to determine the rheological properties of cement grouts
depends on the measurement of the velocity profiles. Since it was possible to measure the velocity profiles
for w/c ratios down to 0.6, at least up to the center of the pipe, the UVP+PD method was found capable of
determining the rheological properties directly in-line under field like conditions. The visualization and
shape of the velocity profiles of cement grouts were an important finding, since this is not possible to
achieve using any other method and performed for the first time for cement based grouts. Nevertheless,
for the w/c ratio of 0.6, the velocity profiles were distorted at the center of the pipe due to the strong
attenuation of the ultrasound energy. Moreover, the transducers were installed in cavities into a flow
adapter, and clogged cement particles were observed that decreased the penetration length due to the
strong attenuation. As a result, a non-invasive, clamp-on type device capable of emitting higher acoustic
energy was required.

Rheological properties were determined using the Herschel Bulkley model fitting procedure. This model
was chosen since it includes a yield stress and exhibits a shear thinning behavior, which resembles the
behavior observed in cement grouts. An expected, a trend of increased yield stress was observed for a
thicker suspension, i.e. w/c ratio 0.6. A change in the rheological properties, i.e. increased yield stress and
viscosity with time, was observed for w/c ratios of 0.6 and 0.8.

5.2 Change in the rheological properties of cement grout with concentration and time

Since the yield stress and viscosity of cement grout changes with concentration and time, a new study was
done to determine the change in the rheological properties directly in-line. A novel non-invasive sensor
unit, capable of emitting sufficient acoustic energy, was tested. Velocity profiles were measured for w/c
ratios of 0.6-1.0. It was possible to obtain accurate velocity profiles for w/c ratios down to 0.6, as shown
in figures 6 and 7.

SRR AR G50
XX ! Xx
1 " 4
0,4 W 4AS0oo00oRuooonghy, x,
K gt ' Bagg.  *x
& ol | Bog, %y
©n 0.3 a0 ! Duu:x
€03 1 oo : o
- % ° . 9 Ty
2 ¥ ° ! e %
; o ! o
13) ! .
S 0,2 1 o @ : o
2] o ' o’
> o o
g : o
0,1 1 2 ' .
x ' x
0,0 == r T T - - X
-12 -8 -4 0 4 8 12

Radial distance, mm
= w/c 0.6 w/c0,7 =w/c0.8 w/c1.0

Figure 6 Velocity profiles for w/c ratios of 0.6, 0.7, 0.8 and 1.0 measured by the non-invasive
sensor unit
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Figure 7 Spectral plot of the velocity profile for w/c ratio 0.7 measured by the non-invasive sensor
unit

It can be seen in figure 6 that the velocity profiles were accurately measured, and a plug flow can be seen
at the center of the pipe. As a result, the change in the rheology of cement grout due to concentration and
time can be visualized directly in-line. It is evident from the shape of the velocity profile that, at higher
w/c ratio, e.g. w/c 1.0, the shape of the measured velocity profile indicated that it was fairly Newtonian, in
contrast to a lower w/c ratio, where a Bingham behavior is visible. The spectral plot of the velocity profile
is shown in figure 7. As can be seen, the velocity profile was measured beyond the center of the pipe,
which indicates the improvement in the non-invasive sensor unit in terms of emitting sufficient acoustic
energy.

The rheological properties were determined using the Bingham and Herschel-Bulkley models. As
expected, an increased yield stress was observed for a higher concentration and with time. In addition to
using the rheological models, yield stress and viscosity were determined with non-model approaches, e.g.
the gradient method and tube viscometry concept, and are compared. With the gradient method, since no
model fitting was used, it is the true rheological behavior that is presented. An increase in the yield stress
and viscosity of cement grout was observed. A very high yield stress was observed for the w/c ratio of 0.6.
This is expected, however, due to the thicker concentration. Off-line measurements were made with
conventional rotational rheometers, and good agreement with the in-line results was found.

