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Abstract

Pressure grouting during installation of grouted grounchans is known to increase anchor
capacity in non-cohesive soils, but little information s#able on correlations between
applied grouting pressures, duration of grouting, groumadd@ions and increase of anchor
pull-out capacity.

The presented PhD study is concerned with processes takicg during installation
of grouted ground anchors in non-cohesive soils, wheratiiiin of the cement grout is
assumed. It was aimed to determine the influence of pressouéingg on the stresses on the
anchor body and the properties of the adjacent soil. The ledwye of those is considered
prerequisite in order to determine the anchors pull-ouacey

In the first part of the PhD thesis, a series of laboratory erpnts is presented, which
was carried out to understand the filtration process of céments and to determine the
properties of the filter cake material. Using a filtrationgzréhe rate of filter cake build-up
was investigated, taking into account the influence of gnguybressure and initial water/ce-
ment ratio of the grout. The test results were used to evalliierent analytical approaches
to simulate the filtration process: a two-phase filtratiordeiand classical consolidation
theory. Both models were found appropriate, and calcuigterameters were determined.
In addition to the filtration tests, the mechanical progsrof the fresh, uncured, filter-cake
material were investigated. Applying soil mechanical stigation methods, strength and
stiffness properties could be determined.

In the second part of the PhD thesis in-situ tests during @nictstallation in sands are
presented. On three test sites the grout pressure was redasside the borehole during
and after anchor installation. Measurements confirmed at dittration inside the borehole
and indicated the increase of radial stresses on the anoldgr Bdditional flat-dilatometer
soundings (DMT) and cone penetration tests (CPT) showedhthence of the grouting
process on the radial stresses in the adjacent soil.

In the third part of the thesis a numerical model is proposegirhulate the filtration pro-
cess of cement grout in a fully coupled flow-displacementdirlement analysis. Based on
the two-phase filtration model a filter criterion was impleresl, which defines the phase
change from liquid to solid grout based on the discharge @éral he phase change was
realised by changing the material properties of the grarmehts. With the presented model
the grouting during anchor installation was simulated dedinfluence of different parame-
ters could be determined. The transfer of grouting pressuoen the liquid grout to the soil
through seepage forces in the filtercake is simulated antethéual stresses after grouting
determined.



The findings can now be used as starting point to simulateoid transfer mechanisms
of grouted ground anchors in numerical analysis, taking aticount installation effects.
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Chapter 1
Introduction

Grouted ground anchors are widely used construction eleneigeotechnical engineering.
They are used in many cases where tension forces are tnausferthe ground, for example
to stabilise retaining walls or building pits, for uplift ool of ship-locks, to anchor high
towers or masts, or as reactive support for pile testing.

Grouted ground anchors have been proven to be efficient éiatlleg although their load
bearing mechanisms are not yet fully understood. Espgdiadl influence of the applied
installation techniques such as drilling and grouting remanclear. Different concepts of
the effect of pressure grouting on anchor capacity are ptéséterature. It is assumed that
during grouting in non-cohesive soils water filters from gjneut and a filter cake builds up
which transfers the grouting pressure to the soil. Howeuésrmation about the thickness
of this filter cake and the amount of pressures transferrédetgrout is not given. Apply-
ing pressure to the grout during anchor installation wasidoto increase anchor capacity
by increasing the radial stresses on the grout body. Buetlsedisagreement about the
correlations between applied grouting pressures and acelpacity.

Presented design formulae mostly consider the radialteféestress on the grout body as
the main influential factor on anchor pull-out capacity hessathey are based on the concept
of skin friction of the grout body. Experience however shdyhat in non-cohesive soils
the anchor capacity is much higher than would be expectedsbynaing the overburden
pressure on the grout body. For that reason usually a factpplied taking into account for
higher radial forces. These factors are based on experlariceorrelations to installation
parameters are not available. Thus, the design formulaepolide a rough estimate on
anchor capacity. After installing the anchors, suitap#ihd acceptance tests are carried out
to ensure sufficient safety against anchor failure and crélegse tests provide safety against
failure, but the real anchor capacity is unknown.

