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Abstract

ABSTRACT

An embankment dam can be damaged by internal erosion. During this process, the
soil material erodes and is transported out of the dam structure. Some common
types of damage due to internal erosion are piping, less dense soil zones, and zones
where the fine material has been washed out.

To prevent ongoing internal erosion from developing into a damage or a breach,
injection grouting may be performed to replace the eroded soil material. In an
embankment dam, injection grouting is usually performed vertically. A pipeline is
drilled from the crest of the dam to the damaged zone, to which the grout material
is delivered via a pump. The injection grouting methods suitable for embankment
dams are compaction and permeation grouting. In compaction grouting, a low-
mobility grout material is injected at high pressure, compacting the surrounding
soil. In permeation grouting, the injection pressure is lower and the grout material
flows more easily, allowing it to permeate the porous structure of the soil into
which it is injected.

A grout material for embankment dams should have properties, i.e., particle size
distribution, water content, shear strength, and bulk density, similar to those of the
original core soil after injection. A grout material with these properties will
however be very stift and difficult to pump, and permeation will be difficult to
achieve. Therefore, a new type of non-hardening grout material has been
developed and tested in the laboratory. The grout material is a low-mobility grout,
but its viscosity and yield strength can be temporarily lowered by replacing the fine
aggregates with a limestone filler and by adding a superplasticizer. After injection,
the effect of the superplasticizer wears off, leaving a grouted zone with geotechnical
characteristics similar to those of the original core soil. The grout material consists
of 0—4 mm aggregates, limestone filler, dry bentonite powder, water,
superplasticizer, and an air-release agent. The grout material properties and the
influence of injection method were tested in three laboratory investigations and the
results were presented in four papers.

Development, and fresh and hardened properties of the grout material were
investigated in Paper I. The key findings are: (1) The grout material attracted air
when homogenized. When homogenized longer than 15 minutes, it was difficult
to pump. Air content up to 16.5 % was observed. (2) After 34 days of storage, the
water content was ~10 % and the bulk density ~2250 kg/m?, which are very similar
to those of the core soil. The undrained shear strength was ~13 kPa, which was
initially lower than that of the core soil but it slowly increased with time.

The factors affecting a grout material’s ability to permeate a core soil damaged by
internal erosion were investigated in a pilot-scale permeation test series and the
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results are presented in Paper II. Three different coarse-grained materials with dis
of 35, 75, and 110 mm were grouted. The key findings are: (1) The ratio between
limestone filler and aggregates in the grout material greatly influenced the
permeation. A grout material with a ratio of 1.7 performed far better than a grout
material with a ratio of 1.4. (2) A higher consistency measurement of the grout
material (150 mm vs. 100 mm) improved the permeation if low injection pressure
was used. At higher pressure, the role of consistency was minor. (3) A higher
maximum particle size, D, of the grout material (4 mm compared to 2 mm)
improved the permeation. The difference was most probably caused by higher
viscosity and higher yield strength of the grout material with Dy = 2 mm
compared to that with Dy = 4 mm. The lowest ratio between the minimum
particle size of the coarse-grained material and the maximum particle size of the
grout material was 4, and using higher pressure, the grouting was successful. Ratios
below 4 were not tested.

From Paper II, the most suitable materials for permeation grouting were chosen to
be investigated further for their resistance to flow. The results of this investigation
were presented in Paper III. Resistance to flow in the pilot-scale permeation test
was found to occur within the pipeline and at its exit, where the grout material
downflow was redirected 180° to an upward flow. Total frictional losses could be
estimated by regarding the grout material flow as Newtonian laminar. Total
frictional losses in the 1.3 m length and 0.075 m diameter pipeline during all tests
were measured to be 1-67 kPa/m at grout material velocity of 0.01-1.03 m/s.
Frictional losses due to the grout material’s permeation of the coarse-grained
materials could be estimated with the hydraulic conductivity. The mean hydraulic
conductivities in the dis = 75 mm coarse-grained material, when permeated by the
Duax = 2 mm and 4 mm grout materials, were measured to be 1.7x10*and 1.4x10™*
m/s, respectively; whereas in dis = 110 mm, the values were 2.1x10™* and 3.3x10™*
m/s. These observed values of the hydraulic conductivity were very close to the
expected values. With the Newtonian approach, pressure losses may be easily
estimated. This will facilitate the estimation of how much of the grouting pressure
at the pump is transferred into the core soil during a grouting operation. The
possibility to quantify pressure losses during the permeation of the coarse-grained
material with hydraulic conductivities can be used when estimating permeation
depths vis-a-vis applied injection pressure.

The method, “Identification — Localization — Characterization — Remediation”,
was tested at the abutment of a large-scale test embankment dam with the newly
developed grout material and presented in Paper IV. The seepage rate was
successfully reduced to 40 % directly after the injection grouting, and up to 70 %
after one year. Most of the seepage reduction was caused by the rotary percussion
drilling. Remedial grouting should not be regarded as a last resort, but as a part of a
maintenance program.
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Sammanfattning

SAMMANFATTNING

En fyllningsdamm kan skadas av inre erosion. Under denna process eroderar
framfor allt de minsta kornen som transporteras ut ur dammen. Nigra vanliga
skador pa grund av inre erosion iar piping, 16st lagrade zoner och zoner dir
finmaterial helt saknas.

For att forhindra att pigiende inre erosion utvecklas en skada eller haveri kan
injektering utforas for att ersitta forlorat material. For en fyllningsdamm utfOrs
vanligtvis injektering vertikalt ddr injekteringsror borras pa plats frin dammkronet
rakt ner till den skadade zonen. Ett injekteringsbruk pumpas direfter ner genom
injekteringsroret till skadan. Lampliga injekteringsmetoder for fyllningsdammar ir
kompakterings- och permeationsinjektering. Vid kompaktinjektering injekteras ett
styvt injekteringsbruk under hoga tryck vilket kompakterar den omgivande jorden.
Vid permeationsinjektering ir injekteringstrycken ligre och injekteringsbruket mer
littflytande sa att det kan tringa in 1 porerna i det jordmaterial som injekteras.

Ett injekteringsbruk for fyllningsdammar bor efter injektering ha liknande
egenskaper som dammens titjord, med avseende pid exempelvis liknande
kornstorlekstordelning,  vattenkvot,  skjuvhillfasthet  och  densitet.  Ett
injekteringsbruk med dessa egenskaper blir dock styvt och svirpumpat. Av denna
anledning har en ny typ av icke hirdande injekteringsbruk utvecklats och testats 1
laboratoriemiljo. Injekteringsbruket ir i grunden ett kompaktinjekteringsbruk dir
viskositet och flytgrins temporirt sinks genom att ersitta injekteringsbrukets
finmaterial med kalkstensfiller samt tillsitta en superplasticiserare. Efter injektering
avtar eftekten av superplasticiseraren, varfor injekteringsbruket iterfir liknande
egenskaper som titjorden. Injekteringsbruket bestdir av 0 — 4 mm ballast,
kalkstensfiller, bentonitpulver, vatten, superplasticiserare och luftreducerare.
Provning av injekteringsbrukets egenskaper och injekteringsmetod utférdes genom
fyra delprojekt vars resultat presenteras 1 fyra papers.

Ett konceptuellt injekteringsbruk utvecklades vars firska och hirdnande egenskaper
testades 1 Paper I. Huvudslutsatser var: (1) Injekteringsbruket absorberar luft nir det
blandas. Om det blandas lingre tid 4n 15-minuter blir det svirpumpat. Lufthalter pa
upp till 16,5 % uppmittes. (2) Efter 34 dagars lagring var vattenkvoten (~10 %) och
densiteten (~2250 kg/m’) i injekteringsbruket snarlik en titjords. Odrinerad
skjuvhallfasthet (~13 kPa) var ligre 4n vad som kan fOrvintas i en titjord men
Okade lingsamt med tiden.

Faktorer som paverkar ett injekteringsmaterials permeationsférmiga 1 en titjord
skadad av inre erosion undersdktes genom injekteringsforsok i pilotskala 1 Paper II.
Tre olika typer av grovkorniga material (fiktiva skador) med dis-mdtt pad antingen
35, 75 or 110 mm injekterades med olika bruksmaterial. Huvudslutsatser var: (1)
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Relationen mellan kalkstenfiller och ballast pdverkade kraftigt injekteringsbrukets
permeationsformaga. Ett bruksmaterial med en relation pd 1,7 presterade mycket
bittre 4n ett bruksmaterial med relationen 1,4. (2) Ett hogre konsistensmitt pd
injekteringsbruket (150 mm  jaimfért med 100 mm) forbittrade  dess
permeationsformiga  om  liga  injekteringstryck  anvindes. Vid  hdogre
injekteringstryck hade konsistensmittet mindre betydelse. (3) En hdgre maximal
partikelstorlek pd injekteringsbruket (4 mm jamfort med 2 mm) forbittrade dess
permeationsformaga. Skillnaden berodde med storsta sannolikhet pi den nigot
hogre flytgrinsen och viskositeten 1 injekteringsbruket med maximal partikelstorlek
pd 2 mm. Den ligsta kvoten mellan den minsta partikelstorleken 1 det grovkorniga
materialet och den storsta partikelstorleken i injekteringsbruket var 4. Ligre kvoter
testades aldrig.

Frin Paper II valdes de mest limpliga injekteringsbruken  for
permeationsinjektering ut for att undersdka friktionstorluster. Resultat frin denna
undersdkning presenteras 1 Paper III. Friktionsforluster uppstir i injekteringsroret
samt vid dess utlopp, dir injekteringsbruket neditgidende flode dndras 180° till ett
uppitgiende flode. Friktionsforluster kunde uppskattas genom att betrakta
injekteringsbrukets flode som laminirt Newtonskt. Friktionsforluster 1 det 1,3 m
linga injekteringsroret med 0,075 m diameter varierade i testerna mellan 1 —
67 kPa/m vid hastigheter pa 0,01 — 1,03 m/s. Friktionsforluster som uppstir di
injekteringsbruket injekteras 1 de grovkorniga materialen kunde uppskattas genom
dess hydrauliska konduktivitet. Den hydrauliska konduktiviteten {or det
grovkorniga materialet med dis = 75 mm var 1,7x10* och 1,4x10™* m/s da det
injekterades med 2- respektive 4 mm injekteringsbruket. Hydraulisk konduktivitet
for det grovkorniga materialet med dis = 110 mm var 2,1x10™ och 3,3x10™* m/s da
det injekterades med 2- respektive 4 mm injekteringsbruket. Dessa hydrauliska
konduktiviteter ldg mycket nira forvintade virden. Genom att betrakta
injekteringsbrukets fldde som Newtonskt kan friktionstorluster enkelt uppskattas,
vilket kommer att forenkla uppskattningar av hur mycket av injekteringstrycken vid
pump som Overfors in 1 dammens titjord under en reparationsinjektering.
Mgjligheten att kvantifiera friktionsforluster under injekteringstorloppet av de
grovkorniga materialen med dess hydrauliska konduktivitet kan anvindas for att
uppskatta ett injekteringsbruks intrangningsdjup visavi anvinda injekteringstryck.

Reparationsmetodiken, identifiera — lokalisera — karaktirisera — reparera
presenterades 1 Paper IV. Metodiken testades direfter pd en damm. Ett fullskaligt
injekteringstest genomfordes vid dammens anslutning, mellan betongkonstruktion
och titjord, med det utvecklade injekteringsbruket. Vattenlickage vid anslutningen
minskade direkt med 40 % och ett dr efter injekteringen lig lickagereduceringen pa
70 %. Storsta anledningen till lickagereduceringen berodde pad borrningen med
topphammare. Injektering av en damm bor inte ses som en sista utvig utan som en
del 1 ett underhallsprogram.
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Symbols and Notations

SYMBOLS AND NOTATIONS

Roman Letters

C/A Cement to aggregate ratio

C, Uniformity coefficient (D1o/Deo)

dps Particle size for the coarse-grained material at which 15 % of the
material is finer [mm]

Aiax Maximum particle size of the coarse-grained material [mm]|

i Minimum particle size of the coarse-grained material [mm]

D Pipeline diameter [m]

Dy Maximum particle size of the grout material [mm]

g Gravitational constant [9.81 m/s’]

hy Upper grout material surface [m]

ho Lower grout material surface [m]

hr Pipeline frictional loss [m]

hy Total friction head loss [m]

hy Local loss at the exit of the pipeline [m]

Bperm Frictional loss during the permeation of the coarse-grained material
[m]

Apip Pump pressure [m]

Deor Total friction losses [m]

J Frictional loss gradient
Permeability [m?]

K Hydraulic conductivity [m/s]

Kespeceed Expected hydraulic conductivity [m/s]

K; Constant for A [-]

L Length of pipeline [m]

L/A Limestone filler to aggregate ratio

Lictive Active length of pipeline [m]

N Porosity [%]

1, Air content [%]

P Atmospheric pressure [Pa]

Prunp Pumping pressure [Pa]

Q Grout material flow [1/s]

Reppe Reynolds number in a pipeline

pm Rounds per minute

ucs Unconfined compression tests

Vi Pipeline velocity [m/s]

V> Pore velocity [m/s]

11% Water content [%]
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w/c Water to cement ratio

Greck Letters

U Dynamic viscosity [Pas]

Pgrout Grout material density [kg/m’|
Ty Yield strength [Pa]
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Introduction

1 INTRODUCTION

1.1  Background

An embankment dam is a man-made structure, designed to keep a reservoir on its
upstream side. There are two main types of embankment dams: earth-fill and rock-
fill. An embankment dam can be founded both on rock and soil. It is built in
several zones, e.g., core, filters, structural fill, erosion protection and dam toe, (Fell
et al.,, 2005). To keep water in the reservoir, the embankment dam has an
impervious core. In Sweden, the core is typically made from moraine. On either
side of the core, filter zones are placed. The filter zones will prevent core soil
particles from being eroded by the seepage. Outside the filter zones, the structural
fill is located. The structural fill prevents erosion of the filter materials and provides
structural stability. Erosion protection zones are placed on the slopes and crest.
Finally, a2 dam toe berm is normally built on the downstream side of the
embankment dam to increase slope stability (RIDAS, 2020).

With time, the likelihood of damages forming inside, under and on the surface of
the embankment dam will rise. A study from Rice and Duncan (2010) showed that
ageing embankment dams commonly have increased seepage rates. International
statistics on embankment dam breaches presented in ICOLD (2017) revealed that 1
of 80 embankment dams has experienced either an accident or a breach during its
lifetime. Accidents, i.e., an event that unattended will lead to a breach, are much
more common than breaches. From 1800 — 1986, 94 % of all recorded breaches in
large embankment dams, i.e., height >15 m, were caused by erosion, 7able 1 and
36 % of all breaches occurred during the first filling.

Table 1. Statistics for embankment dam breaches between 1800 - 1986 (ICOLD,
2017),

Erosion Slope stability

Overtopping Internal erosion Static instability Seismic instability

48% 46% 4% 2%

In a study by Nilsson (1993), Swedish embankment dams were investigated with
regards to anomalies. 171 anomalies were detected and divided into 13 different
types on a total of 84 embankment dams, 7able 2. If the same type of anomaly
were found in different places on the same embankment dam, it was only recorded
once in the statistics.
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Table 2. Anomalies in 84 Swedish embankment dams (Nilsson, 1993).

Type of anomaly Amount % of total
Leakage underground 16 9
Leakage through dam body 19 12
Slope damages 45 26!
Abnormal movements (settlements or lateral movements) 16 9!
Internal erosion in underground 5 3
Internal erosion in dam body 13 82
Slope movements 5 3!
Changes in abutment dam-concrete 16 92
Changes in drainage system or filter 1 0.52
Pore pressure changes 4 2!
Grout curtain deterioration 1 0.5
Sink holes on crest or slopes 27 162
Other changes 3 2

'"May be caused by internal erosion. Caused by internal erosion.

An anomaly can lead to an accident or a breach. The anomaly should be identified,
localized, characterized and, if necessary, remediated. Remedial measures can either
be long-term, short-term, or acute (Bradley et al., 2007). Long-term measures may
involve new filters, drains, cut-offs, dam toe berms, grouting or relief wells. Short-
term measures may include modified dam operation strategies as reservoir
drawdown, reservoir restrictions, but also measures as grouting and relief’ wells.
Acute measures may include emergency drawdown of reservoir, evacuation of
downstream residents, grouting and filling of sinkholes.

According to Bradley et al. (2007), grouting is often chosen as remedial measure. A
grouting operation can be undertaken when soil material has been found to be
washed out from the embankment dam. The grouting operation requires the
instalment of one or more pipelines by drilling from the embankment dam surface
to the location of the anomaly. A grout material is then injected, ideally replacing
the lost soil material.

Internationally, case histories on remedial grouting of embankment dams are rare
and no empirical standards for applying the method have been identified (Park and
Oh, 2018). The restoration of damaged embankment dams is often kept out of
public view. The know-how of grouting is considered as secrets of the trade and at
many times rules of thumb are applied.
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To develop a concept on how to perform remedial grouting in embankment dams,
the following issues are studied:

a) The embankment dam structure and its materials.

b) How an anomaly inside the embankment dam is developed and its
appearance.

¢) Available grouting methods and suitable grout material that can be used to
remediate the anomaly.

With these issues covered, the research questions are defined, outlining needed
physical laboratory investigations. These investigations will allow direct
observations and may therefore be instrumental in understanding of grout material
behaviour and its efficiency before, during and after a grouting operation.

1.2 Structure of the thesis

The thesis consists of seven chapters, where Chapter 1 states the background, how
the thesis is structured and its limitations.

Chapter 2 gives the current state-of-the-art of embankment dams, internal erosion
and remedial grouting methods used in embankment dams. To this date, most of
the research has been focused on grouting within rock formations. Therefore,
understanding the embankment dam is important when designing both grout
material and grouting methods. The damaging processes in embankment dams are
described to understand what appearances of damages most likely to be grouted.
The historical use of remedial grouting methods is described and their suitability for
use in embankment dams. This is important when deciding the best suited grouting
methods. In the end, the research questions are defined.

Chapter 3 describes what an ideal grout material for embankment dams should
contain. Material and methods for all laboratory investigations are presented.

Chapter 4 presents the results from the laboratory investigations.

Chapter 5 discusses the presented results and how the results can be related to
works of other researchers.

Chapter 6 presents the main conclusions.

Chapter 7 proposes future work.
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1.3 Limitations

Remedial grouting of embankment dams should be approached by first identifying,
localize and characterize the damage. After this, the most suitable grouting method
and grout material is chosen and finally remediated by drilling and grouting.
Neither identification nor localization of damages inside an embankment dam is
investigated within this thesis. Damage detection requires the use of:

a) Geophysical methods, e.g., seismic, acoustics, resistivity and temperature
measurements.

b) Geotechnical investigations and measurements, e.g., settlement or
movement detection, pore pressure, seepage measurements, sounding,
drilling, sampling and testing.

Research and development on this topic in Sweden is covered by several authors,
e.g., Salas Romero et al. (2020), Johansson et al. (2020), Johansson et al. (2021),
Bernstone et al. (2021), Nooroz et al. (2021) and Lagerlund (2022).

Drilling in embankment dams is not covered within the thesis and only
embankment dams with a central core of moraine are studied. Rockfill dams with
other types of hydraulic barriers, e.g., face slabs of bitumen or concrete, are not
considered.

1.4 Licentiate thesis

A research project was performed at the Royal Institute of Technology (KTH)
between 2006 — 2008. This part was presented as a licentiate thesis in the form of a
monography (Lagerlund, 2009).