5.3 Determination of the volumetric flow rate

The volumetric flow rate was determined by integration of the velocity profiles and this was subsequently
compared with the results obtained with the LOGAC and commercial electromagnetic flow meter. As
shown in figure 8, for the field grouting rig UNIGROUT E22H, a fluctuation of the flow rate was
observed in the UVP; in contrast, the LOGAC yielded results over a fixed order of magnitude. This
indicates that the data acquisition rate in UVP is much faster because of the higher pulse repetition
frequency and it provides detailed flow behavior of the cement grout in real time. Moreover, UVP is
capable of providing an accurate measurement of the flow rate when it is as low as 1 liter/min, which is
never possible using the commercial electromagnetic and coriolis flow meters. For the laboratory based
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set-up, the progressive cavity pump provided a very stable flow rate. As a result, a similar flow rate was
obtained using the UVP, LOGAC™ and the commercial electromagnetic flow meter.
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Figure 8 Volumetric flow rate determined by the UVP and measured by the LOGAC™ and the

electromagnetic flow meter

5.4  Grout pump characteristics

Ultrasound velocity profiling (UVP) was found to be capable of faster data acquisition than the
commercial flow meters and measuring instantaneous velocity profiles. As shown in figure 9, 512 profiles
were measured over 50 seconds for the w/c ratio of 0.8. The velocity fluctuated from 0.1 m/s to 0.8 m/s,
which occurred due to the pulsation of the piston pump. Moreover, a negative velocity was present that
was the result of the backstroke of the piston. It is not possible to measure this fluctuation of the velocity
profiles with the commercial flow meters. Moreover, the effect of pulsation on the penetration of cement
grout inside a rock fracture is as yet unknown. This can be synchronized with the grout pump, and UVP
can be an efficient tool to determine the characteristics of the grout pump.
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Figure 9 Velocity profiles of w/c ratio 0.8 for piston pump
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6 Conclusions and future outlook

The results obtained using the UVP+PD method were found to be very promising for direct in-line
determination of the rheological properties of cement based grouts. It was possible to obtain the velocity
profiles for w/c ratio down to 0.6 and to determine the rheological properties, such as viscosity and yield
stress of the cement grouts. In addition to curve fitting with mathematical models such as Bingham and
Herschel-Bulkley, a non-model approach (gradient method) was also applied. It was found that, with the
gradient method, the true flow curve (shear stress Vs shear rate) can be obtained. The volumetric flow rate
was readily available by integration of the velocity profiles. The conclusions that can be drawn from this
study are as follows:

1. It is possible to determine the rheological properties of cement grouts directly in-line under field
conditions.

2. It is possible to determine the change of the rheological properties of cement grouts with
concentration and time.

3. The yield stress and viscosity of cement grouts can be determined regardless of the rheological
model.

4. The non-invasive sensor unit is capable of generating acoustic energy sufficient to measure
velocity profiles beyond the center of the pipe.

5. The volumetric flow rate can be accurately determined also when the flow is very low.

6. The grout pump characteristics can be readily visualized.

This is a totally new application of the UVP+PD method for the construction industry, and further
research should be carried out to establish the technology in this field. Future work should focus on an
accurate determination of the yield stress and investigating different important phenomena such as
thixotropy and wall slip. Since wall slip is likely to occur when grout is flowing in circular pipes or in
fractured rock, the velocity profile near the pipe wall should thoroughly investigated. The ultimate goal is
that this method should be available in the field for continuous determination of the rheological properties
and for quality control.
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Abstract: Rock grouting is performed to decrease the hydraulic conductivity around
underground structures, such as tunnels and caverns. Cement grouts are often used and
pumped into joint and fractures of the rock formation.

Piston type pumps are mostly used for high pressure rock grouting. A pulsation ef-
fect is inevitable when using this type of pump due to the movement of the piston. The
effect of this pulsation on rock grouting is yet to be known but believed to be benefi-
cial for the penetration of the grout. Current flow meters used in the field are not accu-
rate enough to determine the fluctuation of the flow rate when it is less than 1 I/min. In
addition, currently available flow meters measure the average of the flow over a cer-
tain period of time, hence the true fluctuation of the flow rate due to the pulsation of
the piston remains unknown.

In this paper, a new methodology, the so called ‘Ultrasound Velocity Profiling —
Pressure Difference’ (UVP+PD) method has been introduced to show the pulsation
effect when using a piston type pump. The feasibility of this method was successfully
investigated for the direct in-line determination of the rheological properties of micro
cement based grouts under field conditions (Rahman & Hékansson, 2011). Subse-
quently, it was also found that this method can be very efficient to measure the fluctu-
ation of the flow rate for different types of pumps.