To predict realistic anchor capacity analytically or nuicalty, the load bearing mecha-
nisms and installation effects need to be taken into accdsinte little is known about the
load transfer to the soils and the influence of various itedtah parameters no analytical
or numerical methods are yet available to simulate realetichor behaviour and predict
anchor capacity.
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1.1 Motivation

The pull-out capacity of grouted ground anchors is highfluenced by installation effects
even if installed in similar ground conditions. Understaigcthe effects of anchor installa-
tion and in particular cement grouting and identifying th@minfluential factors is essential
for quality control on site and to ensure that the anchorfopm@ras intended. Further, it
Is prerequisite to develop a numerical or analytical modeldtermine realistic anchor be-
haviour and calculate pull-out capacities.

1.2 Obijectives

Aim of the presented study is to understand the processegtplace during anchor instal-
lation and to identify the effects of installation factons the radial stresses acting on the
grout body, focussing on grouting in non-cohesive soilse ftain research questions are:

e What happens in the borehole during grouting?

e How and to what extend are the grouting pressures trandfesrine soil?
e What is the level of radial stresses remaining after grg®tin

e How do various factors influence the installation process?

To address these questions the study combines laboratpeyiments, filed measurements
and numerical simulations. Starting point is a review of diféeerent concepts of the pro-
cesses taking place during anchor installation and thélirance on anchor capacity. The
experimental laboratory tests cover the filtration behawif cement grouts and the mate-
rial properties of the filter cake material. The field studyestigates the anchor installation
process in-situ, with concentration on the pressures ibtrehole and adjacent soil. The
numerical work relates to the filtration process of cemeonugduring anchor installation
and investigates the radial stresses developing on the boaly surface in correlation to
different factors. The objectives of the presented reseaire to:

e Contribute to the knowledge of installation effects of geziground anchors in sand.
e Experimentally investigate the filtration behaviour of eerhgrout suspension.

e Determine the material properties of cement grout filtelecak

e Evaluate models to describe cement grout filtration by bzadkulating filtration tests.
e Observe what happens during anchor installation in-situ.

e Describe and measure the stress distribution in the baredra adjacent soil during
anchor installation.
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e Develop a numerical model and simulate the filtration precgfscement grouts in
non-cohesive soils.

e Calculate the radial stresses on the grout body surfacegiakto account various
installation factors.

¢ ldentify the main factors influencing the performance ofteoranstallation.

1.3 Scope and limitations

The installation process and effectiveness of grouted@sdiffer significantly for different
soil types, due to the varying mechanical properties anchpability. While water is drained
from the grout in non-cohesive, permeable soils, this hapmmly to a small extend in
impermeable soils.

Anchors in impermeable soils are therefore not considerddis study, but the under-
standing of processes taking place in non-cohesive sailsciars up processes in cohesive
soils.

The grouting process and its impact on the radial stresséiseogrout body are investi-
gated. These essentially influence the anchor capacityngshother factors, for instance
dilatancy effects, debonding, interlocking and swellilmose are subject to further research
and not investigated in the presented work. For that reasoncdasions are limited to the ef-
fect of grouting on the radial stresses rather than pulleapacity.

1.4 Outline of the thesis

The outline of the thesis is as follows

e Chapter2 presents background information and definitions of grogtedind anchors
used in this thesis. It gives an overview of previous studied discusses different
concepts of the processes taking place during anchor letsbal.

e Chapter3 addresses the process of cement grout filtration. It givesvarview of
previously applied models and calculation methods for cgngeout filtration and
material properties that were used for fresh cement gradifiiar cake. Additionally
a filtration model is developed to simulate radial filtratiora borehole.