The licentiate thesis was performed as both a literature study and two laboratory
investigations. In the literature study, the embankment dam, internal erosion and
remedial methods were covered. It was concluded that non-hardening grout
materials should be used. Two laboratory investigations were therefore launched.
In the first laboratory investigation, the influence of particle size distribution of
non-hardening grout materials was tested in a 50 mm diameter rigid wall
permeameter. The testing was done to examine if a non-hardening grout material
can remain durable if grouted in a dam. An injected grout material will be exposed
to the same erosive forces as the original core soil of the dam. The non-hardening
grout material must therefore be tested in an environment where it can be
permeated. Evaluations were done by comparing the particle size distribution of the
non-hardening grout material before and after permeation. The results from the
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tests show that the particle size distribution curve of the non-hardening grout
material had a large influence on its long-term resistance to erosion.

In the second laboratory investigation, the cooperation between a core soil and an
injected grout material was studied. Both hardening and non-hardening grout
materials were tested. In the laboratory investigation, a cylinder with a diameter of
120 mm was filled with a moraine. Centrally in the moraine, a grout material
“plug” with a diameter of ~50 mm was placed. The cylinder was then closed off,
placed horizontally, and permeated with water up to two weeks. After testing, the
cylinder was dismantled and investigated. It was discovered that small cracks formed
at the interface between grout material and core soil. Cracks did not develop when
a non-hardening grout material was used.

In 2021, Ph.D.-studies were restarted at Luled University of Technology.
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2 STATE OF THE ART

2.1

Embankment dams with moraine core sail

An earthfill embankment dam is built in zones where each zone contains different
soil materials. A principal layout of an embankment dam can be seen in Figure 1.

Figure 1. Example of an earthfill embankment dam founded on rock (Vattentall,
1988).

The zones are: (1) core soil, (2 — 4) fine-, medium-, and coarse filters, (5) structural
fill, (6) grout curtain, (7) concrete plate and sealing, (8) filter well, (9) riprap, (10)
crest protection and (11) toe berm.

The core soil of an earthfill embankment dam in Sweden is normally made of
moraine (RIDAS, 2020). The core soil should have the following properties:

Water content 2 — 3 % above its optimum (RIDAS, 2020).

Content of fines (<0.063 mm) > 20 weight-% and D < 63 mm
(Ronnqvist, 2020).

Dss > 2mm and D7 < 20 mm to lower the risk of separation during
construction.

Hydraulic conductivity < 3x107 m/s.

Optimal thickness of each layer during construction depends on the
moraine and should be decided with test compaction before the
embankment dam is built.
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The main objective of the filter zones is to protect the core soil from erosion and to
drain excessive pore water. The first filter criterion was presented by Karl Terzaghi
in 1926 and has continuously been developed over the years (Fannin, 2008). The
filter criterions are guidelines on how to design the particle size distribution of a
filter material with respect to the particle size distribution of the soil it protects. If
the filters are not functioning properly, i.e., separated or segregated, internal
erosion is more likely to occur (Rénnqvist, 2015).

If several filters are built, the outer, i.e., coarser-graded, filter will protect the inner,
i.e., finer, filter from erosion. The ideal filter should have the following properties
(Nilsson et al., 1999 and Fell et al., 2005):

Not separate during construction.

Not change its particle size distribution during construction or usage.
Neither be cohesive, nor consolidate to prevent cracks.

Internally stable.

Have a suitable permeability to allow drainage.

Able to seal an eventual leak in the core soil (upstream filter).

A filter material must not change properties due to excavation, transportation,
compaction, weathering or erosion (RIDAS, 2020; ICOLD, 1993; ICOLD, 2008
and USBR 2012). Filter materials may be sand, gravel or crushed rock. In Sweden,
artificial materials like geotextiles may not be used in vital parts of dams due to their
tendency of becoming clogged (RIDAS, 2020). The particle size distribution of a
filter should neither be gap nor broadly graded. Content of fines in the fine filter
must not exceed 5 %, i.e., D5 > 0.063 mm.

The design of new filters in Sweden is governed by RIDAS (2020). The particle
size distributions of the different filter materials are derived from the particle size
distribution of the core soil. Specified envelops for the filter materials can then be
designed and the particle size distribution of the actual filter material must fit into
these envelops, Figure 2.
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Figure 2. Particle size distribution envelops for fine- and coarse filters and lower
limit for structural fill, used in a large-scale test embankment test dam,

(Lagerlund et al., 2022).
Outside the filter zone is the structural fill. The structural fill constitutes the main

bulk material of the embankment dam. The structural fill must also fulfil the filter

criterion towards the filter zones.

Riprap and crest protection protects the embankment dam from external erosion,
e.g., waves, ice formation, heavy rain falls and snow melting. The dam toe support

protects the dam toe from erosion and improves the slope stability.

2.2  Damages in embankment dams

Damaging processes in embankment dams are frequently caused by internal
erosion. During internal erosion, soil material from the dam is eroded and

transported out of the structure with the seepage. For internal erosion to occur,

three conditions must exist (Fell et al., 2005):
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—_

A seepage flow and a source of water.

2. Erodible material within the flow path and this material must be carried by
the seepage flow.

3. An unprotected exit, e.g., open or unfiltered, through which the eroded

material may escape.

According to ICOLD (2017), Internal erosion can go through four stages:

1. Initiation — An event occurs in the embankment dam that leads to the
initiation of erosion.

2. Continuation — After initiation, the erosion continues. Filter functions are
not working and hydraulic loads are too high.

3. DProgression — The internal erosion progresses even further. A pipe may
form, fine material is being washed out, sinkholes may develop on the crest
and slopes of the embankment dam.

4. Breach or failure — The structural stability of the dam may no longer be
sustained.

From a physical point of view, three main factors cause internal erosion: material
susceptibility, hydraulic load and stress conditions, see Figure 3.

Material
Susceptibility

Internal Instability
Filter Incompatibility

Soil
Distress /

. Fines
\ Migration .§”

b 1) ®
/Concentrate

Seepage Velocit;" <

Erosion Arching
Hydraulic Gradient | Vibration
\ Heave
Pore Pressures  Hydraulic Low Stress
Hydraulic Fracture /  Stress
Load : Condition

Figure 3. Factors affecting internal erosion in embankment dams (Garner and
Fannin, 2010). Note that “concentrated erosion” = Concentrated leaks and
contact erosion.
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According to ICOLD (2017), there are four types of internal erosion:

1. Concentrated leak erosion.
2. Backward erosion.

3. Contact erosion.

4. Suffusion.

2.2.1 Concentrated leak erosion

The initiation of a concentrated leak requires an opening, e.g., crack, through the
soil where seepage may pass at accelerated velocities. Why cracks develop in an
embankment dam is seldom investigated since they are repaired as soon as they are
discovered (Sherard et al., 1963). Cracks may develop due to differential
settlements, arching and drilling works (Sherard, 1986). According to Ekstréom and
Pusch (2001) cracks may also develop due to:

e Settlements in a dry compacted core during the first filling.

e Settlements in a low-permeable, wet compacted core. When the core soil
drains, settlements are induced.

e Suspension of core soil material towards abutments.

e Creation of arches between differentials on the surface and underground.

Fell et al. (2007) states that the requirement for a crack to develop is that the shear
strength of the soil is exceeded. Cracks in embankment dams are more likely to
develop near the surface or close to the abutments than deeper inside it (Terzaghi
et al.,, 1996). Cracks may furthermore develop in freezing conditions due to
creation of ice lenses (Vuola et al., 2007), due to repeated freeze and thaw cycles
(Viklander, 1997) or drying.

2.2.2 Badward erosion

According to Ronngqvist (2015) there are three types of backward erosion:

e Backward erosion piping — occurs mainly in foundations of non-cohesive
soils.

e Global backward erosion — Occurs in the dam and is assisted by gravity
leading to vertical or near vertical pipes in the core soil.

e Suffusion — the smaller particles in a gap graded soil is eroded and the
volume of the eroded soil decrease.

11
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During backward erosion, a pipe is formed inside the soil. Sherard (1953) labelled it
“water veins”. The core soils ability to resist it depends on its (1) plasticity or
cohesiveness, (2) uniformity or gradation and (3) degree of compaction. For
backward erosion to occur, the soil must have the ability to form and support a
roof. The process originates from an unfiltered or incompatible filter exit on the
downstream side of the embankment dam and propagates towards the upstream
source of water, forming a pipe. Usually, the process takes a long time, e.g., years,
to develop (Garner and Fannin, 2010). The process may be accelerated if combined
with a concentrated leak. In this case, an accident or breach may occur within
hours to days (Fell et al., 2003). Plastic soils exhibit higher resistance to backward
erosion than non-plastic cohesionless fine-grained materials (Rénnqvist, 2015).
Backward erosion may not only occur inside an embankment dam but also in the
ground underneath it (Koenders and Sellmeijer, 1992 and Van Beek et al., 2014).

2.2.3 Contact erosion

Contact erosion may be initiated at the interface between two soils with different
grain sizes (Guidoux et al., 2010). Contact erosion may then be initiated when the
velocity induced frictional force of the seepage in the high-permeable soil exceeds a
critical shear stress value in the low-permeable soil (Partheniades, 1965). The soil
from the low-permeable soil is thus eroded and transported through the high-
permeable soil. According to Terzaghi et al., 1996 and Beguin et al., 2013, contact
erosion is less likely to occur if the filter criteria Dis/disp < 40 is fulfilled.

In an embankment dam, the interfaces where contact erosion may occur are most
likely found at the abutments, foundation, interface between core soil and filter and
around drainage zones. During the event of an overtopping, contact erosion may

occur at the core crest given the critical water velocities are exceeded (Lagerlund et
al., 2016).

2.2.4 Suffusion

Suftusion may occur in a gap graded soil during seepage and may be initiated when
the hydraulic load is increased (Garner and Fannin, 2010). In a gap graded soil, the
mid-sized soil particles are missing (Yerro et al., 2017), thus, smaller particles may
be eroded through the pores formed by the larger grains ICOLD, 2017). During
suffusion, the bulk volume of the soil remains unchanged (Fannin and Slangen,
2014). Because of suffusion, the amount of fines in the soil is decreased.
Consequently, the void ratio and permeability of the soil will gradually increase.
Soffosion is similar to suffusion, but the bulk volume of the eroded soil is lowered.

12
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2.2.5 Other factors leading to internal ercsion

Different events in an embankment dam may be harmful but can ultimately lead to
the initiation of internal erosion. Examples on such events are according to
Lagerlund and Nilsson, (2020):

e Drying — Cracks may form if the water content in a soil gets lower than its
plastic limit. Soils with low content of fines will be less prone to cracking.
In an embankment dam, this may occur in the core or a clogged filter.
Furthermore, if a dried soil, e.g., clay or core soil, is rehydrated it may
become very loose (Cernica, 1995).

e Hydraulic fracturing — If the hydraulic load, i.e., pore-water pressure, in a
soil exceeds the vertical stress of the soil, effective stresses will become very
low. The shear forces between the soil particles will then diminish, leading
to hydraulic fracturing or uplift. If a high hydraulic load affects a soil under
drained conditions, hydraulic fracturing is less likely to occur (Mitchell et
al., 2005). Consequently, hydraulic fracturing is more likely to occur in the
core than in other parts of the dam. High pore-water pressures may enter
the core through cracks, high-permeable zones or through the foundation.

e Arching — During settlements, the loading of the soil particles may be
reformed so an arch is formed. The vertical stress on the soil particles
directly underneath the arch will therefore be very low, making the soil
vulnerable to hydraulic loads. Fell et al. (2008) describes that arching may
occur in narrow, high embankment dams where the width of the core is
wider (abutment-to-abutment) than 1/4 of its height and the abutments
steeper than 60°. If the abutments are 45° or less, arching is less likely to
occur.

2.3 Remedial grouting methods

When an embankment dam is exposed to internal erosion, there will be a loss of
soil material inside it. Remedial grouting is 2 method where lost soil material can
be replaced via the injection of a grout material. Grouting methods that may be of
interest for embankment dams are according to Lagerlund (2009):

e Permeation grouting.
e Fracture grouting.

e Jet grouting.

e Compaction grouting.

13
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A grouting operation requires that the damage inside the embankment dam has
been identified, localized and characterized. To transfer the grout material to the
damage, a pipeline is drilled in place from the surface of the dam, through which a
grout material can be injected. The four grouting methods are shown in Figure #:
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Permeation Fracture Jet Compaction
Figure 4. Four different types of grouting methods (Hansson, 1999).

During a grouting operation in an embankment dam, a surveillance program of the
injection process should be set up as not to damage the dam. Creating further
damages when grouting must always be avoided (Warner, 2004). The most
common surveillance method during the injection is the pressure and flow curve of
the grout material (Sjostrom, 1999). During injection, the pressure and flow
changes in real-time is correlated to the properties of the damage.

Before injection, maximum allowed grout material pressure should be determined
to avoid unintentional fracturing or heaving of the surrounding soil (Shuttle and
Jetteries, 2000). If the grout pressure suddenly lowers during injection, the grouted
damage has probably become enlarged, e.g., fracturing or heave in the surrounding
soil. A low, uniform flow of the grout material is desired to allow pore water in the
surrounding soil to be drained off. To avoid fracturing, the flow rate of grout
material should therefore be adapted according to the hydraulic conductivity of the
surrounding soil. The build-up of pressure in grout material and surrounding soil is
related to the pumping pressure and flow rate of the grout material. Pore-water

pressure in the surrounding soil may be monitored with piezometers (Warner et al.,
2003).
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The effectiveness of grouting in either soil or rock depends on several factors.
According to Brantberger (2000), these are:

e For a grout curtain — distance between drilled holes, depth of drill work,
drilling equipment and circulation flush.

e For the grout material — penetration or permeation ability, hardening,
filling of the voids and durability.

e For the equipment — blender, mixer, pumps, dosage- and recording
equipment.

e For the injection method — grout pressure- and stopping criteria for the
grout material, order of injection, multiple holes injected simultaneously
and intervals of injection.

2.3.1 Permeation grouting

Permeation grouting is a type of method where the grout material has very easy-
flowing properties, i.e., low viscosity and yield strength. Viscosity in a grout
material is defined as its resistance to flow wile yield strength is defined by the
amount of shear strength that needs to be applied before it starts to flow. The low
viscosity grout material should ideally penetrate the porous system of the soil and
strengthen it through adhesion of the soil particles (Warner, 2004). The method is
suitable for soils with hydraulic conductivity > 10°m/s. If the hydraulic
conductivity is lower, there is an elevated risk of fracturing the soil since the grout
material can’t enter its pores (Widing, 1987). The largest use of permeation
grouting in soils is in short-term strengthening and sealing of soils during
construction (Warner, 2004). Permeation grout material consist of either fine
graded cements and water or sodium silicate, i.e., water glass.

Smaller particle sizes in cement-based permeation grout materials are desired. As a
rule of thumb, D..« of the cement particles should not be larger than 1/3 of the
pore size it intends to permeate or penetrate (Bergman et al., 1970). If the cement
particles are too large vis-a-vis pore width of the soil, plug formation is likely to
occur. Apart from Dy.x of the grout material, its yield strength is also important to
consider. According to Eriksson (2002) and Hissler (1991), yield strength of the
grout material is the most important rheological property for predicting grout
material penetration depth. Yield strength of a grout material containing cement
and water may be controlled by the water-to-cement-ratio, i.e., w/c- ratio. For
smaller cracks or voids, a w/c-ratio of 1 — 3 is often used while a w/c-ratio of 0.5 —
1 is used for larger voids or cracks. (Ekstrom and Pusch, 2001).
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Sodium silicate is a liquid type of grout material for permeation grouting. Water
glass grout materials can permeate very fine graded soils but tends to shrink during
hardening (Yongmin et al., 2021). It is furthermore easily washed away if grouted
into seepage zones (Hansson, 2005). Time dependant degradation of sodium silicate
grouts has been studied by Krizek and Madden (1985) and Karol (2003). Both
shrinkage and erosion were the main causes behind the degradation of the grout
material.

2.3.2 Fracure grouting

Fracture grouting is well suited for cohesive soils since this type of soil can be
intentionally fractured. The grout material has a higher yield strength and viscosity
compared to permeation grout material. It is injected under high pressure, creating
cracks in the soil which are sealed by the grout material itself (Li and Deng, 2023).
After the grouting procedure, the grout material is left to harden. This will enhance
the strength of the soil through a network of interconnected grout lenses. It will
also lower the overall hydraulic conductivity of the soil since the seepage has to
take longer routes through the soil.

The grout material for fracture grouting usually consists of cement and water, or
fine soil materials and water. The resulting grout lenses will have a low tensile
strength and easily break. Polymer fibres are therefore often mixed with the grout
material (Warner, 2004). Control of the direction of the fractures is difficult.
Fracture grouting has been used in several embankment dams (Chen, 1982).

2.3.3  Jet grouting

With jet grouting, the fines in a soil are replaced with hardening particles under
high pressure. The coarser part of the soil forms a new, harder structure together
with the injected grout material (Windelhed, 2001). A hole is drilled, and a nozzle
is placed into the hole. The nozzle rotates and is slowly raised throughout the
procedure. During the raise, the upper part of the nozzle washes out the fines from
the surrounding soil with the use of water or air. Meanwhile, the lower part of the
nozzle injects a hardening grout material into the soil. The process is manageable
by using one nozzle only and creates vertical, hard, low hydraulic conductivity
pillars in the soil. The method is most suitable for sand and gravel.

2.3.4 Compaction grouting
Compaction grouting is the most common soil grouting method (Warner, 2004).

The function of the method is to compact the soil around the injected grout
material. Compaction grouting is versatile and is applicable in any kind of soil. The
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grout material is called low-mobility grout material and is very stiff, i.e., high
viscosity and vyield strength, compared to permeation grout materials. During
injection, the grout material ideally expands radially. The expansion can however
cause problems in the surrounding soil since shear forces may evolve at the
interface of the expanding grout material and the soil (Shrivastava and Ken, 2018).
The grout material is not intended to enter the pores of the soil into which it is
injected.

Since the grout material expands and densifies the surrounding soil, the injection
should be done at low flow rates. This will allow the pore water in the surrounding
soil to be drained, lowering the risk of hydraulic fracturing (Warner 2004).
Maximal grout pressures should be pre-determined to prevent damaging, e.g.,
heave, of the surrounding soil. The grout material is usually made from cement,
sand, gravel and bentonite.

2.3.5 [Evaluation of remedial grouting methods for use in embankment dams

To evaluate the applicability of described grouting methods in embankment dams,
advantages and disadvantages of respective method are listed:

Permeation grouting

e Advantages — Does not damage the original structure of the soil into which
it is injected. Well suited to use in soils that have low amounts of fines.

e  Disadvantages — Durability is questionable, especially when using sodium
silicate grout material or when grouting in high seepage zones. Shrinkage
of the grout material is likely to occur.

Fracture grouting

e  Advantages — Lowers the hydraulic conductivity of the soil and is suitable
for cohesive soils.

e  Disadvantages — Difficult to control the orientation of the fractures.
Fractures are not desired in a core soil.

Jet grouting

e Advantages — Attained hydraulic conductivity will be low and the method
is suitable for sand and gravel.

o  Disadvantages — The method is “damaging” and does not allow safe
drainage of fine material. Shear strength is very high.
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Compaction grouting

e Advantages — Compacts the soil and is suitable for any type of loosely
compacted soil and to fill cavities. Flexible method with great possibilities
in designing a grout material.

e Disadvantages — Requires a skilled operator as it may damage the
surrounding soil.

From a technical point of view, neither fracture grouting nor jet grouting should
be considered as a remedial grouting method for embankment dams since both
these methods will damage the core soil. Compaction grouting and permeation
grouting should however be considered.