From a grouting point of view the UVP+PD method can be used to synchronize
the pressure and flow of a piston type pump by measuring the pulsation effect. Conse-
quently it can be used as a tool for the efficiency and quality control of different types
of pumps.

Theme: Hydrogeology and Grouting.

Keywords: cement grouts, pump characteristics, grouting, ultrasound velocity
profiling, UVP+PD.
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1 INTRODUCTION

The principle of rock grouting remains the same for last few decades and for large
tunneling projects a mobile grouting plant is often used. It consists of an agitator, mix-
er and grouting pump. The pump is used to take the grout from the agitator to the
boreholes through a line of hoses. Grouting pumps can be divided into two groups
based on the assemblation of the valve in the pump (Houlsby, 1990). The valve results
in pulsation of the flow. Helical rotor pump is a progressive cavity type pump which
does not have any valve, instead it uses the rotor in a positive screwing motion togeth-
er with its driving shaft. Therefore resulting in a fairly stable pressure and thus flow. A
piston type of pump has pistons reciprocating in close fitting cylinders, consisting four
ball valves. Hence resulting in a cyclic pressure of different degrees with each stroke
of the pistons. Thus creates a pulsed flow (Faulkner, 2005). The effects and influences
of the grouting pump on grout materials and penetration have not been investigated to
the best of the author’s knowledge. The effect of steady pressure and cyclic pressure is
discussed by Houlsby (1990) and according to him, cement settlement and thixotropic
stiffening in low pressure phase restrain the penetration.

For high pressure rock grouting a piston type of pump is the widely used option
and pulsation is unavoidable with this type of pump. The flow meters available today
are not accurate enough to measure the pulsation of the flow when it is less than 1
1/min. This is important at the later stage of grouting when the flow is very low. Vetter
& Notzon (1994) performed an experimental study using two different sizes of U-tube
type Coriolis flow meter and showed results for meter errors for particular pulsation
frequencies. They tested for pulsations form both piston pump and gear pump. It was
concluded that when the pulsation frequency is equal to the natural frequency of the
meter tube, large errors will occur. However, the opportunity of using flow meters
consisting measuring tubes with higher frequencies are limited since it will reduce the
signal generated via Coriolis Effect. An analytical study was performed by Cheese-
wright & Clark (1998) to investigate the frequencies except the natural frequency of
the meter tube during pulsation flow, which will lead to an error while determining the
phase difference from two detector signals. An experimental study similar to Vetter &
Notzon, (1994) was performed by Cheesewright, Clark, & Bisset (1999) and conclu-
ded that erroneous results can occur due to the pulsation of the flow at the natural
frequency and also at some particular different frequencies. The excitation due to
pulsation originates some additional components of motion in the meter tube and the
meter hardware/software is incapable of correctly interpreting the sensor signals.

Modern grouting rigs are today equipped with continuous measurement of volu-
metric flow rate and pressure (Tolppanen & Syrjénen, 2003). However, the measured
flow rate is an average over a certain period of time, hence the true fluctuation of the
flow rate due to the cyclic pressure remains unknown. Besides, a sophisticated flow
meter capable of measuring the fluctuation of the flow rate and pulsation accurately in
real time is not available.

A very promising technology for measuring the flow rate very accurately in addi-
tion to the velocity profiles, hence monitoring the pulsed flow in real time is the Dop-
pler-based Ultrasound Velocity profiling (UVP) technique. A method for in-line
rheometry combining the UVP technique with Pressure Difference (PD) measure-
ments, commonly known as UVP+PD, has recently been developed at SIK- The Swe-
dish Institute for Food and Biotechnology. The UVP+PD method allows measure-
ments not possible with common rheometers such as radial velocity profiles and yield
stress directly in-line, see (Wiklund, 2007). The feasibility of the UVP+PD method
was successfully investigated for determining the rheological properties of cement
grouts directly in-line under field conditions (Rahman & Hakansson, 2011). Subse-
quently it was found that the Ultrasound Velocity Profiling (UVP) technique alone can



measure the flow rate very accurately. A major advantage, compared to available flow
meters is the velocity profile, which can be seen in real time. Furthermore, the fluctua-
tions of the flow are clearly visible from the velocity profiles. However, the ‘Pressure-
Difference’ measurement is not required to determine the velocity or flow rate of the
suspension. Since ‘UVP+PD’ was used as a complete methodology to investigate the
rheological properties of cement based grouts, it is presented here as a tool for grout
pump characterization (Rahman & Hékansson, 2011).