¢ In Chapterd laboratory tests are presented. Filtration tests withdstechPortland ce-
ment suspensions were carried out to investigate the ifitrddtehaviour taking into
account influences of water content and applied groutingspre. Subsequently the
mechanical properties of the cement grout filter cake wesa thetermined in stan-
dard geotechnical laboratory tests. The calculation nustippesented in the previous
chapter are then evaluated by back-calculation of the éssilts.
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e Chapter5 is concerned with a field study examining the grouting preaising in-
situ anchor installation. Grouting pressures at diffepasitions in the borehole were
measured as well as stress changes in the adjacent soil.

e Chapter6 presents numerical simulations of cement grout filtrationirdg anchor in-
stallation. A model is developed to simulate the filtratisogess with the Finite Ele-
ment Method by implementing the phase change from liquidigfilter cake. With
this model the grouting process inside the borehole is sitadland the influence of
different grouting and material parameters investigated.

e Chapter7 contains a summary and main conclusions of the presentdd wor




Chapter 2

Grouted ground anchors

2.1 Introduction

In the following chapter the definition of ‘grouted groundchor’ is given as it is used in
the presented study. An overview of the literature on grgmund anchors with focus
on the installation effects is given. Different conceptstd processes taking place during
installation of grouted ground anchors and the effects stillation factors are summarised.

2.2 Definitions

Grouted ground anchors are used to transfer tension fant@ghie ground. Different terms
such as ‘ground anchor’ ‘grouted anchor’ and ‘anchor’ anglied for many variations of
anchorages in soil. In the presented study only anchoragkes&wement grout anchor body
are considered. The expression ‘grouted ground anchoséd to clarify that. The presented
work is based on the construction type commonly executedunoie, which is defined in
the following sections.

2.2.1 Grouted ground anchors

According to the definition of ‘ground anchors’ in the EurapeStandard EN 1537, an an-
chor consists of an anchor head, a free anchor length andddn@hor length, which is
connected to the ground with cement grout. During anchdalilasion a tendon is placed
into a pre-drilled borehole which is filled with cement graatconnect the tendon to the
ground. The different parts of a grouted ground anchor agsgmted in Figur@.1 Usu-
ally the tendon consists of one steel bar or several strahlaks.anchor is divided into two
parts, the free anchor lengthy,.. and the fixed anchor lengthy;,.q. In the fixed anchor
length the anchor tendon is attached to the ground by the gooly. The free anchor length
connects the grout body with the anchor head. The anchor d¢wastruction transfers the
anchors load into the structure. After installing the amctiee tendon is usually prestressed
to minimize deformations of the retained structure to emsutight fit of the anchor head
and prevent loosening in case of changing anchor forces.
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Soil-rock
Borehole

Anchorage point at jack during stressing 6.

Anchorage point at anchor head in service 7.

Bearing plate (or anchor plate) 8. Debonding sleeve
9.
.1

Tendon
0. Grout body (if any)

Load transfer block
Structural element to be anchored

G wWN =

Figure 2.1: Sketch of a grouted ground anchor (EN 1537:1999)

2.2.2 Micropiles

The structure of drilled micropiles is similar to groutecdgnd anchors (EN14199), though
they do not provide a free anchor length and therefore cdrptestressed after installation.
Originally, they were designed as compressive piles incadere site exhibits limited space
for installation, but occasionally they are also used asitenpiles. The installation process
(drilling and grouting) of micropiles and grouted groundchars is identical, except for
flushing the free anchor length. Therefore, results of tlesgmted work can also be applied
for the installation of micropiles, as it focusses on thdalation process, especially the
grouting of the anchorages.