There are several case studies describing remedial work on Swedish embankment
dams from 1976 to 2006, see e.g., Sjostrom (1999), Ekstrom and Pusch (2001),
Lagerlund (2007), Johansson and Edeskir (2012), Ekstrom et al. (2016) and
Lagerlund and Nilsson (2020). These studies revealed that compaction grouting
with grout materials made from sand, cement and bentonite was used in almost all
cases. Sometimes, complemented with permeation grouting with either cement and
water or sodium silicate grout materials. Internationally, permeation grouting, see
e.g., (Littlejohn, 2003; Granata et al., 2012; Kocianova et al., 2015; and Park and
Oh, 2018), has been used extensively as a remedial grouting method as well as
compaction grouting, see e.g., (Brown and Warner, 1973; El-Kelesh et al., 2012;
Yea et al., 2013 and Shrivastava and Ken, 2018).

Compaction or permeation grouting is therefore recommended as suitable grouting
methods in embankment dams.

2.4  Research questions

If grouting is chosen as a measure to repair an embankment dam, the procedure
should be approached with great consideration. A successful injection grouting
requires an adequate description of the environment to be grouted to determine
both grouting method and grout material (Fransson et al., 2016). Used grouting
method should be related to the type of damage. Grouting should preferably be
performed without interfering with the normal operation of the dam. Most usual
damage types found in embankment dams caused by internal erosion are cavities
(pipes), high permeable zones (suftusion) and loose soil zones (sinkholes), see Figure
5.
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(C) Sinkhole on crest (D) Sinkhole at abutment

Figure 5. (A) and (B) Piping and suffusion found in the L6vo embankment dam
during its demolition (Ericsson and Jender, 1998), (C) sinkhole on crest of
Bennett Dam (Garner, 2006) and (D) sinkhole at abutment on a Swedish
embankment dam (Lagerlund and Nilsson, 2020).

The purpose when grouting an embankment dam is to lower the seepage rate by
lowering the permeability of the core (Foster et al., 2000). Grouting must be done
carefully as not to provoke any excessive pore-water pressures but at the same time
minimizing the presence of interconnected voids, (Fell et al., 2005 and Park and
Oh, 2018). Stiffer, cement reinforced soil zones should be avoided due to the large
contrast of geotechnical properties between the surrounding embankment dam and
the grouted zone, i.e., increased risk of cracking and arching due to differential
settlements or grout material shrinkage, (Lim et al., 2004 and Lagerlund, 2009).
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Grouting methods vis-a-vis common damage types are:

e Cavity damage, Figure 5 (A), compaction grouting must be used.

e Suffusion of core soil, Figure 5 (B), compaction grouting will not be
suitable since the compaction of larger particle sizes will not diminish the
hydraulic conductivity of the soil. Permeation grouting must be used.

e Sinkhole damages, i.e., Figure 5 (C) and (D), compaction grouting must be
used.

Grouting is still regarded as an empirical technology (Pan et al., 2023). Available
case histories from grouting projects in embankment dams exist, but apart from
how it was repaired and how the result was, further information is difficult to find.
Among the case histories, there is a consensus on what grouting methods to use,
i.e., compaction or permeation grouting. It is very rare to find detailed information
regarding grout material composition. Most case studies have described the use of
cementitious grout materials, especially with compaction and permeation grouting.
However, hardening grout materials are unwanted in the core of an embankment
dam. Therefore, research must be undertaken to develop a non-hardening grout
material that with time, will become a part of core. It is hypothesised that by using
this approach, the damaged core soil will not only be repaired but restored.

The following research questions are addressed:

1. Is it possible to compose a non-cementitious grout material for use within
embankment dams suitable for both compaction- and permeation
grouting?

2. How does particle size, viscosity and yield strength of the grout material
affect its penetrability?

3. How does the appearance of a suffusion damage type affect the
penetrability of a grout material?

4. How can frictional losses due to the grout materials resistance to flow be
estimated, i.e., how much of the grouting pressure as measured at the
pump end up inside the embankment dam?

5. Can an injection approach with low grout pressures be utilized in the field
to minimize the risk of fracturing or heave?
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To answer the research questions, three different laboratory investigations were
undertaken:

a) Grout material development, fresh and hardening properties.
b) Permeation tests.
¢) Large-scale grouting test.

The planning, execution and results of each study is presented in four appended
papers.

2.5  Odutline of the papers

All appended papers were based on the laboratory investigations performed
between the licentiate thesis and the doctoral thesis. Since the licentiate thesis was
written as a monography, no papers were appended to it. The general outline of
each of the four papers are as follows.

Paper I “Design and strength development of a low-mobility grout for repair of
embankment dams.”

Research question 1 and laboratory investigation a). In this paper, the constituents
for an ideal grout material for embankment dams and how to perform the pre-
testing to determine their proportioning (recipe) is explained. Furthermore, the
grout materials behaviour during homogenization and shear strength development
in samples stored up to 34 days was investigated.

Paper II “Testing of a modified low-mobility grout material for permeation
grouting in embankment dams.”

Research question 2, 3 and 5 and laboratory investigation b). In this paper, the
influence of the following properties on the penetrability of a modified low-
mobility grout material into a core soil, damaged by suffusion, were investigated:

e  Grout material - Duay, consistency and amount of limestone filler.
e Damage — duin, dis and porosity.
e Method — Slow or fast injection.
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Paper II1 “Permeation grouting laboratory testing for embankment dams — a note
on flow resistance.”

Research question 4 and laboratory investigation b). The resistance to flow of the
two most suitable grout materials for permeation grouting presented in Paper II
were studied. Influence of the pipeline loss, local loss at the pipeline exit and the
permeation of the coarse-grained material could be quantified.

Paper IV “Methodology for remediation grouting in embankment dams - grouting
with a new type of non-hardening grout.”

Research question 5 and laboratory investigation c¢). In this paper, a grouting
method was proposed and executed on a large-scale test embankment dam at full
reservoir level. The grouting was done with low pressure at the abutment with the
modified low-mobility grout material. The efficiency of the grouting was evaluated
by measuring the seepage before, during and after the grouting operation.
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3 LABORATORY INVESTIGATIONS

Developing an ideal non-hardening grout material for embankment dams requires a
grout material without cement. Therefore, grout material constituents and their
properties must be determined before the laboratory investigations.

3.1 Grout material constituents

Constituents for a non-hardening grout material for use in embankment dams were
investigated in Paper I. The grout material was then used in the three subsequent
laboratory investigations presented in Paper II — Paper IV, however slightly
adjusted. The grout materials were made from sand and gravel aggregates,
limestone filler, water and additives.

3.1.1 Aggregates

The main constituents of a grout material for embankment dams are the aggregates.
Aggregates may range in particle size from clay to gravel. The particle size
distribution of a grout material for embankment dams should be similar to the
particle size distribution of the intact core soil into which it is injected. Particle size
distribution of the aggregates is important to prevent internal erosion of the non-
hardening grout material when percolated (Lagerlund, 2009), segregation and
bleeding (Peng and Jacobsen, 2013). Segregation will cause the grout material to be
unevenly dispersed, leaving un-grouted zones (Baltazar et al., 2012). Bleeding
occurs when the aggregates of the grout material sediments after injection,

increasing the water content in the uppermost part of the grouted zone (Warner,
2004).

Large particle sizes will lower the grout materials ability to penetrate or permeate
cracks or pores when injected (Eklund and Stille, 2008). According to RIDAS
(2020), the amount of fines in a core soil should be at least 20 weight-% to assure a
sufficiently low hydraulic conductivity. Therefore, the lower limit of fines in a
grout material for embankment dams is suggested to be similar.

Particle shapes of the aggregates is an important property from a pumpability point
of view (Adiguzel and Bascetin, 2019). A grout material consisting of rounded
aggregates is easier to pump compared to a grout material with more flake-shaped
aggregates (Lagerblad et al., 2008). For this reason, rounded aggregates were chosen
for the grout material.
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3.1.2 Limestone filler

In fresh concrete, the cement particles and aggregates smaller than 0.125 mm, i.e.,
filler materials, constitutes the paste. The paste material is the lubricant, allowing
the larger aggregates to roll or slide with less friction. Limestone filler can replace
the cement as a paste material (Benjeddou et al., 2017). Incorporating a limestone
filler will reduce the porosity of the grout material due to improved particle
packing (Vogt, 2010). Too little paste-material in a grout material will increase the
friction between the aggregates while too much will make it difficult to pump.
According to Thorsén (2017), finding the optimal ratio of total surface area of the
paste material and aggregates (C/A-ratio) is a key factor in developing pumpable
concrete. Finally, a grout material where all cement is exchanged with a limestone
filler will not harden.

3.1.3 Water and Additives

High water- and air content will lower the density of a grout material by increasing
its void ratio. Since a grout material for embankment dams must have a very low
hydraulic gradient after injection (<107 m/s), it is important that both water and
air content is low, i.e., high particle concentration in the grout material. It is
therefore proposed that the water content in the grout material will be similar to
water contents in a moraine core soil, e.g., 8 — 10 %. Air content in the grout
material is proposed to be <5 % since higher air contents make the grout material
difficult to pump (Betonghandboken, 1997).

A grout material at these proposed water and air contents will be very stiff and
lumpy. Therefore, modification of the grout material must be undertaken to
facilitate pumping. properties affecting pumpability, i.e., viscosity and vyield
strength, was investigated by Wallevik and Wallevik (2011). They tested how the
addition of either water, air, superplasticizer or silica fume affected viscosity and
yield strength of a reference concrete. Their findings are shown in Figure 6. The
blue dot in the centre of the figure represents the yield strength and viscosity of a
concrete. The arrows from the reference point, marks how the yield strength and
viscosity 1is affected by the extra addition of either water, air, superplasticizer or
silica fume.

24



Laboratory Investigations
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Figure 6. Influence of additional water (blue arrow), air (yellow arrow),
superplasticizer (red arrow) and silica fume (black arrow) on the rheology of a
reference concrete. Adapted from Wallevik and Wallevik (2011).

Addition of water will decrease both viscosity and yield strength. Addition of air
will decrease yield strength. Addition of silica fume will lower the yield strength at
low concentrations but ultimately increase its yield strength. Addition of
superplasticizer will lower the yield strength but increase the viscosity. Since more
water and air is unwanted and silica fume will increase both viscosity and yield
strength in the grout material, the addition of a superplasticizer is the only viable
alternative. When adding a superplasticizer to a grout material, it is adsorbed and
interferes with the interparticle attractive forces causing the particles not to bond to
each other. For a grout material for embankment dams, where water contents will
be ~10 %, polynaphtalene- and sulfonate-based superplasticizers will have
difficulties to fully function while polycarboxylic superplasticizers are more efficient
(Lu, et al., 2019). Using polycarboxylic-based superplasticizers, Danzinger et al.
(2003) produced pumpable concretes at w/c-ratios below 0.2.

The addition of a polycarboxylate superplasticizer will cause steric repulsion
between the particles, reducing the magnitude of attractive forces (Flatt and
Schober, 2012). For this reason, it is likely that a grout material containing it and
water content as low as ~10 % will absorb air when homogenized (Lange and
Plank, 2012). Consequently, an air-release agent must be added. An air-release
agent is a polysiloxane based polymer and will facilitate the evacuation of air in the
grout material, lowering its air content (Betonghandboken 1997). Finally, dry
bentonite powder may be used as an additive in the grout material to reduce the
risk of bleeding and provide it with a slight swelling capability after its injection
(Ekstrom and Pusch, 2001).
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3.1.4 Non hardening grout material constituents

The following important properties for an ideal grout material for embankment
dam cores consisting of fine-grained moraine, should be considered:

e  Similar particle size distribution as the original core soil (fines, sand, gravel).
Aggregates must be rounded or sub-rounded (natural aggregates) to
facilitate pumping.

e At least 20 weight- % of fines. The main source of fines will be a limestone
filler material, which will also function as a paste material, facilitating
pumping and lowering the permeability of the grout material.

e  Water content ~10 % to have a high particle concentration in the grout
material.

e Superplasticizer to improve pumpability.

e Air release agent to prevent excessive air content during homogenization.

e Dry bentonite to reduce bleed and allow the grout material to swell slightly
after injection.

Development of the grout material was done in laboratory investigation a) and was
presented in Paper I. For the remaining two laboratory investigations, the grout
materials were slightly adjusted.

3.2 Laboratory equipment
3.2.1 Grout material development, fresh and hardened properties

For the development of the grout material, testing of its fresh and hardened
properties, a Hobart mixer was used, see Figure 7.

5N

re 7. Hobart nur, 139 rpm.
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3.2.2 Permeation tests

Permeation tests were performed and presented in Paper II and Paper III. The
equipment used is shown in Figure 8.

Compressed air inlet Safety valve

Regulator
400 mm
Grout container
150 mm
-+ Valve
375 mm| Plexiglass pipeline
-+ Connection @ =75mm
o
4 Steel pipeline
925 mm)| —
450 mm
\\
Plexiglass box
50 mm T — 1

450 mm

Figure 8. Grouting equipment used in all permeation tests.

The pilot-scale grouting equipment was designed to mimic a vertical injection
procedure in an embankment dam with a suffusion damage. Exit of the pipeline
was 50 mm above the bottom of the Plexiglass box. Grout material flow was down
going in the pipeline but the flow in the Plexiglas box was bottom-up. The
grouting equipment consisted of three parts:

1. A grout container of steel, i.e., the pump. The top of the grout container
had a lid that could be bolted shut, a compressed air inlet, pressure gauge
and a safety valve enabling both pressurized and own weight driven
injection. The bottom of the grout container had a cone shaped ending,
narrowing the 320 mm diameter grout container to 75 mm over a length
of 150 mm. The total height of the grout container was 550 mm. A valve
was installed at the bottom of the cone.
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2. A pipeline of Plexiglass and steel. Internal diameter of the pipeline was
75 mm and total length was 1300 mm. The Plexiglass pipeline was
375 mm long and enabled visual observations of the down going grout
material. The bottom steel pipeline was 975 mm long. The two pipelines
were coupled with a screw connection.

3. Plexiglass box, which was the boundaries of the damage. The inside
measurements of the box were 450 mm and wall thickness was 25 mm.
The Plexiglass box was filled with a coarse-grained material, e.g., gravel
and stone, similar to the material found in soils damaged by suffusion.

The Plexiglass box was placed on a scale with an accuracy of 50 g to measure grout
material uptake during the permeation tests. The grout container and pipeline were
lifted with an overhead crane and hung independently over the Plexiglass box.
Neither the pipeline nor the grout container added any weight to the scale during
any of the permeation tests.

3.2.3 Large-sale grouting test

Injection grouting was performed at the left abutment on a large-scale test
embankment dam, primarily built for a non-destructive study of geophysical
methods to detect built in faults. The results from the grouting test are presented in
Paper IV. A description of the embankment dam has been presented by
Toromanovic et al. (2020), Bernstone et al. (2021) and Viklander et al. (2023). The
embankment dam has a central core of moraine, fine and coarse filters and a
structural fill of rockfill material. It is 4 m heigh, 20 m long and 15 m wide, i.e.,
upstream to downstream, at the base, see Figure 9.

Figure 9. Embankment dam at the Alvkarleby laboratory. Red arrow and circle
mark the location of the grouting test, at the left abutment. Original photo:
Anders Lindstrom, Vattenfall R&D
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The embankment dam was built inside a watertight concrete structure, allowing for
a 3.3 m high water reservoir on its upstream side. The abutments has an outward
angle of 1:8 and the bottom plate has a 1° drop toward the downstream side. Six
rubber fenders (5 cm high with D-profile) were installed in the bottom plate to
divide the seepage through the embankment dam into seven separate sections. Each
section ends up in a Thomson weir where the seepage rate was continuously
logged, Figure 10.
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Figure 10. Close up view of the Thomson weirs nearest the left abutment at the

downstream dam toe.

3.3 Performing the laboratory investigations
3.3.1 Grout material development, fresh and hardened properties

A laboratory investigation to find the optimal proportions of all constituents,
defined in subchapter 3.1.4, was performed and its results are presented in Paper I.
Aggregate proportioning and limestone filler, i.e., particle size distribution curve,
plus water content was determined before the testing was started. The particle size
distribution of the aggregates was designed to be similar to the particle size
distribution of the core soil used in the test embankment dam. Thereafter, the
necessary amounts of superplasticizer, air-release agent and bentonite were
investigated in an iterative process.
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The following testing procedure was adapted:

1.

2.

The water content of each type of aggregate was measured. A dry weight
of 2000 g of aggregate and limestone filler was used for each batch.

If bentonite powder was used in the batch, it was weighed and added dry
to the aggregate and limestone filler.

Tap water at 8°C was weighed so the desired water content in the batch
was obtained when the water was added.

If a superplasticizer or a superplasticizer + air release agent was used in the
batch, it was weighed and mixed with the tap water.

Aggregates and bentonite powder (if any) were homogenized for 5 minutes
in a Hobart mixer with a flat stainless-steel beater at 139 rpm.

The water with additives was slowly added, and the grout material was
homogenized for another 10 minutes.

The grout material was characterized according to bulk density, bleeding,
settlements, and consistency. Adjustments of the grout material had to be
done if results fell below or over pre-determined limit values.

Pre-determined limit values were:

Bulk density> 2150 kg/m’ (SS-EN ISO 17892-2:2014). If the bulk density
of the batch fell below 2150 kg/m’, the air content was too high (> 5 %).
Bleeding < 1.0 % after 24 hours (SS-EN 480-4:2005).

Settlements < 1.0 % after 24 hours (measured during the bleeding test).
The limiting values for bleed and settlements were derived from previous
experiences by the authors when developing similar grout materials, e.g.,
Lagerlund and Holmberg (2021).

Consistency = 100 mm and measured with a mini-slump-flow test. This
limit was chosen since the grout material was estimated to be difficult to
use for permeation grouting at lower consistencies. Consistency is an
indirect measurement of both viscosity and yield strength of a grout
material. A higher consistency measurement means the grout material is
more easy flowing.

To study the influence of homogenization on the fresh properties of the grout
material, testing was done with either ceased homogenization or continuous
homogenization.
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o Ceased homogenization — After 15 minutes of homogenization, the full
batch of ca 1 litre of grout material was tested for undrained shear strength
(SS-EN ISO 17892-6:2017), water content (SS-EN ISO 17892-1:2014),
and bulk density. Thereafter, the grout material was evenly distributed in
nine paper cups. The insides of the cups were coated with a thin polymer
lining to prevent water suction. The top of each cup covered with a thin
plastic film to prevent evaporation. Testing was done on the grout material
in one new cup every 10 minutes. The total time from start of
homogenization to the test of the grout material in the last cup was
125 minutes.

e  Continuous homogenization — After 15 minutes of homogenization, the
mixer was stopped so the grout material in the mixing bowl could be
tested for undrained shear strength, water content, and bulk density. The
grout material was kept in the mixing bowl and was continuously
homogenized. Every 10 minutes, the homogenization was stopped so the
undrained shear strength could be measured. The total time of the test was
125 minutes. After the last measurement of the undrained shear strength,
water content and bulk density were measured.

To study the hardened properties, samples of grout materials were made and stored
up to 34 days in fibre glass tubes. Undrained shear strength was tested on the stored
samples with both fall cone tests and unconfined compressive strength (UCS) tests
(ISO 17892-7:2017). Water content, bulk density and settlements of the grout
material inside the fibre glass tubes during storage were also tested. Each sample had
a 50 mm diameter and a height of 170 mm, sealed in the top with a rubber cap and
a filter stone in the bottom. The grout material was not compacted inside the fibre
glass tubes when prepared. Instead, the grout material was put inside the fibre glass
tube with an ordinary spoon. The fibre glass tubes were placed in a bucket filled
with a layer of gravel to allow drainage, Figure 71.