In this study, the measurement of the velocity profiles and flow rate of concentrat-
ed cement grout using the UVP+PD method has been presented. The experiments
were performed using two different type of test set up. The first experimental test set-
up consisted of a combination of an experimental “flow loop” and a conventional
grouting rig - UNIGROUT E22H from Atlas Copco. The second experimental test set
up consisted of a progressive cavity pump, a smaller mixing tank, LOGAC and a
stainless steel pipe loop instead of the UNIGROUT E22H and grout hoses. The veloci-
ty profiles were captured from a true flow condition and the measured flow rate was
subsequently compared with those obtained from the commercial flow meter used in
the LOGAC.

2 RELEVANCE FOR FIELD APPLICATIONS

The execution of grouting work in the field is controlled by monitoring the pressure
and flow in real time. When the flow decreases to a certain preset value grouting is
stopped. The later stage of grouting is thus of prime importance. The grouting data of
Hallandsas project is shown in Figurel.
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Figure 1. Grouting data of selected borehole of Hallandsas project.

In Figure 1, the pressure was measured in a range of 47-53 Bar. At the beginning the
flow was high, nearly 40 1/min and as a consequence a pressure drop can be observed.
However, when the grout started flowing through the rock fractures, the flow de-
creased. From the graphical presentation, it is understood that the rock was very tight
with small fissures. Subsequently, a zero flow was achieved in a high pressure, i.e. 50
Bar, which resembles that the apertures were filled with grout. The fluctuating flow is
occurring due to the opening of the fractures and the cyclic pressure of the piston
pump. The available flow meters measure the average of the flow over a certain period
of time, hence the flow reading does not represent the short term fluctuating condition.
Moreover, it is evident that the later stage is very important since it can be used for
deciding when the grouting should be stopped.



3 ULTRASOUND VELOCITY PROFILING (UVP)

Ultrasound Velocity Profiling (UVP) is a technique that was originally developed to
measure the blood flow in medical field. This method was subsequently extended by
Takeda (1985) for application in other fields of engineering. The principles of ultra-
sound Doppler velocity profiling are in detail discussed in the literature, see for exam-
ple (Takeda 1985, 1991, 1995). The working principle is based on the emission of
pulsed ultrasound bursts and echo reception along the beam axis. The ultrasound
transducer is placed at an angle with respect to the pipe wall and emits short bursts of
ultrasound waves before switching to receiving mode. When the ultrasound waves hit
a scattering particle, parts of the ultrasound energy scatters on the surface of the parti-
cle and echoes back towards the transducer. The echo reaches the transducer after a
time delay. If the scattering particle is moving with non-zero velocity component into
the acoustic axis of the transducer, Doppler shift of echoed frequency takes place and
received signal frequency becomes ‘Doppler-shifted’ by the frequency. The local ve-
locity of the suspended particles inside the beam axis is analyzed from the echo sig-
nals originating from several time delays or distances from the transducer. UVP sys-
tems are often called Doppler instruments which is misleading because the Doppler
effect is not used for velocity estimation. The relative movement or shift in position of
the scatters between two pulse emissions are detected and not the Doppler-shifted
frequency. In fact, the Doppler effect is an artifact of the pulsed wave system (Jensen,
1996).