2.2.3 Installation methods of anchors

Detailed information about installation methods and ekeaurecommendations for grouted
ground anchors and micropiles in soils are give@stiermayer and Barlg2002 and

Wichter and Meinige(2000. The most common drilling methods are presented in Figure
2.2, where the difference of these methods is mainly whetheruer alrill casing is used

to stabilise the borehole and how the cuttings are evacu&tadcased drilling the flushing
liquid is pressed into the borehole through a hollow rod aoddlback through the casing,
flushing the cuttings to the top (internal flushing). Forldrg without casing the flushing
liquid flows between drilling rod and soil (external flushjng’hich may result in a larger,
more irregular borehole shape. For external flushing ndresive soils, often cement and
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bentonite is added to the flushing liquid to stabilise theshote. After drilling is completed,
the flushing liquid is replaced by cement grout and the antdvaton is built in. Now, the
grout is pressurised and the casing withdrawn until the dnthe fixed anchor length is
reached. To realise the free anchor length, excess cemaunt igrthe free anchor length
is usually flushed with water or bentonite slurry. In someesase fixed anchor length is
separated using packers so the fixed anchor length can beedrauonce and the pressure
maintained until hardening. Sometimes post-grouting iiad approximately one day after
the grout body is installed. Grout is injected under highspuge via one or more post-
grouting pipes having valves in the fixed anchor length. Tigé Ipressure is supposed to
fracture the grout body and increase the bonding to the grolrost grouting is usually
applied in cohesive soils.

Special installation methods with bells or under-reamsctvimechanically enlarge the
borehole are not considered within the presented work.

[k
drilling
/

I\AAAAA\/AV.’::

(a) Rotary or rotary-percussion drilling witHb) Overburden drilling with casing and interior
lost bit crown (external flushing). hollow rod for counterflush (internal flush-

ing).

(c) Continuous flight augering without casing (d) Rotary drilling without casing.
(no flushing).

Figure 2.2: Different drilling methods fro@stermayer and Barlg{2002).

2.2.4 Anchor design

The anchor capacity is defined by the capacity of the indaficiiructural parts such as
anchor tendon and anchor head, and the pull-out capacityeajrout body. The design of
the structural parts is straight forward, using the desogwlland capacity.

Determining the pull-out capacity analytically, howeviermore complex. It is usually
approximated by Coulomb’s friction on the grout body suefaad therefore depends on the
radial stresses and the shear resistance. These valuegldepearious installation factors,
whose influences are not yet fully investigated. Therefdrés impossible to determine
realistic values for the pull-out capacity on the basis @liical formulae. For that reason,
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according to EC 1997-1 the capacity of anchors needs to eemdigied in suitability tests on
three anchors of each site to provide sufficient safety ajaneep and failure. In suitability
tests the same installation technique and anchor type dghmilused as for the working
anchors. Additionally, acceptance tests of each ancharrertisat the anchor can sustain the
desired design load. Acceptance tests provide good safietgantrol if the anchors were
installed properly. However, it only proves that the regdifactor of safety is met, but the
real capacity of the anchor remains unknown. To determia@titi-out capacity of anchors,
investigation tests where the anchor is loaded until faihave to be carried out.

2.3 Fundamentals and historic review

The application of grouted anchors in non-cohesive soitaire popular in Germany and
Europe when they were first used for strut-free excavatiodso#her retaining structures af-
ter 1958 Ostermayer and Barle0032. It was found that grouted anchors in cohesion-less
soil provided pull-out capacities far beyond what wouldd&een expected from classical
soil mechanics, assuming Coulomb’s friction on the anchiofase. This led to a number
of research studies in the seventies and early eightieshiohvwa large number of in-situ
and laboratory anchor tests were carried out to explaintisered high anchor pull-out ca-
pacity and to understand the load bearing mechanisms (attejohn (1970, Ostermayer
(1979, Jelinek and Ostermay€i979, Littlejohn (1980, Mayer (1983, Scheelg(19832),
Shields(1979, Werner(1972 andWernick (1978).

Various researchers found similar factors influencing tb#-gut capacity of grouted
ground anchors in non-cohesive soils, but evaluated tméfisignce of those differently:

e Soil properties (e.g. relative density, degree of unifeypand dilatancy)
e Fixed anchor geometry and dimensions

e Drilling technique (boring with or without flushing)

e Grouting (grouting pressure, pumping rate of cement suspeh

The high capacity of grouted anchors in cohesion-less a@sascribed primarily to the
dilatancy effect in non-cohesive soils, creating a ‘logkeffect’ of the grout body. This
effect was verified byVerner(1972 andWernick (1978. Both found that during anchor
loading the soil adjacent to the anchor body dilates in readb the shear forces exerted to
the ground. The dilation leads to a volume increase of tHessgiounding the anchor, which
in turn increases the radial stress and thus facilitatdsenighear forces on the shear plane.