Figure 11. Sample preparatfon and storage of grout material.
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All samples were stored in a fridge at a constant temperature of 8°C until testing. A
new sample was tested each testing day after 2, 4, 7, 15 and 34 days of storage with
fall cone and three samples each testing day after 7, 15 and 34 days of storage with
UCS-testing.

3.3.2 Permeation tests

The permeation tests presented in Paper II were performed to investigate how the
following properties affected a grout materials permeation of a coarse-grained
material:

e Grout material — Dpnx = 2 or 4mm and a ratio of limestone
filler/aggregates (L/A) = 1.4 or 1.7. Consistency of the grout material was
either low (100 mm) or high (150 mm)

e  Damage — A coarse-grained material to be grouted with dis = 35, 75, or
110 mm and porosity = 0.45, 0.46 or 0.48 respectively.

e [njection method — Slow or fast injection.

To study how the presented properties aftected the permeation of the grout
material, a test matrix was made, consisting of 48 different test combinations
divided into 8 test series, see 7able 3. Determination of how well the injected
grout material permeated the coarse-grained material was made by measuring grout
uptake, i.e., weight of injected grout material during and after each test.

Table 3. Test matrix. All grouting tests done in three different coarse-grained
materials with dis = 35, 75 or 110 mm. Consistency = 100 mm was high yield
strength while Consistency = 150 mm was low yield strength.

Grout material Injection method Coarse-grained material
Series L/A Dmax  Consistency 1 = Slow dis
ratio  [mm] [mm] 2 = Fast [mm]

1 1.4 4 100/150 1 35/75/110
2 1.4 4 100/150 2 35/75/110
3 1.4 2 100/150 1 35/75/110
4 1.4 2 100/150 2 35/75/110
5 1.7 4 100/150 1 35/75/110
6 1.7 4 100/150 2 35/75/110
7 1.7 2 100/150 1 35/75/110
8 1.7 2 100/150 2 35/75/110

Before, during and after each test, the following characterization was done on the
involved materials, 7able 4.
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Table 4. Tested properties betore, during and after a permeation test.

Grout material Coarse-grained material Injection procedure
Bulk density [kg/m?]’ Particle size distribution' Grout uptake [s/5 kg]?
Air content [%]' Bulk density [kg/m’]! Total grout uptake [kg]®

Bleed and settlement [%]*  Porosity [-]'
Mini-slump flow [mm]'

"Before the test, “During the test, *After the test.

The laboratory execution of each permeation test is described:

1.

The empty Plexiglass box was placed on a scale. The coarse-grained
material was put inside the Plexiglass box with the pipeline placed
centrally. The weight was measured before and after filling the Plexiglass
box with the coarse-grained material. The weight of the pipeline was
deducted. After this, the Plexiglass box was filled with water and weighed
again. The water was then drained from the Plexiglass box. Porosity could
be calculated. Injection always took place in wet coarse-grained material.
The weight of the aggregates and limestone filler according to the grout
material recipes was measured. The dry weight of aggregates and limestone
filler was 60 kg for each batch, giving roughly 27 litres of grout material.
The bentonite powder was added dry without pre-swelling.

The tap water was run for 2 minutes in all batches to achieve similar
temperature. Water was weighed and the superplasticizer and air release
agent were added to the water.

All aggregates and limestone filler were put in a pan mixer and
homogenized for 5 minutes. Water and additives where then added and
homogenized for another 5 minutes. After 10 minutes of homogenization,
the grout material was poured into a wheelbarrow.

The grout material was kept in the wheelbarrow until the desired
consistency of either 150 or 100 mm was reached.

The properties of the grout material according to 7able 4 was measured. A
small portion of the grout material was set aside for the 24 h measurement
of bleed and settlement.

The grout material was poured into the grout container, the lid was bolted
shut, and the hose for compressed air was connected.

The grout container was connected to the overhead crane, lifted in
position, and connected to the pipeline in the Plexiglass box. The grout
container and pipeline were elevated so the pipeline exit was 50 mm above
the bottom of the Plexiglass box.
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9. Injection was done in either two ways:

a. Slow injection. The flow of grout material was governed only by
its own weight. When the flow stopped, 40 kPa of compressed air
was added on top of the grout material inside the grout container
to restart the injection. If the flow stopped once again, the
compressed air was evacuated from the grout container so it would
not affect the weighing of the Plexiglass box. 80 kPa of pressure
was thereafter added in a second pressure increase. 40 kPa extra
pressure was thus added in each pressure increase. Maximum
pressure was 280 kPa. Pressure was always set to zero between
each pressure increase.

b. Fast injection. An extra amount of compressed air of 80 kPa was
added before the permeation test started. Pipeline velocity was
governed by the own weight of the grout material plus the
additional compressed air. No extra pressure was added at any
time.

10. For each 5 kg of grout material injected, the time interval from the start of
the test was logged.

11. Each permeation test was ended when the grout container was either
empty or no more weight increase was achieved.

12. 24 hours after each permeation test, the bleeding and settlement of the
grout material was measured.

Viscosity and yield strength was tested for the grout materials with an L/A ratio =
1.7 after all 48 test combinations according to 7able 3 had been tested. The choice
of only testing the grout materials with an L/A ratio = 1.7 was taken since they
permeated the coarse-grained material far better than the grout material with an
L/A ratio = 1.4. Testing of viscosity and vyield strength was done at the CBI,
laboratory in Stockholm. Equipment used was a coaxial cylinder ConTec BML
viscometer, developed for concretes with a Dy, < 16 mm, see Figure 12. The
measurements were done by shearing a certain volume of grout material in the
annulus between two ribbed concentric cylinders to prevent slipping of the grout
material along the side walls. Shearing was done at varying rotational velocities of
the inner cylinder, i.e., shear rates. At each rotational velocity, the angular velocity
and torque was measured. Measurements were done when the inner cylinder
rotates between 0.09 — 0.43 rounds per second, i.e., steady laminar flow. Viscosity
and yield strength was then calculated under the assumption that the grout material
was a Bingham fluid, i.e., a fluid that requires a certain amount of yield stress before
it starts to flow.
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Figure 12. ConTec BML viscometer. A similar device was used for the testing of
viscosity and yield strength of the grout materials with an L/A ratio = 1.7
(Zerbino et al., 2009).

3.3.3 Tests without permeation

To measure frictional losses occurring in the vertical grouting system before the
grout material enters the coarse-grained materials, tests without any coarse-grained
materials in the Plexiglass box was performed. These “blank” tests were performed
as the permeation tests but there was no coarse-grained material in the Plexiglass
box. One test was performed for each of the two grout materials used in Paper III,
and one test per injection method, four tests in total. For these blank tests, side
elements of Plexiglass were added inside the Plexiglass box. This would enable a
similar elevation velocity of the grout material surface as in the permeation test.

3.3.4 Hydraulic characterization

To evaluate the resistance to flow in the tests, a hydraulic characterisation was used.
Upper grout material surface, A;, lower grout material surface in the Plexiglass box,
hy, and pipeline velocity, V;, (Figure 13) were measured at each cumulative
injected 5 kg of grout material. The mechanical energy balance in a vertical
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grouting system can be expressed with the Bernoulli equation, Eq. 1. The result
from the hydraulic characterization is presented in Paper III.

80 kPa pressure
(Fast injection only) =——fe— l‘Jpper grout material surface

[N pump] [hi]

N

Pipeline wall friction
[+ [hd

Permeation losses
[Mperml

Lower grout material surface

Local loss -— [hy]

th]

+— Zero level

Figure 13. The vertical grouting system.

2 2

P1+hpump+h1+‘;—lg=P2+h2+Z—Zg+htot Eq. 1.

Where P; > = atmospheric pressure [m], Apump = pump pressure [m], A; = upper
grout material surface [m], 4> = lower grout material surface [m], V; = pipeline
velocity [m/s], V> = pore velocity [m/s], g = 9.81 m/s* and /A, = total friction
losses [m]. P; = P- and low grout material velocities (Ve ~ 1 m/s and 1> =
Vi/~20) are expected. P; and P are therefore excluded and V- will be neglected
during the evaluations. The Apum is expressed in [m] according to Eq. 2.

P.
h =270 Eq. 2.
pump 9Pgrout d

Where Poump = pumping pressure [Pa], g = 9.81 m/s* and pgrousr = grout material

density [kg/m?’]. Frictional losses in grout container are neglected, hence, the total
frictional losses, A, is expressed according to Eq. 3.

h’tOt = hf + hl + hperm Eq 3.
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Where Ar= pipeline frictional loss [m], /4 =local loss at the exit of the pipeline [m]
and Apem, = frictional loss during the permeation of the coarse-grained material [m].

During the laboratory investigation presented in Paper II, viscometrical results of
the grout material indicated a viscosity of the order of 10 Pas, which is about 10*
times the viscosity of water. Yield strength values of the order of 100 Pa seen here
are common for highly thickened tailings, i.e., paste, in the mining industry.
Corresponding viscosities for these pastes are usually in the order of 10 — 100 times
the water value with average particle sizes of 20 to 60 pm and a Dy, < of 0.5 mm
(Wennberg, 2010). Therefore, the grout material pipeline flow can be considered
as laminar Newtonian. The Darcy-Weisbach formula, Ay for friction loss in laminar
Newtonian pipeline is defined as Eq. 4.:

_ (ot \w2
hf = (Repipe> 29D Eq 4.

Where L = length of pipeline [m], V; = pipeline velocity [m/s], g = 9.81 m/s”* and
D = pipeline diameter [m]. Reppe is the Reynolds number and is defined in Eq. 5.

__ PgroutDVi
Repipe = P2 Eq. 5.

Where pgrout = grout material density [kg/m’], D = pipeline diameter [m], V; =
pipeline velocity [m/s| and g = dynamic viscosity [Pas].

Local loss, occurring at the end of the pipeline where the direction of the grout
material flow is redirected 180° was estimated with Eq. 6. Generally, a coefficient
K; is related to the pipeline velocity head V2/2g giving the extra losses in addition
to pipeline friction as a local loss.

Vi

hl = KLZ Eq 6.

Where V; = pipeline velocity [m/s] and g = 9.81 m/s>. The K; value for laminar
liquid flow is normally estimated based on an inverse proportionality to the Reppe
number multiplied with the K;-value in Eq. 6., giving the start of turbulent flow at
about 1000 for the abrupt change in flow direction at the exit of the pipeline, Eq.
7. (Miller, 1990).

__( 1000 Vi
hl == (Repipe) Kl 29 Eq 7
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Where Re,pe was given in Eq. 5., K;= 1, V; = pipeline velocity [m/s] and g =
9.81 m/s*. The flow of grout material from the vertical pipeline into the coarse-
grained material can be considered as an annular bend for which X;in Eq. 7. may
be taken as 1 for liquid flow (Miller, 1990). If the grout material flow remains
attached to the bottom, not turning immediately into the annulus, this may change
the loss by a factor of two corresponding to a Re of 2000 in Eq. 7. (Miller, 1990).
hr is measured and defined on straight pipelines only. Therefore, A must be
regarded as a part of Ay i.e., Ar= (Ar+ h), during the measurements in the tests, see
Figure 14.

Grout container

F'y

Pipeline, 1.3 m I"‘-‘,‘ hy[m]

\4

iy [m]

v

Plexiglass box (he+ b)) [mi

Figure 14. Schematic development of friction head loss over the pipeline for (hy +
hy). Flow direction of grout material vertically down.

Each injection procedure of a limited batch size of grout material will be transient,
meaning £;, will decrease while 42 and Ape, will increase. Available heads, Auvaibe,
during each test procedure at any time will therefore lower throughout the
injection procedure. A is derived from Eq. 1. into Eq. 8. for slow injection and
Eq. 9. for fast injection.

S 143
Slow injection: Ainsie, sow = (hq — hy) + i Eq. 8.
S 80000 143
Fast injection: Auvaible, fise = + (hy —hy) ++ Eq. 9.
Pgrout 29
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Where A4; = upper grout material surface [m], 4> = lower grout material surface
[m], V; = pipeline velocity [m/s], g = 9.81 m/s* and pgrout = grout material density
[kg/m?]. For fast injection, when A; > 1.3m, the velocity term VZ/2g is replaced
with -(1000/Re,) KVZ/2g with K; = 0.2 for the conical shaped bottom of the

grout container, based in an assumed viscosity of 10 Pas (Miller, 1990).
3.3.4.1 Evaluation procedures

From all the permeation tests performed and presented in Paper II, the permeation
tests where an even grout material surface was formed and possible to measure
inside the Plexiglas box was evaluated further. According to the permeation test
results, results from test series 5 — 8 were used (7able 3). Only used results was with
grout material with an L/A ratio = 1.7, a consistency of 150 mm and when the dis
= 75 and 110 mm coarse-grained materials were permeated. From these
permeation tests, evaluation of the grout materials resistance to flow was done. The
results are presented in Paper III. A description of the evaluation procedure for
these tests follows.

The following description is supported by Figure 15 and Figure 16. Zero level =
bottom of plexiglass box.

1. Before the start of a test, A, is at the grout material surface in the grout
container and /A.at the bottom of the grout container, just above the valve.

2. Right after the opening of the valve, grout material will fall into the
pipeline, partially filling it (not a uniform grout material front moving
down the pipeline). As soon as the first portion of the grout material
reaches the bottom of the Plexiglass box, both A; and A are relocated to
the bottom of the Plexiglass box.

3. A grout material surface begins to form inside the pipeline, 4;, moving up
through the pipeline at an unknown rate. Simultaneously, the grout
material will start to permeate the coarse-grained material, forming a grout
material surface inside the Plexiglass box, /2.

4. h; continues to rise through the pipeline until it reaches the bottom of the
grout container. At this moment, /;1is immediately relocated to the top of
the grout material inside the grout container. Until A, reaches grout
material in the grout container, the pipeline above A; and below the grout
container will always be partially filled.

5. After A, has been established at the grout material surface inside the grout
container, grout material flow will begin to slow down until all available
grout material is either injected or the resistance to flow is higher than the
available head, stopping the grout material flow.
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Figure 15. Evolution of h;, hr and L. during the filling of pipeline with grout

material when grout material surface in the pipeline reached the bottom of the
grout container at hy = 0.1 m. Zero level = bottom of Plexiglass box.
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Figure 16. Example plot of grout material flow rate vs. height of grout material
surface, hs, in the Plexiglass box during a full test. Slow and fast injection
compared.
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The grout material surface in the Plexiglass box, /i, will be measured directly by
observing it through the Plexiglass side wall. A, is estimated by measuring the initial
height of the grout material in the grout container. Thereafter, a mass balance is
used to calculate the position of A;. Pipeline velocity, V, is calculated by dividing
the grout material flow with the area of the 0.075 m diameter pipeline. The
moment the pipeline has been filled is important since this is when A; will be
known for the first time during the permeation test, Ape., according to Eq. 3. is at
its lowest and L, = L. Verification of when pipeline is full can be done in two
ways:

1. Visual observation of the grout material surface, A, inside the pipeline
when it connects with the grout material inside the grout container. Can
be observed through the Plexiglass part of the pipeline, just beneath the
grout container, see Figure 8.

2. Through the grout material flow rate vs. height of grout material surface
plot, see Figure 16. Maximum grout material flow is achieved when
Bavaibie 18 at its maximum, i.e., when £, is relocated to the top of the grout
material surface inside the grout container.

At this moment, A; will be ca 1.8 m during slow injection and 5.4 m during fast
injection, see Figure 16. Corresponding A» will be between 0.05 — 0.1 m. The
gradient, j, can then be written as (4; — A7)/ L which is equal to (A + h)/m. The
gradient is then plotted against the measured pipeline velocity. It follows from
Figure 16 how the chaotic situation at the pipeline exit introduces additional losses
through the start of permeation. Therefore, the permeation resistance to flow, Aem,
will be coupled to the grout material surface elevation span 0.075 or 0.1 — 0.27 m.

The combined pipeline and local frictional loss (4 + A) can be written as a total

friction head loss, A4 hs can then expressed in terms of a gradient j = Ag/L where L
is the considered pipeline length, are expressed through ; together with Eq. 4. as:

. _hp 64 vZ
J=7= Repipe) 29D

Where the viscosity for the grout material during the measurements can be directly
extracted from Reynolds number Reéppe = Pgron VD11, Eq. 10.

hfi
_ PgroutDszZQ

e Eq. 10.

U
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Where pgonw = grout material density [kg/m’], V; = pipeline velocity [m/s], D =
pipeline diameter [m], Ay = total friction head loss [m], L = length of pipeline [m]
and g = 9.81 m/s. The active length, L., of the filled pipeline where resistance
to pipeline flow is generated is equal to A; during the filling of the pipeline. When
viscosity is determined from the permeation tests, the viscosity will be labelled as
fictitious viscosity. fpen, from the coarse-grained material will cause the pipeline
velocity to lower but without being included in Eq. 10. Viscosities calculated from
the blank tests will be considered as “true”. The calculated viscosities with Eq. 10.
is valid for the used test setup. In longer pipelines, see subsequent subchapter
5.4.3.1., section Longer pipelines.

3.3.4.2 Hydraulic conductivity

With the Ag/m measured in the blank tests, the results were utilized to evaluate the
remaining Ape., factor from the permeation tests. At each cumulative injected 5 kg
of grout material in the permeation test, A;, > and V; was known. Auv.ise Was then
calculated with Eq. 8. or Eq. 9. From the blank test results, the /A4/m vs. pipeline
velocity plot could be used to calculate the As occurring over the 1.3 m pipeline
and local loss. Apenm could then be extracted from Eq. 11. Calculations were done
from the moment pipeline was full until the grout material in the grout container
reached the cone shaped ending, i.e., 2> = ~0.075 — 0.27 m. Thus, pipeline was
always full during all calculations.

hr
hperm = hgvaitable — (?fL) Eq. 11.
Where Auyuipe = available head (Eq. 8. or Eq. 9.) [m], Az = total frictional head loss
[m] and L = pipeline length [m]. With the Apem known, hydraulic conductivity was
calculated with Darcy’s law, Eq. 12.

_ QALmin,max Eq 12

Kmin,max - (hperm)An

Where Q = grout material flow [1/s], AL mx = min or max length over which the
frictional loss occurs [m], Apesn = frictional loss over coarse-grained material [m], A
= area of Plexiglass box [m?] and n = porosity of the coarse-grained material [-].

Calculating the hydraulic conductivity at each cumulative injected 5 kg grout
material during each permeation test required an approximation of the flow path
length, AL. Flow paths for a grout material, especially in squared geometries, e.g., a
slot or a box, was observed by Lagerlund et al. (2014) to occur in a small portion of
a large, squared geometry. Flow paths were always observed at the shortest route
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between an entrance and exit point during injection, see Figure /7. Outside the
flow path, the grout material was at stand-still.

Figure 17. Flow path during an injection grouting test of a 1.7x0.9 m wide slot
with 1 mm thickness. Example of a grout material flow path marked in figure,
Lagerlund et al. (2014).

An estimation of the shortest and longest flow paths, i.e., AL, and ALy, was
therefore required, see Figure 18.

Figure 18. Shortest (AL,.,) and longest (AL,.,) routes for the grout material
between the pipeline exit and the grout material surface.
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Results from hydraulic conductivity are therefore presented as K, or K.
Verification of the calculated hydraulic conductivity was done by comparing the
result as given by Eq. 12. with the expected hydraulic conductivity, calculated with
Eq. 13.

K __ kpgroutg
expected — o

Eq. 13.
Where k = permeability of the coarse-grained material [m?], Pgou = grout material
density [kg/m’], g= 9.81 [m/s’] and x = dynamic viscosity [Pas].