3.1 UVP+PD Method

A method for in-line theometry combining the UVP technique with Pressure Differ-
ence (PD) measurements, commonly known as UVP+PD, can be used for the continu-
ous determination of various rheological parameters between two certain points. The
concept of combining UVP with PD was proposed in the 90-ies when the UVP-DUO-
MX monitor from Met-Flow, Lausanne, Switzerland became commercially available.
The basic principles of the UVP+PD method originates from the capillary viscometry
concept and a force balance over a cylindrical fluid element in fully developed, steady
state, laminar flow in a pipe. The main limitation of the capillary viscometer instru-
ment is they only provide single point data corresponding to specific shear rate, hence
limiting their use for non-Newtonian fluids. The UVP+PD method developed at SIK -
The Swedish Institute for Food and Biotechnology allows real-time measurements of
radial velocity profiles and hence complete flow curves and rheological properties,
such as viscosity and yield stress directly in-line. The potential of this method for
measuring the rheological properties of cement grout directly in-line was proposed by
Hakansson & Rahman (2009).The feasibility of this method for determining the rheo-
logical properties of cement grouts directly in-line was successfully investigated by
Wiklund, Rahman, & Hékansson (2011). It was subsequently found that the UVP
technique itself can be a very good method for evaluating the grout pump characteris-
tics with respect to pulsation. However the pressure difference measurement is not
required in that case. The UVP+PD technique has been successfully used on various
industrial suspensions, such as food, paper pulp and mine tailings (e.g. Wiklund et al.
2006, Birkhofer 2007, Wiklund 2007, Kotz¢ 2007, Wiklund & Stading 2008).



4 MATERIALS

Due to ease of preparation and use, wide availability and relative low cost, cement-
based materials are the most commonly used grouts for permeation grouting. In this
work, a relatively fine cement has been used, Cementa IC30 with water/cement ratio
0.6, 0.7 and 0.8 (by weight). IC30 is a sulphate resistant, chromate reduced and low
alkali grouting cement. The largest particle size is 30 microns. A mixing time of 4
minutes was used for all batches. Cementa SetControl II was used as an additive
which is a high performance binding time regulator that is suitable for grouts based on
the Cementa grouting cements.

5 EQUIPMENT AND FLOW LOOP

The standard grouting machine UNIGROUT E22H from Atlas Copco was used to keep
the condition same as the field. The flow was circulated through a flow loop consisting
of a standard grouting rig UNIGROUT E22H, UVP-PD test section and LOGAC flow
meter. LOGAC was used as a reference for the flow rate determined by UVP. More
details of the experimental set up are discussed in the following sections. A schematic
illustration of the experimental set-up used in this work is shown in Figure 2.
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Figure 2. Schematic illustration of the flow loop used in field like conditions

5.1 UNIGROUT E22H

The UNIGROUT E22H is a complete grouting rig manufactured by Atlas Copco. It
was used to produce a grout with the same properties as would be the case in the field.
The UNIGROUT E22H consists of a mixer, agitator, pump, control unit and the nec-
essary hoses. Cemix 203H is used as a high speed colloidal mixer consisting of a con-
tainer and impeller having a mixing volume of 200 liter and mixing capacity of up to 3
m’/h. After mixing, the grout is pumped in to the agitator, Cemag 402H, containing
cylindrical container with angular base, slow running and inclined mixer shaft fitted
with two pair of blades. The volume of the agitator is 400 liter and rotation speed of



the agitator shaft is 60-70 rpm. Pumpac, the hydraulic piston pump having a grout
flow capacity of 0-120 I/min is included with the UNIGROUT E22H. For this present
study, the low pressure zone, 0.2-1 MPa was used. The UNIGROUT E22H used in
this experiment is shown in Figure 3.

Figure 3. UNIGROUT E22H used for the experimental work

5.2 LOGAC recording system

LOGAC 4000 from Atlas Copco is a computer based recording system for storing and
sampling data during a grouting operation. The parameters that can be logged and
stored on a PC card are flow, pressure, volume, time and real time. The data can be
recorded on the card at every 1st, S5th or 10th second. The CFP meter unit consists of
an electromagnetic flow meter and a pressure meter. The flow meter operates in a
range of 0-200 1/min with a maximum allowed pressure of 4 MPa.

5.3 Laboratory based flow loop

A laboratory based flow loop was designed consisting of a helical rotor progressive
cavity type of pump to measure the flow and the rheological properties of the cement
suspensions in a stable flow condition. The flow was circulated through a flow loop
consisting of a storage tank, a progressive cavity single screw pump, UVP+PD test
section, LOGAC flow meter and temperature sensors. The objective of excluding the
UNIGROUT E22H was to obtain a steady flow using a progressive cavity pump and a
simpler set up. The schematic illustration of the experimental set-up is shown in Fig-
ure 4.
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Figure 4.  Schematic illustration of the flow loop used for laboratory experiments.

5.4 Progressive cavity pump used for laboratory flow loop tests

A progressive cavity pump type MAE 50-2/BB.BBNT32 Pompe-Raccorderia was
used at the laboratory based flow loop. Progressive cavity pumps are also known as
single screw pump. The major functional components of a progressive cavity pump
are the rotor and the stator. The stator is made of vulcanized rubber, placed inside a
steel pipe. The stator is a circular cross section single start screw with a very large
pitch. The pump was designed for viscous fluid suspension materials and it was possi-
ble to obtain a very stable flow condition using the progressive cavity pump. The
pump can be operated at a flow rate range of up to 10 I/min and withstand a pressure
limit of maximum 1.2 MPa.

5.5 UVP+PD test section and instrumentation

The UVP+PD test section comprised of a custom made flow adapter cell housing two
customized ultrasound transducers of 4 MHz frequency. The customized transducers
feature a ‘delay line’ which is used for beam forming and minimizes the near field
effect and enables accurate measurements of the velocity profile just from the trans-
ducer front. The ultrasound transducers were mounted in a horizontal plane opposite
to each other with an angle of inclination of 20 deg and 200 deg respectively to reduce
the sedimentation effect and to allow simultaneous measurements of velocity profiles
and acoustic properties. The test section further consists of two pressure sensors to
measure the differential pressure over a distance of 1,3m. For the laboratory based set
up, the distance between the pressure sensors were 1,65 m.

In-line flow velocity profile measurements were made using a pulser/receiver in-
strument, UVP-DUO-MX Monitor (Met-Flow SA, Lausanne, Switzerland). The in-
strument firmware and driver software were modified to allow access to the Demodu-
lated Echo Amplitude Data (DMEA or I-/Q- Data) via an Active X library. The UVP-
Duo instrument and the other hardware devices were connected to a master PC via
Ethernet and a DAQ card (National Instruments Sweden AB, Solna, Sweden). A high
speed digitalizer was used for the data acquisition of the simultaneous measurements
of velocity profiles and acoustic properties. Versatile MATLAB-based (The
MathWorks Inc., Natick, MA, USA) software with a graphical user interface
(RheoFlow™), previously developed by SIK was used to control the hardware devices



for data acquisition, signal processing, and visualization of the data. The volumetric
flow rate was obtained from the integration of the obtained velocity profiles.

The flow cell fitted with two 4 MHz ultrasound transducers used in this experi-
ment is shown in Figure 5.

Figure 5. Flow cell fitted with two 4 MHz ultrasound transducers used in the experiment

6 RESULTS AND DISCUSSION
6.1 Velocity profiles from the field like conditions

Velocity profiles were measured by UVP for cement grout of w/c ratio 0.8 and 0.6.
The velocity profiles were measured for 3 minutes over a time period of 0.5-3 hours
after mixing. All tests were performed in ambient temperature 16-20° C. The flow rate
range was 15-30 I/min. The velocities are presented as a function of the radial dis-
tance. The radial position zero indicates the center of the pipe where the velocity was
maximum and the velocity was zero at the pipe wall, which in this case was 0.01125
m from the pipe center.

All the velocity profile measurements are shown up to the center of the pipe. A
mirror image is combined with the half of the velocity profiles. Since the velocity
profiles should be identical on both sides of the center of the pipe, it has been done in
order to make an easier illustration of the full velocity profile inside the pipe. Meas-
urements until the half of the pipe are sufficient for determining the rheological prop-
erties and flow rate.

Figure 6 shows the velocity profiles of cement grout for w/c ratio 0.8 and 1024
profiles were captured over 3 minutes, 90 minutes after mixing the cement grout.
From Figure 6 it is seen that the maximum velocity fluctuated from 0.1 m/s to 0.8 m/s.
This was due to the cyclic pressure originated from the movement of the piston of the

pump.
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Figure 6.  Velocity profiles for w/c ratio 0.8, sampled over 3 minutes.