3.3.5 Large-sale grouting test

The large-scale grouting test is presented in Paper IV. To remediate an
embankment dam, the following steps should be applied:

Identification — Localization — Characterization — Remediation

Where:

e [dentification - Something happens in the embankment dam, i.e., higher
seepages rates, increased turbidity, settlements, sinkholes etc. This may
indicate that internal erosion is ongoing inside the embankment dam.
Acuteness of the situation should be evaluated immediately, and suitable
remedial method chosen.

e Localization — The actual position where the damage is happening must be
determined. Geophysical methods and geotechnical methods may be used.

e  Characterization - The identified and localized damage should be
characterised. This can be done by drilling and sampling. If grouting is
chosen as a remedial method, the grout material should be designed
according to the damage. The amount of grout material needed should be
evaluated and maximal allowed grouting pressures vis-a-vis injection depth
determined.

e  Remediation — The grouting should be performed as careful as possible and
the whole process should be under real-time surveillance. Measurement of
grout material pressures and flow as well as pore water pressures inside the
embankment dam is very important (Warner, 2004).

A large-scale grouting test, i.e., remediation, was performed at the left abutment of
a test embankment dam at low grouting pressures (only compensating for frictional
losses within the pipeline). The grout material had an addition of magnetite powder
to facilitate its localization after injection. Localization of the grout material was
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investigated by another research team and the results hereof will not be presented.
The steps in executing the large-scale grouting test follows:

1.

Rotary percussion drilling of the core soil at the left abutment. Firstly, a
steel casing (88 mm internal diameter, 100 mm outer diameter) was drilled
to a depth of 3.6 m, Figure 19 lefi. Thereafter, a solid stem auger was used
to remove the core soil to a depth of 3.7 m. The water content of the
removed core soil was measured.

A pipeline with an internal diameter of 65 mm and length of 3.4 m was
inserted into the casing. The top of the pipeline was locked in place
~20 cm above the top of the casing and attached to the grout container
used in Paper II. After this, the pipeline and grout container were lowered,
resting on the top of the casing, Figure 19 centre. At the bottom of the
pipeline, a steel packer with a diameter of 88 mm was installed. The steel
packer was to prevent the grout material from moving up between the
pipeline and casing, while allow water and air to be evacuated.

The grout material was made with a pan mixer. Aggregates, limestone
filler, magnetite powder and dry bentonite powder, was first homogenized
for 5 minutes after which the water and additives were added. The
additives were first mixed with the water in a bucket and then added to the
aggregates in the pan mixer. The grout material was homogenized for
another 5 minutes. After homogenization, the grout material was
characterized, e.g., bulk density and consistency.

The grout container was filled with 30 litres of grout-material and bolted
shut. Via a vent on the top of the lid, compressed air was applied between
into the grout container. The pressure during the grouting was calculated
to be the height of the grout material inside the pipeline plus an additional
50 kPa. The extra pressure was calculated to compensate for the grout
materials resistance to flow in the pipeline.

The valve on the bottom of the grout container was opened and the grout
material was injected until a stand-still in the pipeline.

The grout container, casing and pipeline were raised in one single
movement by using a pulley system, Figure 19 right. The grout material
column inside the pipeline were at the same position because of the extra
pressure of 50 kPa while the equipment was raised. When the casing and
pipeline was above the crest, all grout material had refilled the drilled hole.
Seepage from the dam was measured during and after the procedure.
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Figure 19. (left) Installation of casing, (centre) pipeline inserted into casing and
grout container attached to pipeline, (right) simultaneously raising of the grout
container, casing and pipeline.
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4 RESULTS

4.1 Proportioning of the grout material

Particle size distribution for aggregates and limestone filler used in all developed
grout materials is shown in Figure 20.
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Figure 20. Particle size distribution for all involved aggregates and limestone filler.

Two grout materials with a Dy of either 2 or 4 mm was developed and
characterized for their fresh and hardened properties in Paper I. Recipes for the
two grout materials are shown in 7able 5. Fine content of aggregates was 20.0 %
and 19.9 % and water content 13.1 % and 12.0 % in the 2 mm and 4 mm grout
material respectively.

Table 5. Grout materials used in Paper 1. All amounts in weight-%.

Dnax 2mm 4 mm
L/A ratio! 1.1 1.1
0/2 mm sand A 29.8

0/2 mm sand B 32.4 18.6
0/4 mm gravel 451
Limestone filler 25.4 24.8
Water 11.5 10.6
Superplasticizer 0.52 0.53
Air release agent 0.02 0.02
Bentonite 0.30 0.32

! Limestone/aggregate ratio expressed in specific surfaces.
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Recipes for the four grout materials used in the laboratory investigations presented
in Paper II and Paper III, are shown in Table 6. Fine content of aggregates was
25.0 % (L/A ratio = 1.4) and 27.5 % (L/A ratio = 1.7) in the 4 mm grout material
and 26.5 % (L/A ratio = 1.4) and 29.0 % (L/A ratio = 1.7) in the 2 mm grout
material. Water content was 12 %. The grout material used in the laboratory
investigation presented in Paper III was both grout materials with an L/A ratio =
1.7 but only with 0.53 weight-% of superplasticizer added, i.e., the high-
consistency grout material.

Table 6. Grout materials used in Paper I1. All amounts in weight-%.

Dinax 4 mm 4 mm?® 2 mm 2 mm?®
L/A ratio' 1.4 1.7 14 1.7

0/4 mm gravel 40.7 38.1

0/4 mm (Dyp,x 2 mm)? 40.7 38.1

0/2 mm sand B 15.9 15.1 15.9 15.1
Limestone filler 31.9 35.4 31.9 354
Water 10.6 10.6 10.6 10.6
Superplasticizer 0.48 or 0.53  0.48 or 0.53° 0.48 or 0.53  0.48 or 0.53°
Air release agent 0.02 0.02 0.02 0.02
Bentonite 0.33 0.33 0.33 0.33

! Limestone/aggregate ratio expressed in specific surfaces. 20/4 mm gravel sieved through a
2 mm sieve. *Grout material used in the hydraulic evaluation presented in Paper III.

Recipe for the grout material used in the laboratory investigation presented in
Paper IV, where remedial injection grouting was performed at the abutment of a
large-scale test embankment dam is shown in 7able 7. Fine content of aggregates
was 36.5 % and water content 12 %. L/A ratio was only 1.2 since the fine-grained
magnetite was regarded as an aggregate and not a filler material.

Table 7. Grout material used in Paper IV. All amounts in weight-%.

Dhinax 4 mm
L/A ratio' 1.2

0/4 mm gravel 33.7
Magnetite powder 17.7
Limestone filler 37.2
Water? 10.6
Superplasticizer’ 0.48
Air release agent’ 0.02
Bentonite’ 0.33

! Limestone/aggregate ratio expressed in specific surfaces.

Particle size distribution for the grout materials presented in Table 5 — Table 7 is
shown in Figure 21.
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Figure 21. L/A ratio = 1.1 grout materials presented in Paper 1. L/A ratio = 1.4
and 1.7 grout materials presented in Paper II and Paper III. Magnetite grout
material presented in Paper IV. Core soil from an embankment dam uvsed in
Paper IV as reference.

4.2  Fresh properties

The influence of homogenization time of the grout material was investigated and
presented in Paper I. Homogenization time is important since the commonly used
cementitious grout materials must always be continuously homogenized to delay
their hardening. However, the grout material tested here does not contain
cementitious materials. Its behaviour during and after homogenization is not well
known.

Both grout materials presented in 7able 5 were tested. The two grout materials
were either continuously homogenized for 125 minutes or homogenized for only
15 minutes and then left unattended for another 110 minutes. Bulk density, water
and air content was measured after the initial 15 minutes of homogenization and
after another 110 min of homogenization. The results from these measurements are
shown in Table 8.
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Table 8. Results from bulk density, water and air content in the two grout
materials after 15 and 125 min of either ceased or continuous homogenization.

Grout material D = 2 mm Diax = 4 mm
Time Perou w 1, Prot w m,
min] | kg/m] (%] (%] | [ke/m’] (%] [%]

Ceased 15 2130 13.2 4.1 2170 12.4 3.2

homogenization 125 2140 13.2 3.7 2170 11.9 3.7

Continuous 15 2150 13.4 3.0 2190 12.2 2.5

homogenization 125 1920 10.2 16.5 2180 9.1 6.4

During the ceased homogenization, bulk density, water and air content remained
unchanged for both grout materials. During continuous homogenization, bulk
density and water content was lower. Air content increased by a factor of 4.5 for
the D = 2 mm grout material. For the Do = 4 mm grout material, bulk density
remained unchanged, water content was lower and air content increased by a factor
of ~1.6. Overall, the Dy, = 2 mm grout material was much more affected by the
continuous homogenization than the Dy, = 4 mm grout material.

Undrained shear strength of the fresh grout material was measured with a fall cone
test after the initial 15 minutes of homogenization and thereafter every 10 minutes
until a total time of 125 minutes. For testing during continuous homogenization,
the Hobart mixer was briefly stopped to allow measurements. After the testing, the
Hobart mixer was restarted. For testing during ceased homogenization, the grout
material was first homogenized for 15 minutes and thereafter placed in cups and
covered so water could not evaporate. After the initial 15 minutes of
homogenization, the grout material in the cups were left until tested. Three drops
were made during each testing with the fall cone. The following cones were used
within each test series (weight of cone in grams and cone angle in degrees)

e D, = 2mm, ceased homogenization: (10 g and 60°) between 15—
125 min.

¢ D, = 2mm, continuous homogenization: (10 g and 60°) between 15—
65 min; (60 g and 60°) between 75—105 min; (100 g and 30°) between
115-125 min.

e D, = 4 mm, ceased homogenization: (10 g and 60°) between 15—45 min;
(60 g and 60°) between 55-85 min; (100 g and 30°) between 95125 min.

e D, = 4 mm, continuous homogenization: (10 g and 60°) between 15—
125 min.

Results (mean value of three drops) from the measurements are shown in Figure
22
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Figure 22. Development of undrained shear strength in the two grout materials
tested during either ceased or continuous homogenization.

The undrained shear strength of the grout materials increased during the
continuous homogenization and particularly in the D, =4 mm grout material.
Both grout materials however became very “lumpy” with time during the
continuous homogenization. During ceased homogenization, undrained shear
strength of the grout materials remained low during the whole testing procedure.

4.3  Hardened properties

The influence of storage time on the hardening of the grout materials was
investigated in Paper I. The intention was to investigate how the effect of the
superplasticizer wore oft with time. Both grout materials were made and put in
170 mm heigh, 50 mm diameter fibre glass tubes and stored at a temperature of
8°C. The fibre glass tubes had an impermeable rubber cap at the top and a filter
stone in the bottom, allowing the samples to drain during storage. Directly after the
grout material had been produced and after 2, 4, 7, 15 and 34 days of storage, bulk
density, water and air content, and settlements were measured. Results from these
measurements are shown in Figure 23 and Table 9.
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Figure 23. Bulk density, water content, and air content in stored grout material.

Table 9. Vertical settlements in samples used for fall cone test. Original height of
sample was 170 mm.

Storage time [d] 2 4 7 15 34
D = 2 mm Settlements [%)] 53 47 4.1 4.1 5.9
D = 4 mm Settlements [%)] 29 35 2.4 4.1 2.4

The bulk density increased during storage with 2.4 and 4.4 % in the D, = 2 and
4 mm respectively. Water content continuously lowered with 28 and 18 %
respectively and air content was increased by 39 % in the Dy =2 mm grout
material while lowered with 42 % in the D, = 4 mm grout material. Settlements
of the grout material during storage did not increase with time.

Undrained shear strength of the stored samples was measured with the fall cone test
after 2, 4, 7, 15 and 34 days of storage and measured with UCS testing after 7, 15
and 34 days of storage. For each testing day, three drops were used on each sample
tested with fall cone and three samples were used for the UCS testing. Results from
measurements of undrained shear strength is shown in Figure 24.
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Figure 24. Development of undrained shear strength of stored samples measured
using fall cone and UCS test.

The development of undrained shear strength measured with UCS was similar in
the two grout materials between 7 and 34 days of storage. After 34 days, the
undrained shear strength was 13 kPa in both grout materials. Undrained shear
strength measured with a fall cone gave consistently lower results in comparison
and a larger difference between the two grout materials. For both testing types,
undrained shear strength was higher in the Dum.w = 2 mm grout material. Single
spare samples were tested after 56 days (D = 2 mm) and 70 days (D = 4 mm)
of storage. Undrained shear strength (UCS testing only) was measured to 19 kPa
and 23 kPa, respectively.

The standard deviations for the fall cone tests were always higher than the
maximum allowed 0.5 mm according to the standard (SS-EN ISO 17892-6:2017).
In addition, the difference in undrained shear strength obtained by the fall cone
testing were observed to be consistently lower than that of the UCS tests.
However, the development of measured undrained shear strength was similar.

4.4 Permeation tests
In the laboratory investigation presented in Paper II and Paper III, the grout

materials shown in 7able 6 were injected into three different types of coarse-
grained materials, i.e., a core soil damaged by suffusion. In Paper II, grout material
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properties affecting how well a grout material can permeate a coarse-grained soil
was investigate while the grout materials resistance to flow was evaluated in Paper
III. The particle size distribution of the three coarse-grained materials used for the
permeation grouting is shown in Figure 25 and its appearance is shown in Figure
26. Characterization is given in Table 10.
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Figure 25. Particle size distribution of the three coarse-grained soils

Tgure 26. Used coarse-grained materials.

Table 10. Characterization of the three coarse-grained materials.

dis [mm)] 35 75 110
diax [mm] 90 110 160

duin [mm] 16 50 86
Porosity [-] 0.45 0.46 0.48
Bulk density [kg/m?] 1460 1403 1350
Permeability [m?] n.a. 1.5x107 2.0x107
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4.4.1 Grout material uptake

Grout material uptake, i.e., how much of the grout material available in each
permeation test that permeated the coarse-grained materials, was measured in all
tests. The results were presented in Paper II. Test matrix for all 48 permeation tests
is presented in subchapter 3.3.2, Table 3.

Tested properties for grout materials were (1) L/A ratio, (2) Duu, (3) consistency
and (4) injection method. Consistency values of ~100 or ~150 mm indicated either
a stiff or easy-flowing grout material. For the coarse-grained material, three
different dis values were tested. Results for grout uptake from the first test series
out of 8 is shown in 7able 71. During test No. 1, 0.6 litres of the grout material
was injected into the coarse-grained material during the first stage of the slow
injection (the own weight of the grout material drove the injection). After a total
of 280 kPa of compressed air had been added, 1.3 litres of the grout material had
been injected. In test No. 6, 23.4 litres of the grout material were injected during
the first phase. After an additional 40 kPa of compressed air, 24.6 litres were
injected (full batch). Results from all permeation tests are shown in Appendix A,
Table A 1.

Table 11. Results from the first series of permeation tests.

L/A ratio = 1.4, Dy.x = 4 mm, Slow injection

Test dis soil  Consistency Grout uptake Grout uptake
own weight 280 kPa extra pressure
No. [mm] [mm] . .
[litres] [litres]

1 35 102 0.6 1.3

2 75 100 35 4.7

3 110 103 16.2 20.8

4 35 149 1.2 2.1

5 75 150 4.7 7.7

6 110 150 23.4 24.6!

'Only 40 kPa extra pressure required.

Grout material uptake after the fast injection was measured after the grout material
had come to a full stop. Description of slow and fast injection can be found in
subchapter 3.3.2. Total batch size was ~25 litres, hence, results of grout uptake
~25 litres = all grout material was successfully injected.
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The following observations could be made from the permeation test results:

1) A higher L/A ratio increased the grout material uptake.

2) A higher Dy increased the grout material uptake.

3) A higher consistency increased the grout material uptake, especially during
slow injection.

4)  Fast injection increased the grout material uptake even if the total amount
of applied grout pressure was higher during slow injection.

5) A higher dis of the coarse-grained material increased the grout material
uptake.

4.4.2 Primary data of grout material flow rates from permeation tests

Time required for all permeation tests presented in Paper II is presented in
Lagerlund (2023). Only results from grout material with an L/A ratio = 1.7, a
consistency of 150 mm, dis = 75 and 110 mm was used in Paper III. The reason
was that the grout material in these tests were the most easy flowing, i.e., possible
to observe and measure an evenly distributed grout material surface inside the

Plexiglass box. This would enable the use of a hydraulic characterization.

To facilitate the hydraulic characterization, grout material uptake is not presented
in litres but as the height of the grout material surface inside the Plexiglass box, /A-.
Each 5 kg of grout uptake was equal to ~2.5 cm of grout material inside the
Plexiglas box. Results from the tests are therefore plotted as grout material flow
rates vs. height of the grout material surface. Primary results from the permeation
tests are shown in Figure 27 (slow injection) and Figure 28 (fast injection).
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Figure 27. Primary results from permeation test with slow injection. A — test 41, B
—test 29, C — test 42 and D — test 30.
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Figure 28. Primary results from permeation test with fast injection. E — test 47, F —
test 35, G — test 48 and H — test 36.
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Grout material flow rates was higher during fast injection, where 80 kPa was added
at the start of each test. Grout material flow rates increased in the beginning of each
test during the opening of the valve and filling of the initially empty pipeline. At a
grout material height in the Plexiglass box between 0.05 — 0.1 m, a steady decrease
of the grout material flow was initiated. This meant the pipeline had been filled.
Decrease of grout material flow rate was steeper during slow injection compared to
fast injection. The reason for this was that the final pressure in slow injection was
zero while being 80 kPa for fast injection. Grout material flow rates were higher
when Dy, =4 mm grout material was injected. A higher dis value of the coarse-
grained material furthermore increased the grout material flow rates. Given the
results presented in Figure 27 and Figure 28, evaluations of the resistance to flow
and hydraulic conductivities from all permeation tests was determined to be done at
an Az between 0.075 or 0.1 — 0.27 m for all tests. Between these two A
measurements, the pipeline was always filled.

4.4.3 Resistance to flow
4.4.3.1 Friction losses

Viscosity of the grout materials used in Paper III was evaluated both from the
permeation tests and with a blank test, i.e., a permeation test but without any
coarse-grained material in the Plexiglass box, with Eq. 10. Mean values of all
calculated viscosities from the permeation and blank tests are shown in 7able 12
and 7able 13.

Table 12. Calculated fictitious viscosity from the permeation tests.

dis =75 mm dis = 110 mm
Slow injection  Fast injection | Slow injection  Fast injection
[Pas] [Pas] [Pas] [Pas]
p D=2 mm 37.4 30.6 18.5 18.4
[ mean 34.0 18.4
p D=4 mm 28.6 18.5 17.8 15.2
QL mean 23.6 16.5

Table 13. Evaluated viscosity from the blank tests presented in Figure 29.

Slow injection Fast injection
[Pas] [Pas]
P D=2 mm 12.1 13.1
U mean 12.6
p D=4 mm 11.4 12.2
QL mean 11.8
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As expected, fictitious viscosities calculated from the permeation tests were higher
than viscosities calculated from the blank tests and higher for the Dy, = 2 mm
grout material than the Dy« = 4 mm grout material. Calculated fictitious viscosities
were also higher in permeation tests when the dis =75 mm coarse-grained material
was permeated compared to the dis =110 mm coarse-grained material. This latter
finding indicated the presence of a A or a difterent outflow situation during the
permeation tests with the coarse-grained materials.