Figure 7 shows the velocity profiles for w/c ratio 0.6. and 512 profiles were captured
over 1 minute, 60 minutes after mixing of the cement grout. The velocity profiles
mostly fluctuated from 1 m/s to 1.6 m/s. The signal did not penetrate up to the middle
of the pipe. As a result the profile shape is distorted near the center of the pipe. The
reason of having a distorted profile shape towards the far transducer side was the
strong attenuation of the ultrasound signal due to the higher concentration of the ce-
ment suspensions. The reason for the higher velocity for w/c 0.6 is because a higher
pressure was used in this test in order to create a more stable flow situation. Normally,
the velocity for w/c 0.6 would be less than for w/c 0.8 had the same pressure been
used.
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Figure 7. Velocity profiles for w/c ratio 0.6, sampled over 1 minute.

In all measurements the velocities were generally unstable; this was due to the dual-
piston pump used in the UNIGROUTE22H equipment ‘Pumpac’. If the shape of the
velocity profile was changing that means the shear rate was also changing. Negative
velocities, which imply a backward flow, were also measured. The backward flow was
originated by a suction pressure due to the pulsation of the piston pump. From the
velocity profiles a plug flow situation can be directly identified and the radius of the



plug at the middle of the pipe can be determined. Practically this means that the
UVP+PD method can be used to determine the yield stress of the grouts, directly in-
line as described in Wiklund et al. (2006).

6.2 Velocity profiles from the laboratory conditions

For the laboratory based set up, the pump operated at a flow rate range of 5-7 I/minute.
Velocity profiles were captured for both w/c ratio 0.7 and 0.8. The velocity profile
measurements are shown up to the center of the pipe. A mirror image is combined
with the half of the velocity profiles. In the laboratory tests a new type of delay line
transducers were tested that produced a narrower and more focused beam. Figure 8
shows the obtained velocity profile for w/c ratio 0.7 and 50 profiles were captured
over a sampling period of 30 seconds, 46 minutes after the mixing. Figure 9 shows the
velocity profile, measured from the wall to the pipe center, for w/c ratio 0.8 and 50
profiles were captured over a sampling period of 30 seconds, 21 minutes after mixing.
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Figure 8.  Velocity profiles for w/c ratio 0.7, sampled over 30 seconds.
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Figure 9.  Velocity profiles for w/c ratio 0.8, sampled over 30 seconds.



From Figures 8 and 9 it is visible that the measured profiles were distorted near the
center of the pipe, which was due to the lack of energy in the emitted ultrasound sig-
nal. The laboratory tests thus suggest that for concentrated grouts it is important to
optimize the next generation of transducers with respect to maximum energy due to
the strong attenuation of the ultrasonic signal.

For laboratory based set-up, while using a progressive cavity pump, the flow was
very stable and there is no noticeable fluctuation of the flow, comparing to the piston
pump.

Consistent repetitions of the velocity profiles were observed at a flow rate more
than 15 I/min, using the UNIGROUT E22H equipment. A higher pressure was ap-
plied, thus higher flow rate was observed. The progressive cavity pump produced con-
sistent and very stable velocity profiles for any range up to 10 I/min. It was possible to
capture the velocity profiles continuously while circulating the grout inside the flow
loop. Since there was no intention to compare the hydration effect, adjacent time in-
tervals were not taken into account.

The Ultrasound Velocity Profiling method determines the volumetric flow rate by
integrating the measured velocity profile. Figure 10 shows the comparison between
the volumetric flow rate derived by the UVP and obtained from the LOGAC. During
the experiments at field like conditions, flow rate measurements were stored at
LOGAC at every 10" seconds. For the laboratory based experiments, it was 1 second.
As can be seen, both of the methods yield results over the same order of magnitude.
While performing the experiments using a progressive cavity pump at the laboratory
based conditions, the measured flow rate was constant over a sampling period of 30
seconds. Anyway, the measured flow rate by LOGAC also indicated fluctuations of
very low order of magnitude. However, it should be noted that the time stamps were
different for the piston pump and the progressive cavity pump. It is evident that the
UVP data accumulation rate is much larger than the LOGAC. Therefore UVP is more
sensitive and gives a precise result of the distribution of the flow rate.
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Figure 10. Comparison of the flow rate determined by the UVP and measured by the LOGAC.

Figure 10 resembles that during field grouting operations, the true flow rate remains
unknown; however the average value remains in a fixed order of magnitude. During
the later stage of grouting, the pressure is very high and the flow is very low, i.e. near-
ly 1 I/min and the commercial coriolis flow meters are not capable of measuring such
a low flow rate. Since the stop criteria for the grouting operation depends on the flow
of grouts in to the rock fractures, a more accurate measurement of the flow rate will
lead to a more accurate determination of the stop criteria of grouting operation, at



least, from a quality control aspect. In addition, by piston pump, a negative velocity,
i.e. a backward flow due to the suction force, while the piston was moving backward,
was visible as shown in Figure 6. It is not possible to measure such negative velocity
by using a commercial coriolis flow meter since the principle of coriolis flow meter is
based on the determination of the phase difference of signals originating due to the
oscillation of the sensors (Vetter & Notzon, 1994).

Additionally, it should be noted that the fluctuation of the flow rate has an indirect
effect on the rheological properties of the grouts. The shear rate is determined from
the velocity of the flow, hence resembling the flow rate. A high flow rate will lead to a
high shear rate range and vice versa. It has been showed before that the rheological
properties, i.e. yield stress and viscosity depends on the shear rate range while using
different mathematical models, i.e. Bingham, Herschel-Bulkley etc. (Hékansson,
1993). A high shear rate range will lead to a higher yield stress and lower viscosity
due to a milder gradient of the mathematically fitted flow curve and vice versa.

In Figure 11, the obtained flow curves (shear stress vs. shear rate) are shown for
field like experiments, using UNIGROUT E22H and laboratory based conditions
while using the progressive cavity pump. The flow curves are obtained by using the
non-model approach (gradient method) and then fitted according to Bingham model. It
can be seen that, the yield stress and the viscosity, which is the gradient of the fitted
straight line is dependent on the shear rate range. While using a piston type of pump,
the shear rate range changes due to the pulsation of the flow. Moreover, a negative
velocity, i.e. backward flow might occur during grouting operation, which will result
in a change in the true shear rate of the flow. In Figure 11, the flow curves are shown
for different water cement ratios. The field like experiments using UNIGROUT E22H
was performed using water cement ratio 0.8. On the other hand the laboratory based
experiment using progressive cavity pump, was performed using water cement ratio
0.7. Indeed, the water cement ratio, hydration of cement grout etc. are the prime fac-
tors for the rheological properties of the grout, nevertheless, the change of the shear
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Figure 11. Flow curve obtained using UNIGROUT E22H and progressive cavity pump.

rate range will yield a different result while data analysis. Thus to determine the true
rheological properties, a stable flow rate, hence pressure is necessary.

6.3 CONCLUSION AND RECOMMENDATIONS

From this study, it can be concluded that the UVP technique is very promising and
superior in terms of measuring the velocity profiles and hence the volumetric flow rate
compared to the commercially available flow meters. This study is based on the micro



cement grouts (w/c ratio 0.6, 0.7 and 0.8), which are widely used in practice. In addi-
tion, this method can be used to monitor the pulsation of the flow and optimize the
grout pump type to achieve an optimum flow rate for grouting under field condition.
Since the effect of the pulsation on grouting is not known but believed to be beneficial
so more studies have to be performed to set an optimum limit. An optimum level of
the pulsation has to be determined which will be ideal for grouting. Despite the pulsa-
tion and variable shear rate range of the flow, the piston type of pump is ideal for high
pressure rock grouting.

Ultrasonic velocity profiling combined with pressure difference (UVP+PD)
rheometric method is capable of determining the rheological properties directly in-
line. In addition, and as shown in this study, the velocity, hence the volumetric flow
rate can be measured very accurately. The UVP+PD rheometric method can be an
efficient tool to determine, optimize and synchronize of the pump pulsation according
to the flow rate, hence grout pump characteristics.

The further developments of the UVP+PD rheometric method concern the charac-
terization of the ultrasound transducers. Since, a complete velocity profile over the
pipe diameter is desirable, the development should lead to an optimally designed ul-
trasound transducer, capable of emitting high ultrasound energy which can capture the
full velocity profile over the pipe diameter for cement based suspensions. Also, a non-
invasive flow cell will lead to a simpler installation of the ultrasound transducer and
make it more convenient for industrial application.
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