From the permeation tests and the blank tests, As/m was plotted against pipeline
velocity. These values, presented in Figure 29, were extracted from the actual
measured /1, A2 and V; when the pipeline became full. Results from both grout
materials, 1.e., D =2 or 4 mm, are presented separately.
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Figure 29. Measured pressure gradient vs. pipeline velocity of grout material with
Dyx = 2 and 4 mm respectively. hy measured. Trendlines set to go through
origo (Newtonian behaviour). Viscosities, u, taken from Table 12 and Table 13.

From the results presented in Figure 29, resistance to flow is higher when the D
= 2 mm grout material is injected compared to the Dy = 4 mm grout material. It
can also be seen that the Ayem 1s significantly affecting the obtained results at A, =
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0.1 m, except in the blank tests. The influence of the outflow situation, aftecting /A
and consequently the pipeline velocity, can’t be distinguished from the results.

Viscosity and yield strength was also measured on the grout material with an L/A
ratio = 1.7 at both consistencies of either 100 or 150 mm. Results from these
measurements are shown in 7able 14.

Table 14. Measurement of viscosity and yield strength for both L/A ratio = 1.7
grout materials with a Contec BML viscometer.

Viscosity Yield strength
Consistency Doax =2 mm Dax =4 mm Diax =2 mm Do =4 mm
[mm] [Pas] [Pas] [Pa] [Pa]
100 23.3 14.3 491 256
150 14.4 9,4 73 106

Grout material with a lower consistency had both higher viscosity and yield
strength compared to the high consistency grout material. Viscosity and yield
strength was higher in the D, = 2 mm grout material apart from the high
consistency grout material. Here, the difference between the Dy = 2 and 4 mm
grout material was minor. Mean viscosities for D = 2 and 4 mm grout material
calculated from the tests with Eq.10 were expected to be lower than the
viscometrical values shown in 7able 74. This was however not the case. The
viscosities were similar.

A hydraulic characterization was performed, and the results were presented in
Paper III. With the hydraulic characterization, frictional losses within the grouting
system were evaluated. This was done for the permeation tests where an even grout
material surface could be observed and measured through the side wall of the
Plexiglass box.

The following information, required for the hydraulic characterization, was
obtained during direct measurement in each of the 8 selected permeation test A —
H:

e ;- height of the grout material surface in the grout container.
e /- height of the grout material surface in the Plexiglass box.
e I/, — pipeline velocity.
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The following calculations could then be made to evaluate the frictional losses:

® N — available pressure height, calculated with Eq. 8. or Eq. 9. for slow
or fast injection respectively.

e /iy — sum of frictional losses in the pipeline and at the pipeline exit plotted
for the blank tests in Figure 29. To estimate Ay in the permeation tests
when Dy« = 2 mm grout material was used, measured pipeline velocity
was multiplied with 67 (see Figure 29 lefi) and the length of the pipeline.
For the Dy, = 4 mm grout material, pipeline velocity was multiplied with
61 (see Figure 29 right) and the length of the pipeline.

®  Jpeny — frictional losses due to the permeation of the coarse-grained material
calculated with Eq. 11.

Results from the hydraulic characterization of test A and E is shown in 7Table 15.
Results for all tests are presented in Appendix B, Table B 1 and Table B 2.

Table 15. Evaluated data from tests with Dy = 2 mm grout material with slow
injection (Test A) and fast injection (Test E). hy measured and e, calculated.
Test A!, Dyx = 2 mm, dis = 75 mm

Vi [m/s] 0.14 0.12 0.11 0.09 0.05 0.03 0.03 0.03 0.01
Aavaitabre [m] 1.74 169 164 158 153 147 142 137 1.31
Ay [m] 0.54 048 043 035 021 013 0.13 0.10 0.05
ey [M] 1.20 121 121 123 132 134 129 1.27 1.26
Test E2, Dyx = 2 mm, di5 = 75 mm
Vi [m/s] 0.51 051 040 032 030 0.30 029 0.29
Davaitaie (M) 5.09 5.04 5.05 505 500 495 491 486
Ay [m] 206 206 158 129 121 121 114 1.14
ey [M] 303 298 347 376 379 374 377 371

"Pipeline filled at 4> = ~0.075 m. *Pipeline filled at /> = ~0.1 m. *youm, sk = 67 V7 used for
hy.

During each permeation test procedure, V; lowered and consequently, Ay lowered.
Resistance to flow within the coarse-grained material, Apem, was balanced during
each permeation test with slow injection but increasing when fast injection was
used. This occurred since Auinse at the end of a permeation test with slow injection
was 0 while being ~3.6 m (80 kPa) with fast injection. Higher resistance to flow
occurred in the dis = 75 mm coarse-grained material compared to the dis =
110 mm coarse-grained material as well as when the Dmw = 2 mm grout material
was used compared to the Dy = 4 mm grout material.
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4.4.3.2 Hydraulic conductivity

Calculations of the hydraulic conductivity of the grout material permeating the
coarse-grained material was presented in Paper III. Hydraulic conductivity was
calculated for all tests (A — H) and for each 5 kg grout material uptake. Calculations
of the hydraulic conductivity from the tests was done with Eq. 12. Hydraulic
conductivity was furthermore calculated assuming two different main grout
material flow paths, AL, see Figure 18, resulting in either a maximum or minimum
hydraulic conductivity, K. or Ky, With the /A, from the hydraulic
characterization, see Appendix B, Table B 1 and Table B 2, hydraulic
conductivities could be calculated. The calculated hydraulic conductivity was
compared with expected hydraulic conductivity calculated with Eq. 13. Results are
shown in Table 16.

Table 16. Mean values of calculated hydraulic conductivities for the two coarse
grained materials when permeated with either of the two grout materials.

Dpx =2 mm Dpax =4 mm Expected!
Kinax Koin Kinax Kinin Kpmax 2am Kpimax
[m/s] [m/s] [m/s] [m/s] [m/s] [m/s]

d;5=75 mm 1.0x1073 1.7x10™* 1.5x1073 1.4x10* 2.5x10* 3.4x10™*
dis=110 mm 2.4x107 2.1x10™* 3.8x1073 3.3x10* 2.7x10* 3.7x10™*
'Eq. 13.

K.in was in better agreement with expected hydraulic conductivities compared to
K. Mean values of K., were close to expected values, indicating that the grout
material flow path followed AL, as shown in Figure 18. All calculated hydraulic
conductivities are also shown in a grout material flow rate vs. hydraulic
conductivity plot. Results from these plots are shown in Appendix C, Figure C 1 -
Figure C 4. The results show a small tendency of the hydraulic conductivity to
lower as the grout material flow rate lowers. Mean grout material pore velocities
varied between 2.3x107% — 6.0x10™* m/s in all permeation tests.

4.5 Large-sale grouting test

Remedial injection grouting of an abutment in a large-scale test embankment dam
was performed with the grout material presented in Table 7. Results from this test
are presented in Paper IV. A 3.6 m long, 88 mm internal diameter steel casing was
installed via rotary percussion drilling. After the casing had been installed, the core
soil inside it was removed with a solid stem auger. Core soil from 1, 2 and 3 m

depth was tested for its water content. Results from these measurements are shown
in Table 17.
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Table 17. Drilling and sampling at the left abutment. Water content from the time
of dam construction (Oct — Nov 2019) compared to the water content during
the time of drilling (15 Nov 2022).

Depth Water content when built Water content Increase
[m] [%o] [%] [%0]
1 8.3 15.2 83
2 9.5 14.8 56
3 9.9 14.3 44

At ~0.9 m depth a 10 cm thick zone of 4/8 mm gravel was found. The core soil
had been significantly wetter with time but the increase in water content decreased
slightly with increased depth. Seepage from the dam was continuously logged
during the test. Results from these measurements are shown in Figure 30.
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Figure 30. Seepage measurements expressed as 1/s for each meter at the
downstream side of the left abutment and the two closest sections next to it
(section 2 and 3).

Seepage was mainly reduced during drilling and to a lesser extent during the
grouting. Seepage reduction was largest in the zone closest to the abutment but also
lowered in the two zones next to it. The seepage reduction in all measured sections
occurred at the same time. Total seepage reduction was ca 40 % directly after the
grouting operation (November 2022). In December 2023, seepage reduction was
ca 70 % (not shown in Figure 30).
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5 DISCUSSION

5.1 Proportioning of the grout material

The intention of the grout material proportioning was to develop a grout material
with similar geotechnical properties as a fine-grained moraine. Pumping of the
grout material was made possible by replacing the fines with a limestone filler plus
the addition of a superplasticizer. This lowered the viscosity and yield strength of
the grout material without affecting any other properties. The proportioning
process was presented in Paper I.

The proportioning of the grout material was determined via an iterative pre-testing
process. The intention was to develop two grout materials with different Dy of 2
and 4 mm. D,.« of the aggregates is an important property when predicting how
well a grout material can permeate a coarser soil material (Lindvall, 2012). Dy, of 2
and 4 mm were chosen since a D, >4 mm would require too coarse-grained soil
material, not likely to be found in a dam, to be permeated in the laboratory. Before
the start of the pre-testing procedure, the following properties were determined:

e  The aggregates used for the Dy, = 2 mm grout material were two different
0/2 mm natural sands labelled sand A (C, = 3.6) and sand B (C, = 1.5).
Aggregates used for the D, = 4 mm grout material was the 0/2 mm
natural sand (sand B) and a 0/4 mm natural gravel (C, = 6.4), see Figure
20. All aggregate particles were rounded with a grain density of
2650 kg/m’. The limestone filler was a crushed material, 0/0.5 mm with a
grain density of 2710 kg/m’.

e Amount of fines = 20 weight-% so the grout material would have a low
permeability.

e Water content had to have a starting value of 12 % since 10 % gave a grout
material that became very sticky (too high viscosity).

With the particle size distribution of aggregates and water content decided
beforehand, the necessary amounts of superplasticizer, air release agent and
bentonite powder were investigated. The amount of superplasticizer had a starting
value of 3 weight-% of the amount of water in the grout material. The goal was to
find the amount needed to obtain a consistency measurement of 100 mm as
measured with a mini-slump flow test (Tan et al., 2017). In the mini-slump flow
test, a conical steel ring with a height of 40 mm and a bottom and top diameter of
85 and 75 mm respectively is filled with grout material. The ring is removed
upwards, allowing the sides of the grout material to move horizontally outwards,
see Figure 31. Because of the outward movement, the bottom diameter of the
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grout material increases, and the grout material settles. Yield strength is related to
the resulting diameter of the grout material and viscosity is related to the time it

takes to settle.
Settlement Settlement

“«——————————————————» o« >
85 mm 100 mm 150 mm

A

Figure 31. Mini-slump flow test. Dottom diameter of the grout material Is
measured. Consistency in figure is 100 or 150 mm.

When the right amount of superplasticizer was found, the amount of air release
agent was investigated. Starting value was 0.5 weight-% of the amount of water
used. Finally, the amount of bentonite powder was investigated, starting with
3 weight-% of the amount of water used. All pre-test batches were either approved
or improved by comparing measured bulk density, bleeding, settlement and
consistency to the pre-determined limit values presented in subchapter 3.3.1.

Without the superplasticizer, the grout material behaved like a moist, lumpy fine-
grained sand. With the superplasticizer, the grout material was transformed into a
pumpable paste-like material. The water content in the Dy = 2 mm grout
material had to be slightly increased compared to the Dua = 4 mm grout material
since the former became very sticky, i.e., the viscosity was too high. This
behaviour could only be adjusted by adding more water.

5.2 Fresh properties

The influence of homogenization method of the grout material was investigated
and presented in Paper I. In the pre-tests, the dry aggregates were homogenized for
5 minutes before water and additives were added and then homogenized for
another 10 minutes. In extreme cases, air contents increased up to 20 %. The
influence of homogenization time was therefore tested. Both grout materials
presented in 7able 5 experienced an increase of air content and loss of water
content when continuously homogenized for 125 minutes, see 7able 8. In the Djnax
= 2 mm grout material, the increase in air content was particularly high. After
125 minutes of continuous homogenization, both grout materials became lumpy.
The results indicate the tendency of these types of grout materials to absorb air
when homogenized for a longer period, a behaviour also observed by Lu et al.
(2019).

66



Discussion

The undrained shear strength was tested with fall cone test after 15 and
125 minutes of either ceased or continuous homogenization, see 7able 18.

Table 18. Undrained shear strength measured with fall cone after 15 minutes (first
test) and 125 minutes (last test) of “ceased homogenization” or “continuous

3

homogenization”.

Grout material Diax = 2 mm D = 4 mm
Time Tsa Increase T4 Increase
[min] [kPa] [%] [kPa] [%]
Ceased homogenization 15 0.18 0.18
125 0.35 ~100 0.50 ~180
Continuous homogenization 15 0.18 0.18
125 6.9 ~3700 11.3 ~6200

Grout material continuously homogenized for a longer time will have an increased
undrained shear strength. This is most likely caused by absorption of air into the
grout material during the homogenization. Moisture evaporates and consequently,
the effect of the superplasticizer is diminished. For both types of grout material
with ceased homogenization, the changes in undrained shear strength were
minimal compared to grout material with continuous homogenization.
Homogenization time of this type of grout material should therefore be kept short
(<15 minutes) since a stift, low density grout material that will be difficult to pump.

5.3  Hardened properties

The strength development of the grout material after storage was investigated and
presented in Paper I. Since the grout material contained no cementitious material,
its shear strength after grouting was not expected to be very high. Undrained shear
strength of grout material was therefore tested on samples stored up to 34 days
under drained conditions in a fridge at +8°C. Undrained shear strength was
investigated with either fall cone or UCS testing.

The undrained shear strength development was slow and the difference between
the two grout materials was minor. After 34 days of storage, the undrained shear
strength of the grout materials was ~13 kPa according to the UCS testing. Values
from the fall cone testing was lower but the variations in these results were higher
than accepted by the standard (SS-EN ISO 17892-6:2017). Results from fall cone
testing had the same trends as the USC testing. According to Gribulis et al. (2019),
undrained shear strength for natural moraine is between 30 — 220 kPa. The
compacted core soil in the large-scale test embankment dam presented in Paper IV
had an undrained shear strength of ~34 kPa, (Bernstone et al., 2021). From this
point of view, the undrained shear strength results of the grout materials were low.
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However, the grout material was not compacted when the samples were made.
Single spare samples were also tested after 56 days (Du.x = 2 mm) and 70 days (D
= 4 mm) of storage. Measured undrained shear strength was 19 kPa and 23 kPa,
respectively. Water content and bulk density of stored samples were similar to the
core soil in the large-scale test embankment dam presented in Paper IV. Water
content of the moraine core soil was 8 — 10 % and bulk density 2200 — 2250 kg/m’
(Bernstone et al., 2021).

Settlements of the grout material during storage was higher than found during the
pre-testing and exceeded the pre-determined level of 1 % after 24 h of storage.
However, the grout material was not allowed to be drained during the pre-testing.
Settlements occurred after 2 days of storage and did not increase with time.
Minimizing settlements in grout materials that were used in Paper II and Paper I1I,
was done by adding more fine material to the grout material, increasing its L/A
ratio.

5.4 Permeation tests
5.4.1 Grout material uptake

Influence of L/A ratio, Dy, consistency of the grout material and injection
method on how well the grout material permeated three types of coarse-grained
soils was investigated in Paper II. All results are available in Appendix A, Table A
1.

5.4.1.1 Influence of L/ A ratio on grout material uptake

A comparison of grout material uptake due to different L/A ratios was done by
comparing results from all permeation tests with slow injection, see 7able 19. For
all tests with an L/A ratio = 1.7, the uptake of grout material was significantly
improved. Discussion is supported by Figure 32.

Table 19. Influence of L/A ratio on grout material uptake. Slow injection.

Consistency =100 mm Consistency =150 mm
Dinax dis L/A=14 L/A=17 | L/A=14 L/A=17
[mm] [mm] [litres] [litres] [litres] [litres]

2 35 0.2 2.3 0.0 3.7
2 75 1.7 6.9 2.0 25.0!
2 110 2.4 19.0 3.2 25.4!
4 35 0.6 5.9 1.2 6.7
4 75 3.5 21.4 4.7 25.0!
4 110 16.2 25.1! 23.4 25.6!

"No grout material left in the grout container.
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L/A ratio = 1.4 ' L/A ratio =1.7
Figure 32. Influence of L/A ratio on grout material uptake (coarse-grained
material, dis = 75 mm). Dy = 4 mm, consistency = 150 mm, slow injection.

During primary testing of the grouting equipment, the grout materials tested in
Paper I, sce Table 5, were used. Injection with these grout materials, where the
L/A ratio was 1.1, was impossible since grout material stuck inside the pipeline. No
grout material uptake was therefore ever observed at this L/A ratio. A grout
material should ideally flow under hydrodynamic interactions but can also flow by
friction between its particles (Yammine et al.,, 2008 and Browne and Bamforth,
1977). Injection pressure will decrease linearly from end to end in a straight
pipeline during hydrodynamic flow but exponentially during friction governed
flow (Feys et al., 2022). As highlighted by Thorsén (2017) and Betonghandboken
(2017), the amount of paste-to-aggregate in concrete to improve its pumping
capability is very important. It can therefore be assumed that at lower L/A ratios,
the flow of grout material became more governed by friction, resulting in no to
little grout uptake. No higher L/A ratios than 1.7 was tested.

5.4.1.2 Influence of Dy.x on grout material uptake
A comparison of grout material uptake due to different Dy.c was done by

comparing results from all permeation tests done with slow injection, see 7able 20.
Discussion is supported by Figure 33.
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Table 20. Influence of Dp.x on grout material uptake. Slow injection.

L/A ratio = 1.4 L/A ratio = 1.7
Consistency dis Dix=2mm Dp=4mm | Dy =2mm D=4 mm

[mm)] [mm] [litres] [litres] [litres] [litres]
100 35 0.2 0.6 2.3 5.9

100 75 1.7 35 6.9 21.4

100 110 2.4 16.2 19.0 25.1"
150 35 0.0 1.2 3.7 6.7

150 75 2.0 4.7 25.0! 25.0!
150 110 3.2 23.4 25.4! 25.6

"No grout material left in the grout container.

Diax = 2 mm Diax =4 mm
Figure 33. Influence of D,.. on grout material uptake (coarse-grained material, ds
=75 mm). L/A ratio = 1.7, consistency = 150 mun, slow injection.

Grout material uptake was always higher when Dy.x = 4 mm grout material was
used. The penetrability of a grout material is explained either by its filtration
tendency (Eklund and Stille, 2008) or its yield strength (Eriksson, 2002 and Hissler,
1991). Filtration tendency describes the ability of the aggregates in a grout material
to form a plug, hindering further penetration of the grout material. Filtration
tendency may be estimated from the ratio between Dy of the grout material and
the aperture, i.e., crack width, to be grouted. According to Bergman et al. (1970),
plug formation of the grout material will likely occur if the aperture is <3D.
Grouting a coarse-grained material is however different from grouting an aperture.
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There are no examples in the literature of similar grouting tests as performed within
this thesis but experiences from two-stage concrete may be used. Two-stage
concrete is a type of concrete where the coarser aggregates are pre-placed and
compacted in a formwork and injected with a cementitious paste. There is no
consensus regarding the ratio between aggregate and paste particle sizes to achieve
permeation. The following ratios are however proposed in the literature:

®  dis/Duu > 14 (Betonghandboken, 1997).

®  dnin/Diax = 8 — 10 (Lindvall, 2012).

®  duin/Diax = 10 (Awal, 1984).

e “The minimum size of coarse aggregate determines the void dimensions
through which the grout material must pass” (ACI 1991).

e Rheology of the grout material, e.g., lower yield strength gives better
permeation (Abdelgader, 1996).

The least favourable test setup from a filtration tendency point of view, was when
grout material (Dp. = 4 mm) was injected into the coarse-grained material dyi, =
16 mm (dwin/Dimax = 4) or dis = 35 mm (di5/Dumax = 8.75). At these ratios, injection
was successful but only with fast injection. The Du in the grout materials did
therefore not seem to cause any plug formation during the performed permeation
tests.

Since filtration tendency did not seem to affect the grout material uptake, the
difference in results must be explained by the consistency of the grout materials.
When the Dyx = 2 mm grout material was made, the same gravel was used as for
the Dy = 4 mm grout material. However, removing grains >2 mm meant that the
Diax = 2 mm grout material got a higher proportion of smaller aggregates. This
would slightly lower the L/A ratio for the Dy = 2 mm grout material. A lower
L/A ratio will diminish the grout uptake, see 7Table 19.

5.4.1.3 Influence of consistency on grout material uptake

A comparison in grout material uptake due to different consistency was done by
comparing results from all permeation tests done with slow injection, see Table 21.
Discussion is supported by Figure 34.
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Table 21. Influence of consistency on grout material uptake. Slow injection.

L/A ratio = 1.4 L/A ratio = 1.7
Dinax dis 100 mm 150 mm 100 mm 150 mm
[mm] [mm] [litres] [litres] [litres] [litres]
2 35 0.2 0.0 2.3 3.7
2 75 1.7 2.0 6.9 25.0!
2 110 2.4 3.2 19.0 25.41
4 35 0.6 1.2 5.9 6.7
4 75 35 4.7 21.4 25.0!
4 110 16.2 23.4 251! 25.6!

"No grout material left in the grout container.

Grout material uptake was higher when the consistency was 150 mm compared to
100 mm. Grout materials with a consistency of ~100 mm had a higher yield
strength compared to grout materials with a consistency of ~150 mm. Time
between the removal of the steel ring and final settlement during the mini-slump
flow test was never measured. It was however noticed that the time of the test
differed between the different grout materials. Even though the consistency was
100 or 150 mm for all Dy = 2 and 4 mm grout materials, it took longer time for
the grout material with Dy, = 2 mm to settle. This indicated not only a lower
yield strength in the grout materials with higher consistency, but also a lower
viscosity. Grout material with a consistency of 100 mm permeated the coarse-
grained material in a more upward direction. In Figure 34 lefi, 21.4 litres of grout
material with a consistency of 100 mm permeated the coarse-grained material while
in Figure 34 right, 25.0 litres of grout material with a consistency of 150 mm had
permeated the coarse-grained material.

Consistency = 100 mm Consistency = 150 mm
Figure 34. Influence of consistency on grout material uptake (coarse-grained
material, dis = 75 mm). L/A ratio = 1.7, Dy = 4 mm, slow injection.

72



Discussion

When observing Figure 34, the difference in grout uptake between the two photos
seems higher. However, when removing the coarse-grained material after the test,
it was found that most of the grout material with a consistency of 100 mm was
concentrated along the pipeline. This could not be visually observed from the
outside. This implies that when grouting a horizontally orientated damaged zone in
an embankment dam, the grout material should have a higher consistency value.

5.4.2 Influence of injection method on grout material penetrability
A comparison in grout material uptake due to different injection method was done
by comparing results from all permeation tests with 100 mm grout material

consistency, see 7able 22. Discussion is supported by Figure 35.

Table 22. Influence of injection method on grout material uptake. Consistency =
100 mm of the grout material.

L/A ratio = 1.4 L/A ratio = 1.7
Dinax dis Slow Fast Slow Fast
[mm] [mm] injection injection injection injection
[litres] [litres] [litres] [litres]
2 35 0.2 2.9 2.3 25.0!
2 75 1.7 13.4 6.9 24.32
2 110 2.4 25.1" 19.0 251"
4 35 0.6 3.3 5.9 25.5!
4 75 35 20.0 21.4 25.0!
4 110 16.2 24.5! 25.1! 25.3!

' No grout material left in the grout container. 2 Some grout material stuck on the inside
wall of the grout container.

Using fast injection greatly improved the grout material uptake. Grout material
uptake was particularly improved when grout material with a consistency of
100 mm was injected. Slow injection was quite ineftective for the grout material
with a consistency of 100 mm, see Figure 35.

The consensus from all tests with slow injection was that when the grout material
came to a stop, it was very difficult to restart the flow of grout material by stepwise
increasing the pressure. For grout material with an L/A ratio = 1.4 it could never
be restarted but for grout material with an L/A ratio = 1.7 it was possible. Maximal
final pressure during slow injection was 317 kPa (~244 kPa/m pipeline). At this
pressure, neither heave nor bulging of the walls of the Plexiglass box was observed.
The scale however registered a load corresponding to the applied pressure,
suggesting that the pressure direction in the grout material was focused downwards.

This was in particular evident when grout material with a consistency of 100 mm
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and an L/A ratio = 1.4 was tested. This observation suggest that the risk of heave
will lower when grout materials with lower consistencies are injected.

Slow injection ; 7' Fast injection
Figure 35. Influence of injection method on grout material uptake (grouted
material, dis = 75 mm). L/A ratio = 1.7, Dy = 4 mm, consistency = 100 mm.

5.4.2.1 Influence of dis of the permeated coarse-grained material

As expected, it was easier to permeate the larger coarse-grained materials compared
to the smaller. With increased particle sizes, both voids and constrictions become
larger, enabling easier permeation. Additionally, the amount of contact points
between the grains are reduced as the coarse-grained material becomes larger. At
each contact point, the width between the grains is zero, i.e., no grout material can
pass it. A less coarse-grained material will furthermore have a higher specific surface
area. If grout material permeates a coarse-grained material with a higher specific
area, the resistance to flow will be higher compared to a coarse-grained material
with a lower specific area.

Finally, the grout material had a higher tendency to permeate the coarse-grained
material upward along the outside of the pipeline as the particle size of the coarse-
grained material was smaller, see Figure 36.
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S 3 -y

Figure 36. Difference in grout material distribution after a permeation test as seen

during dismantling. To the left, d;s =35 mm and to the right d;s =75 mm.

In Figure 36, two different coarse-grained materials, i.e., dis = 35 and 75 mm, have
been permeated with a grout material with an L/A ratio = 1.7, Dy = 4 mm and a
consistency of 100 mm with fast injection. When the dis = 35 mm coarse-grained
material was permeated, the grout material “climbed” the full height of the
Plexiglass box around the pipeline. When the dis = 75 mm coarse-grained material
was permeated, the grout material reached a height of ~2/3 of the height of the
Plexiglass box. The grout material in the latter example had permeated the coarse-
grained material in a more horizontal direction. In both permeation test shown in
Figure 36, all grout material available for the permeation test was injected, i.e.,
~25 litres.

5.4.3 Resistance to flow

The grout materials resistance to flow in the pipeline, at the pipeline exit and
through the pores of the coarse-grained material was investigated and presented in
Paper III. The basis for the evaluations were 8 permeation tests presented in Paper
II, where an evenly distributed grout material surface inside the Plexiglass box
could be observed and measured. The permeation tests that fulfilled this
requirement were tests where a grout material with an L/A ratio = 1.7, consistency
= 150 mm and Dy = 2 or 4 mm was injected into the coarse-grained material
with a dis = 75 or 110 mm with both slow and fast injection. The grout material
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used for hydraulic characterization in Paper III was thus the most easy-flowing
grout materials injected into the most coarse-grained materials as tested in Paper II1.

5.4.3.1 Frictional losses

From the test results, obtained at a A, = 0.075 or 0.1 - 0.27 m (pipeline always
filled), pipeline (hy), local (hy), and permeation losses (hyem) Were evaluated.

Pipeline loss, hy

Since Arand A could not be distinguished from the tests, they are discussed as one
product, i.e., As. This product represents the total frictional head loss in the grout
material before it permeates the coarse-grained material in the plexiglass box.
Measured Ay/m during all 8 tests were between 67 kPa/m (1.03 m/s) and
0.9 kPa/m (0.01 m/s). Mean value of A##m and mean pipeline velocities for all tests
are presented in 7able 23.

Table 23. Mean friction losses in kPa/m and mean pipeline velocities, measured
during all permeation tests.

Test kPa/m Mean V; [m/s]
A 4.5 0.07
B 4.0 0.07
C 7.6 0.11
D 10.1 0.16
E 242 0.37
F 30.2 0.49
G 38.6 0.58
H 43.2 0.70

Frictional loss on similar material injected vertically is difficult to find in the
literature. Feys et al. (2013) reports measured frictional losses on self~compacting
concrete with similar viscosity as tested here, pumped through a horizontal
106 mm diameter pipeline at 0.6 and 1.04 m/s to 7.6 and 11.6 kPa/m. In their
later research, Feys et al. (2016) states that if the diameter of the pipeline is reduced
by 20 %, the frictional losses are doubled. If this is applied to the results from Feys
et al. (2013), corresponding frictional losses are 22.8 and 34.8 kPa/m, slightly lower
than the measured frictional losses as shown in 7Table 23. However, in this thesis,
frictional losses per m pipeline includes the local loss, A, which was not the case in
Feys et al. (2013). Therefore, measured frictional losses here will be higher.
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Local loss, h

Only Ay could be measured, neither Asnor A could be distinguished separately. Eq.
7., tor the calculation of /; could however be used to understand the complexity of
the outflow situation at the pipeline exit. The use of Eq. 7. is valid for liquids, but
here it was used for a grout material. No better approximation could be found in
the literature. According to Feys et al. (2022), the local loss, A, is mentioned in the
literature as a complex problem and the parameters that controls it is unknown.
The problem is most likely the separation of larger aggregates from the grout
material as well as the damping characteristics of the paste, i.e., viscosity and yield
strength. Another mentioned problem is that the coarser aggregates may be pushed
ahead of the grout material during downward pumping followed by a horizontal or
upward flow (Kaplan et al., 2005). Due to the complexity, it seems that criterion
similar to Eq. 7. is not in use compared to the concept of equivalent length. A
common assumption is that a 90° bend corresponds to an equivalence of 2 m
pipeline. With grout materials velocities of 0.5 and 1 m/s, the resistance to flow
here would be 5 — 10 kPa/m, equal to a total extra local loss of 10 — 20 kPa.

Another uncertainty related to 4 is the influence of the coarse-grained material at
the pipeline exit. For the coarse-grained materials with dis = 75 or 110 mm it was
possible to place the coarse-grained material around the pipeline exit in such way
the grains did not directly interfere with the grout material outflow. For the coarse-
grained material with dis = 35 mm, this was not possible, see Figure 37. How this
affected the outflow situation at the pipeline exit remains unknown.
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Figure 37. View of the area beneath and around the pipeline exit in the permeation
tests where d;s was either 75 or 110 mm (lefé) and 35 mm (right).

Any estimation of A requires knowledge of the grout material direction after the
pipeline exit, i.e., 90° horizontally - 180° vertically upward. According to Miller
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(1990), the outflow direction of a fluid affects the pressure loss. The test setup
represents relatively well an actual situation with permeation grouting. Grout
material flow behaviour was therefore carefully observed both during the
permeation and blank tests. During permeation tests, the grout material flow could
be observed as directed upward along the pipeline before turning horizontally close
to the grout material surface inside the Plexiglass box. This was particularly evident
with the high consistency grout materials. During the blank tests, the grout material
outflow initially occurred along the bottom of the Plexiglas box until it reached the
side walls. When the grout material surface started to rise, the grout material flow
was immediately shifted inwards, focusing the grout material flow around the
pipeline, before turning horizontally outward in all directions (360°) close to the
grout material surface. see Figure 38.

5

Egure 38. Grout material after a blank test with fist 1jection. Photo is taken from
the top of the Plexiglass box, looking down the pipeline.

A shown in Figure 38, circular flow patterns marked with red arrows were formed
on the grout material surface. The air bubbles seen around the pipeline emerged
after all grout material had been injected, before the 80 kPa of air pressure had been
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switched off. From the observations made, the grout material flow behaviour was
similar in both permeation and blank tests.

Influence of longer pipelines

The influence of 4 in longer pipelines is a minor issue in the field. Assume that the
pipeline friction losses gradient AL equals the local losses introduced in Eq. 4. and
Eq. 7. Identification of Eq. 7 with Eq. 8., solving pipeline length, Z, with Re.r=
1000, K;= 1 and pipeline diameter, D = 0.075 m, then Eq. 14 becomes.

1

Eq. 14.

Which equals 0.85 m grout material per m pipeline (~19 kPa/m). This means in
the permeation tests that the estimated local losses, 4, can be simulated with an
additional active pipeline length of 1.3 X 0.85 = ~ 1.10 m (~25 kPa). Auumpe, In M
grout material to overcome the friction losses in the 0.075m diameter pipeline with
the local losses expressed by Eq. 14. can then be expressed as Eq. 15. The total
friction head loss, A7 over a length, Z, can then be expressed as follows:

hy, = Re:pe x Z—g x[(£) + (BL )| Eq. 15.

Where the last term represents the local losses, here assumed with Re.r= 1000.
With L= 2,10, and 100 m, A stands for 59, 13 and 1 %, respectively of total losses
hy.

Permeation loss, hyerm

Permeation loss, Apem, will be discussed in the subsequent subchapter 5.4.4.
5.4.3.2 Rheology

The viscosity and yield strength of all grout materials with an Z/A ratio = 1.7 was
measured with a viscometer. Evaluations of the viscometrical results were done
under the assumption the grout material was a Bingham fluid and the results were
presented in Paper II. The results hereof indicated that the flow of the most easy-
flowing grout materials, used in Paper III, could be considered as Newtonian
(Wennberg, 2010). When Az m was plotted vs. pipeline viscosity, Figure 29, there
was a Newtonian behaviour and particularly during the blank tests.
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When viscosity was extracted from the permeation tests, it couldn’t be properly
calculated. The reason for this was the presence of Apen, causing an overestimation
of the total frictional head loss A7 and consequently the viscosity. When viscosity
was extracted from the blank tests however, Ape.» Was not present. An evaluation of
hy from the permeation tests where A, was between 0.05 to 0.1 m meant that losses
related to the permeation of the coarse-grained material in the vicinity to the
pipeline exit was included in the Az Therefore, blank tests with both grout
materials were carried out where the Plexiglass box was empty. An injection test
into an empty Plexiglass box means that the resistance to flow in the Plexiglas box
can be considered as negligible due to low grout material velocities over a large
area. If the plexiglass box is approximated to a circular pipe with same area as the
Plexiglass box, V; = 1 m/s, V> = 47 mm/s, # =10 Pas and pgowe = 2200 kg/m’,
then pipeline loss according to Eq. 4. will be ~0.5 mm.

Viscosity from the blank tests (12.6 and 11.8 Pas) were expected to be lower than
those obtained from the viscometrical results (14.4 and 9.4 Pas), but they were
similar. The similar viscosities are most likely caused by the uncertainty in
determining /; in Eq. 10. in the evaluations. The grout material is similar to self-
compacting concrete and as such, cannot be considered to flow in a pipeline during
completely homogeneous conditions. A fine particle dominated lubrication layer
may develop in the near pipeline wall region as reviewed by e.g., Feys et al. (2022).
The inhomogeneity means that idealized assumptions of the ordinary rheological
Bingham fluid model for pipeline friction losses are not fulfilled in the wall region.
Consequently, the ordinary Bingham fluid model usually gives overestimated
results of viscosity and yield strength. Kaplan et al. (2005) therefore formulated a
Bingham rheological model for self-compacting concrete pipeline flow in terms of
combined gliding and shearing parameters, which means reduced pipeline friction
losses. Feys et al. (2022) also states that characterization of the near pipeline wall
layer are related to laboratory testing devices with smooth cylinder rotating in a
concentric cylinder without ribs or vane blades encouraging layer development at
the wall. The viscometer used for the testing presented in Paper II had ribbed
surfaces, i.e., no lubrication layer developed at the wall.

5.4.4 Hydraulic conductivity

To verify the measurements of As/m, the hydraulic conductivity of the coarse-
grained material when permeated by the two different grout materials were
calculated from the remaining term /Ape.,. These calculations were presented in
Paper II1. Hydraulic conductivity according to Darcy’s law (Eq. 12.) is calculated
for liquids at laminar flows in a saturated environment. Its use within the tests must
therefore be discussed.
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Firstly, from the discussion in subchapter 5.4.1.2, it was found that the grains in the
grout materials did not seem to affect the permeation. Secondly, permeation of the
coarse-grained material occurred bottom up so that air inside the pores were
evacuated upwards. No air pockets within the coarse-grained material could be
seen during dismantling of the Plexiglass box after any permeation test. Hence, the
coarse-grained material that had been permeated was saturated. Thirdly, grout
material velocities in the pores of the coarse-grained material were very low (ca 10
> — 10" m/s), the grout material flow was laminar. To verify the calculated
hydraulic conductivities, the permeability of the coarse-grained materials, grout
material density and viscosity (from the blank test) were used in Eq. 13. Four
expected hydraulic conductivities were calculated; two grout materials combined
with two coarse-grained materials. These hydraulic conductivities were used as a
reference.

The grout material flow, i.e., pore velocities, affected the hydraulic conductivity,
see Appendix C, Figure C 1 — Figure C 4. The calculated hydraulic conductivity of
each coarse-grained material decreased as the pipeline velocity in each test lowered.
Hydraulic conductivities calculated with AL, 1.e., Kum, gave results on par with
expected values, see Table 24. This suggest that the main flow direction of the
grout material during permeation was upward, close to the pipeline, i.e., shortest
route to the grout material surface as observed during the tests, see subchapter
54.3.1.

Table 24. Calculated mean hydraulic conductivities compared to expected.

Do =2 mm Dy =4 mm
Kin Kepected Kin Kepected
[10 *m/s]  [10 *m/s] [10 “*m/s] [10 *m/s]
dis=75 mm 1.7 2.5 1.4 2.7
di5=110 mm 2.1 3.4 3.3 3.7

Calculation of the hydraulic conductivity requires an estimation of the frictional
losses Ag as they are deducted from Auaimse (Eq. 11). The remaining frictional loss,
Dpenn, 1s then used to calculate the hydraulic conductivity. Since the mean values
from calculated hydraulic conductivities from the permeation tests were in
agreement with expected hydraulic conductivities, fpem seemed correctly estimated.
However, there are uncertainties due to the transient injection procedure, e.g.,
grout material flow paths, AL, and grout material pore velocities, V> Further
research is required. Hydraulic conductivity testing under steady-state, laminar flow
conditions at different grout material velocities should therefore be performed.
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5.5 Large-saale grouting test

Planning and performing a grouting operation was investigated and presented in
Paper IV. The remediation method, identification — localization — characterization
— remediation, was tested on a large-scale embankment test dam at Vattenfall R&D
the laboratory in Alvkarleby, Sweden.

A higher-than-normal seepage was identified at the left abutment of the
embankment dam after two years of operation. Seepage rates were 20 times higher
compared to the measurements at the middle of the embankment dam. From
temperature measurements it was discovered that a high permeable zone was
located at 1 m depth beneath the crest just at the left abutment. During drilling of
the abutment down to a depth of 3.7 m, a ~0.1 m thick, zone of 4/8 mm gravel
traversing the core soil horizontally was localized and characterized at a depth of
1 m. The whole depth of the core soil at the abutment had an increased water
content compared to as built (~9 % — ~15 %). The increased water content in the
core soil decreased with depth. This suggested the high permeable zone had wetted
the core soil underneath it. The decision was made to remediate the abutment with
a non-hardening, low consistency (100 mm) non-hardening grout material.

The used grout material contained 17.7 weight-% of magnetite powder. The
intention of the magnetite powder was to enable geophysical measurements to find
the position of the grout material after injection. These measurements were
however not made within the test. The developed magnetite grout material was
easy to pump and inject even though its L/A ratio became as low as 1.2. This
shows that optimal Z/A ratios will be different in different grout materials and no
general values are applicable.

Injection pressures used were pre-calculated for the setup with the intension to
have the grout material in the pipeline balanced. With an expected frictional loss,
hy in the 3.5 m long pipeline of ~50 kPa, the same amount of pressure was applied
in the grout container. The pressure of the grout material at the exit of the pipeline
was thus equal the height of the grout material inside the pipeline (21.6 kPa/m
pipeline). As the pipeline was removed upwards, the amount of pressure inside the
grout container was lowered accordingly. The intention of the grouting was not to
allow the grout material to turn 180° at the pipeline exit. Local loss, A, was not
present.

The steel casing with the grout pipeline inserted into it, worked well and allowed
air to be vented and drained during injection. Venting air could be heard during
the first 20 — 30 s of the grouting. Water was never seen between the casing and
the pipeline, see Figure 39.
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Upward removal of pipeline Escape point for air

Figure 39. To the lefi: The grouting equipment (grout container, pipeline and
casing) were simultaneously hoisted upwards while 50 kPa was applied in the
grout container. To the right: Closeup of the bottom of the grout container,
pipeline and casing. Red arrow marks the exit point of water and air.

Ca 10 cm above the exit of the pipeline, a rigid steel packer was installed. Its
intension was to close off the possibility for grout material to move upward
between the pipeline and casing while letting through water and air. The distance
between the inner diameter of casing and inner diameter of steel packer was only
2 mm. The steel packer at the bottom of the pipeline worked quite well but grout
material could be found ca 10 — 20 cm above it, see Figure 40. This was
unexpected since the maximum slot between the packer and casing was only 2 mm
and Dy of the grout material was 4 mm. The particle size distribution of the grout
material found above the steel packer was similar to the original particle size
distribution of the grout material. Particles with Du.e = 4 mm had thus managed to
pass an aperture of only 2 mm. The reason behind this could never be found.

Grout material

% s
Figure 40. Magnetite grout material found above the steel packer.
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The injection process took 19 minutes from start of injection to the moment when
the pipeline was above the crest (11.6 m/h), which was longer than planned. The
grouting equipment was quite rudimentary but worked well. Development of the
grouting equipment is needed and how to withdraw the grouting equipment
upward at an even pace and not in increments.

The seepage rates at the left abutment and how it was affected by the rotary
percussion drilling and grouting can be seen in Figure 30. The damage traversing
the core soil was seemingly cut off during the instalment of casing. This meant that
the damage was probably smaller than the width of the casing (100 mm) or the wet
core soil was densified by the rotary percussion drilling procedure. After the
injection, the grout material seemed to have successfully closed the damage since
the seepage did not increase after the removal of the casing and pipeline.
Furthermore, the compaction of soil around the grouted section seems to have
caused an additional decrease in seepage at the abutment. The seepage at the
abutment section and the two sections next to it was reduced by ~40 %. One year
after the test, seepage had been reduced by ~70 %.
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6 CONCLUSIONS

The grout material tested in this thesis should only be used in non-acute situations.
For acute remediation, it should be done with other type of grout materials or
lowering of the reservoir level to stop the seepage. If a damage where a stream of
water is present, the grout material as tested within this thesis is likely to disperse,
resulting in little to no sealing effect.

If a core soil damaged by suffusion is grouted with a grout material as tested here,
the grouted soil will be gap graded and susceptible to internal erosion. If a grout
material can permeate a coarse-grained soil, it can also be eroded from it since the
filter criteria is not fulfilled. Permeation grout materials normally contain
cementitious materials and will harden after injection. With the permeation tests,
the possibility of using a superplasticizer in a non-hardening low-mobility grout
material for permeation grouting was proven. Further development of this type of
grout material is however needed in terms resistance to internal erosion.

A grouting operation in an embankment dam should not be regarded as a last
resort. Grouting with the type of grout material as tested here could be a part of a
maintenance program for embankment dams. The grout material can be used in the
most common types of damages in dams. Modification of the grout material can
easily be done in the field by adding different amounts of superplasticizers to use it
both for compaction grouting and permeation grouting. As seen from the large-
scale grouting test, the grout material, and particularly the drilling, had a positive
effect on the seepage reduction.

Grout material properties

The grout material attracts air when homogenized. If homogenized longer than
15 minutes, it becomes difficult to pump. However, the grout material does not
harden, so continuous stirring is not necessary.

After 34 days of storage, the water content and the bulk density of the grout
material samples were measured to be ~10 % and 2150 — 2250 kg/m’, respectively,
which are similar to that of the core soil. The undrained shear strength was only
~13 kPa, which was lower than expected from a core soil, although it slowly
increased with time.

A higher amount of paste in the grout material greatly improves the permeation. If
the ratio between limestone filler and aggregates, expressed in their respective total
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surface areas, is increased from 1.4 to 1.7, about 5 to 7 times more grout material
can be injected.

The injection method is very important for permeation. Injecting with an extra
80 kPa at the start of a test improves the permeation. If the flow of the grout
material is stopped during injection, it is difficult to restart even if the final injection
pressure is as high as 280 kPa. Injection restart is particularly difficult at L/A ratio =
1.4.

A grout material with a consistency measurement of 150 mm, compared to
100 mm, improved the permeation. A higher Dy of the grout material (4 mm
compared to 2 mm) improved the permeation. This difference might be caused by
higher yield strength and viscosity of the Dy = 2 mm grout material. The lowest
ratio between the minimum particle size of the coarse-grained material and
maximum particle size of the grout material tested was 4, and the grouting was
successful.

Resistance to flow

Frictional losses within the pipeline and local loss at the pipeline exit can be
estimated by regarding the grout material flow as Newtonian laminar. This will
facilitate estimations of how much of the grouting pressure at the pump is
transferred into the core soil during a grouting operation. This knowledge should
minimize the risk of unintentional hydraulic fracturing or heave during a grouting
operation. Frictional pipeline and local loss at the end of the pipeline during the
tests were measured to be 1 — 18 kPa/m (0.01-0.29 m/s) during slow injection and
19—67 kPa/m (0.29-1.03 m/s) during fast injection.

The viscosity of the grout materials can be calculated from the tests. However, it is
necessary to do a blank test in which the full injection procedure is performed but
without any permeation of the coarse-grained material. The viscosity was calculated
to be 12.6 and 11.8 Pas for the grout materials with Dy, of 2 mm and 4 mm,
respectively. Using a viscometer, the viscosity was measured to be 14.4 and 9.4 Pas
for both grout materials.

Frictional losses due to the permeation of the coarse-grained materials can be
estimated using hydraulic conductivity. When the estimated pipeline and local
losses are used to calculate hydraulic conductivity, the results are in good agreement
with the expected values. The mean hydraulic conductivities in the dijs = 75 mm
coarse-grained material, when permeated by the Dy = 2 mm and 4 mm grout
materials, were measured to be 1.7x10™* and 1.4x10™ m/s, respectively; whereas in
dis = 110 mm, the values were 2.1x10™ and 3.3x10* m/s. The expected hydraulic
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conductivities in the dis = 75 mm coarse-grained material, when permeated by the
Duwx = 2 mm and 4 mm grout materials, were 2.5x10* and 2.7x10* m/s,
respectively; whereas in dis = 110 mm, the values were 3.5x10™* and 3.7x10* m/s.
Grout material pore velocities during permeation were low, i.e., 10710 m/s. At
these low velocities, higher frictional losses than expected occur at lower grout
material pore velocities. The possibility to extract hydraulic conductivities for a
coarse-grained material when permeated by a grout material can be used when
estimating the permeation depth of a grout material vis-a-vis used injection
pressures.

Remedial injection grouting in the field

The grout material was used in a large-scale grouting test, where an abutment was
remediated with a non-hardening grout material. The drilling method (rotary
percussion) seemed to instantly lower the seepage rate at the abutment and it was
reduced by 40 % immediately and by 70 % a year after the finalization of the test.

To conclude the thesis; a non-hardening low mobility grout material was modified
so 1t could be used for both compaction and permeation grouting of damages
commonly found in embankment dams. After injection, the grout material will
slowly become a part of the original core soil. This will not only remediate the dam
but restore 1t.
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Outlook and Future Work

7 FUTURE WORK

The following issues should be investigated in the future to complement the results
from this thesis and improve the knowledge of grouting in embankment dams in
general:

Pressure distribution (X- and Y direction) in a grout material with respect to yield
strength. It was found during the laboratory tests that grout material with low
consistency tended to direct the applied grout material pressure in a straight down
direction. This is important information since it may enable higher grout pressures
to be used during grouting, i.e., better compaction without risking heave nor
hydraulic fracturing.

Relationship between grout material viscosity, yield strength and frictional losses in
pipelines with a diameter < 0.075 m. This is important in order to choose a
pipeline with a diameter small enough to prevent free fall of grout material.

Vertical pressure of a grout material at the exit of a vertical pipeline with respect to
the yield strength of the grout material and pipeline height and diameter when
pipeline velocity is zero. This is important since the own weight of the grout
material can cause high pressures of the grout material inside the embankment dam
at the pipeline exit.

Required pressure needed to restart a grouting procedure inside a coarse-grained
soil that has come to stop. This is important if the grouting equipment malfunctions
and needs to be restarted. As seen in the permeation tests, restarting a grout material
flow was difficult.

Grouting tests in a porous media with the aim of finding lowest possible dumin/Dimax
ratio. Lower dmin/Dmax ratio should diminish the risk of internal erosion of the
injected grout material.

Grouting tests in a porous media in a confined space. If air and water can’t be safely
evacuated during grouting, pore pressures in the surrounding soil will increase. As a
consequence, the voids will not be completely grouted. If larger voids are present
after injection, the grouting operation is less likely to remain durable.

Grouting tests in a porous media with seepage present. Will the grout keep
together or be diluted? Critical seepage velocities? How is the pore water pressure
affected when the seepage comes to a sudden stop?
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Viscosity and yield strength modification with increased temperatures in the grout
material. Viscosity of a fluid is dependent on the temperature. If temperature is
increased, viscosity will decrease. Increasing the temperature of a grout material
may thus reduce the need for superplasticizer.

Long-term shear strength development in a grout material exposed to more life-
like storage conditions. How will percolation of the grout material during storage
affect the efficiency of superplasticizer. If the superplasticizer is washed out, the
shear strength of the grout material should increase.

Grout material frictional losses occurring at the exit of a vertical pipeline during
injection with respect to viscosity, pipeline velocity and outflow behaviour. This is
important since there are uncertainties regarding the local loss on the frictional
losses in the grouting system.

Dynamic injection testing for improvement of penetrability of the grout material.
Dynamic injection enables slight “vibrations” into the grout material from the
pump, similar to vibrating conventional concrete during placement.

Development of grout material that may be detected and localized after injection.
This is important since it is very difficult to tell where the grout material went after
an injection procedure.

Development of grouting equipment so the grout material can be injected
continuously without the need of pressurized grout containers of limited sizes.

Hydraulic conductivity testing with grout material at steady-state conditions. This
is important since the hydraulic conductivity increased as the grout material flow
increased in the transient permeation tests. It is not known if this behaviour was
caused by the grout material or from uncertainties in estimating flow path lengths
and grout material pore velocities.
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Appendix

APPENDIX

A - Grout material uptake

Complete results from grout material uptake from all permeation tests presented in
Paper II is shown in Table A 1. When slow injection was used, the first value is the
measured grout uptake after the own weight driven injection and the second value
is after a total of 280 kPa had been added. Values for fast injection was after the
grout material had come to a full stop or no more grout material was available.

Total batch size was ~25 litres. Results of grout uptake ~25 litres = all grout
material was injected.

Table A 1. Grout material uptake measured after the tests.

L/A ratio = 1.4, Dy = 4 mm, Slow injection

di-soil  Consist Grout uptake Grout uptake
Test No. 15 59 OnsIStency own weight 280 kPa extra pressure
[mm] [mm] [litres] [litres]
1 35 102 0.6 1.3
2 75 100 35 4.7
3 110 103 16.2 16.2
4 35 149 1.2 2.1
5 75 150 4.7 7.7
6 110 150 23.4 24.6!
L/A ratio = 1.4, Dy = 4 mm, Fast injection
Test No. dis soil Consistency GrouF uptake
[mm] [mm] [litres]
7 35 102 3.3
8 75 104 20.0
9 110 101 24.5
10 35 147 4.6
1 75 150 15.3
12 110 149 24.7
L/A ratio = 1.4, Dyx = 2 mm, Slow injection
. . Grout uptake Grout uptake
Test No. dis soil - Consistency own wfight 280 kPa extrlz pressure
[mm] [mm] . .
[litres] [litres]
13 35 101 0.2 0.6
14 75 100 1.7 6.1
15 110 101 2.4 6.0
16 35 152 0.0 0.0
17 75 147 2.0 4.8
18 110 151 3.2 5.1

'Only 40 kPa extra pressure required.
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L/A ratio = 1.4, Dy« = 2 mm, Fast injection

Test No. dis soil  Consistency Groqt uptake
[mm] [mm] [litres]
19 35 102 2.9
20 75 102 13.4
21 110 104 251
22 35 150 4.1
23 75 146 2.8
24 110 151 24.9
L/A ratio = 1.7, Dyux = 4 mm, Slow injection
di-soil  Consist Grout uptake Grout uptake
Test No. 15 501 onsistency own weight 280 kPa extra pressure
[mm] [mm] . .
[litres] [litres]
25 35 104 5.9 7.8
26 75 103 21.4 25.4!
27 110 101 25.1
28 35 151 6.7 9.1
29 75 151 25.0
30 110 151 25.6
L/A ratio = 1.7, Dy = 4 mm, Fast injection
Test No. di5 soil Consistency Grou.t uptake
[mm] [mm] [litres]
31 35 104 25.5
32 75 103 25.0
33 110 102 25.3
34 35 150 25.0
35 75 146 244
36 110 149 25.0
L/A ratio = 1.7, Dy, = 2 mm, Slow injection
d-soil  Consistenc Grout uptake Grout uptake
Test No. N Y own weight 280 kPa extra pressure
[mm] [mm] . .
[litres] [litres]
37 35 102 2.3 3.7
38 75 102 6.9 8.2
39 110 102 19.0 2411
40 35 149 3.7 5.5
41 75 151 25.0 25.0
42 110 149 25.4 25.4

'Only 40 kPa extra pressure required.
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L/A ratio = 1.7, Dy = 2 mm, Fast injection
dissoil  Consistency  Grout uptake

Test No. [mm] [mm] [litres]
43 35 104 25
44 75 104 24.3
45 110 101 25.1
46 35 150 25.1
47 75 146 24.4

48 110 146 24.9
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B — Hydraulic evaluation primary data

Presentation of measured V;, Ay and calculated Asvampe, and Apem during permeation
tests performed with slow injection used in Paper III is shown in 7able B 1. All
grout material had an L/A ratio = 1.7, D of either 2 or 4 mm and a consistency
of 150 mm.

Table B 1. Measured and evaluated data from tests A — D, slow injection.
Test A', Dyx = 2 mm, dis = 75 mm

Vi [m/s] 0.14 0.12 0.11 0.09 0.05 0.03 0.03 0.03
HBavaiabre [M] 1.74 169 164 158 153 147 1.42 1.37
hg [m] 054 048 043 035 0.21 0.13 0.13 0.10
Bperm [mM] 1.20 1.21 1.21 1.23 132 134 129 1.27
Test B!, D = 4 mm, dis = 75 mm
Vi [m/s] 0.17 0.11  0.05 0.05 0.05 0.04 0.03 0.02
Davaiare (M) 1.69 164 158 153 147 142 137 1.32
hgt [m] 0.64 041 020 020 0.18 0.14 0.10 0.09
Dperm [M] 1.05 123 138 133 130 128 127 1.23
Test C?, Dpux = 2 mm, dis = 110 mm
Vi [m/s] 0.27 0.14 0.14 0.13 0.10 0.07 0.06 0.06 0.06
DBavaitaie (M) 1.75 169 164 159 154 148 1.43 1.38 1.33
hg [m] 1.10 056 056 051 041 027 025 0.23 0.23
Hpers [M] 0.66 1.13 108 108 1.13 1.21 1.19 1.15 1.10
Test D, Dyax = 4 mm, di5 = 110 mm
Vi [m/s] 0.29 024 023 0.19 0.16 011 0.10 0.08 0.06
Bavaitaie (M) 1.75 170 165 160 154 149 143 1.38 1.33
hgt [m] 1.07 091 087 071 060 042 037 0.31 0.21
ey [M] 0.69 0.79 0.78 088 094 1.07 1.07 1.07 1.12

'"Pipeline full at 4> = ~0.075 m. 2 Pipeline full at 4, = ~0.01 m. Vomm, Blank = 67 V; used for
]11‘]~ 4Y4mm, Blank — 61 T/l uSed fOr bf]~
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Presentation of measured V;, Agand calculated A, and Apenn during permeation
tests performed with fast injection used in Paper III is shown in Table B 2. All
grout material had an L/A ratio = 1.7, Dy« of either 2 or 4 mm and a consistency
of 150 mm.

Table B 2 Measured and evaluated data from tests E — H, fast injection.
Test E!, Dyax = 2 mm, dis = 75 mm

Vi [m/s] 0.51 051 040 032 030 030 029 0.29
Pavaitapic (M) 5.09 5.04 5.05 505 5.00 495 491 486
hg [m] 206 206 158 129 121 121 1.14 1.14
Dperm [M] 3.03 298 347 376 379 374 377 3.71
Test F?, Dyx = 4 mm, djs = 75 mm
Vi [m/s] 0.86 0.64 0.64 047 043 040 037 032 0.27
Havaitabre [m] 493 500 495 500 497 494 490 488 4.86
hgt [m] 320 240 240 175 1.60 148 1.37 1.20 1.01
Hpers [M] 1.72 2.60 255 326 337 346 353 3.68 3.85
Test G?, Dpax = 2 mm, dis = 110 mm
Vi [m/s] 0.87 0.65 0.74 065 052 052 043 047 0.40
Bavaitaie (M) 493 501 490 491 493 488 488 4381 4.80
hy [m] 346 260 297 260 2.08 208 1.73 1.89 1.60
Hpern [M] 147 242 194 231 286 281 315 292 320
Test H', Dyox = 4 mm, dis = 110 mm
Vi [m/s] 1.03 0.86 074 0.65 065 057 057 0.52
Aavaitabre [m] 477 482 485 485 480 479 474 472
hgt [m] 386 322 276 241 241 214 214 193
DBypern [m] 091 161 209 244 239 265 259 279

"Pipeline full at 4, = ~0.075 m. ? Pipeline full at /> = ~0.01 m. *yaum, sk = 67 V; used for
b/]- 4y4mm, Blank — 61 ‘7/ used fOr hf]-
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C - Hydraulic condudivity

Hydraulic conductivity vs. grout material flow is shown in Figure C 1 - Figure C
4. Only minimum hydraulic conductivity, K., plotted.
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Figure C 1. Hydraulic conductivity calculated for each injected 5 kg of grout
material. Dy, =2 mm, d;; = 75 mm.
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Figure C 2. Hydraulic conductivity calculated for each injected 5 kg of grout
material. Dy, = 4 mm, d;s = 75 mm.
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Figure C 3. Hydraulic conductivity calculated for each injected 5 kg of grout
material. Dy, =2 mm d;s = 110 mm.
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Figure C 4. Hydraulic conductivity calculated for each injected 5 kg of grout
material. Dy, = 4 mm, d15 = 110 mm.
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