Ostermayer and Barlefz002 give a comprehensive overview of the working principles
of grouted ground anchors and recommendations for ancktall@ation. They propose to
estimate the anchor capacity directly from design charfsoon calculation formulae based
on skin friction on the grout body. However, since it was fduihat the anchor’s load bear-
ing capacity is not linearly related to the anchor’s fixedggnand diameter, the formu-
lae conflict with the assumption of Coulomb’s friction on thiechor surface. This phe-
nomenon is explained by ‘progressive failure’ or ‘de-bamdiof the tendon/cement/ground
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contact due to the ‘incompatibility between the elastic oiod of the anchor tendon, of
the anchor grout and of the ground®dheeleg(1982), Cornelius and Mehlhor(1982 and
Ostermayer and Barlgz002). The shear force is said to gradually mobilise along the an
chor body: First, shear forces are transferred in the prakpart of the fixed anchor length
until the maximum (peak) force is exceeded and the forceceslto a residual value. Then
the main part of shear forces are transferred further alemgrtout body until the load is con-
centrated at the distal end of the fixed anchor length jusirbdfilure Barley and Windsor
(2000, Ostermaye(2007), Ostermayer and Barlg2002 andWichter and Meinige2000).
Ostermayer and Barlefg002 state that this non-linearity occurs for a fixed anchor teng
greater than 3 m and propose to use an efficiency fgcigito take into account the mobili-
sation of the shear strength when calculating the ultimather loadl’,;;:

Tult = Tm X Lfixed X feff 5 (21)

whereT,, is the ultimate bond capacity per metre over a short lengthwhich ‘progressive
failure’ is negligible, andf. s, is a function of the fixed anchor lengfly;,...

In Germany however, the ultimate anchor capacity is diyexdtimated from a chart based
on a large number of field tests rather than using design flaenirigure2.3).

The use of design diagrams or design formulae is howeverawdgpted for pre-design,
since anchor installation effects and soil conditions atfully taken into account.
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Figure 2.3: Ultimate load capacity of grouted anchors in-nohesive soils based on empi-
rical data fromOstermayer and Barlg{2002).
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2.3.1 Processes during grouting of ground anchors

Experience showed that applying pressure to the cement dwing anchor installation
increases the anchor capacity in non-cohesive soils signify. This effect is believed to
be due to the increase of critical factors such as normaarattiess on the grout body and
shear strength of the adjacent soil as a result of groutingmains unclear, how much the
soil strength and stresses can be improved and how this vaprent takes place. It is also
uncertain how the radial stresses generated during gmpatmretained permanently, since
the grout pressure is released long before the cement gestg ®© cure.

Reviewing literature and discussions with anchor protesss revealed, that there are
different concepts present on what happens during groofiggound anchors:

Some believe that the grout is injected into the soil’s p@ed the anchor diameter is
increased. It is assumed that a transition zone of ‘soikoste’ develops around the anchor
body and that the anchor capacity is increased either dueeterthanced shear strength of
the material or the larger grout body diameter and thus taigear surface. This idea came
up when researchers first tried to explain the unexpected ¢dagacity of grouted ground
anchors in non-cohesive soils (seeyer (1983), but is still present todayMecsi (2013
andLee et al(2012).

The most frequent opinion present in literature is, howetrat in hon-cohesive soils
water is pressed from the grout into the soil during grouting a filter cake forms, which
transfers grouting pressures to the soil.

Some assume a thin layer of impermeable filter cake buildmgtuhe borehole walls,
similar to the bentonite filter cake during construction afi@phragm wall. This filter cake
would act as a membrane and transfer the full grouting pressuthe surrounding soil,
causing densification of the soil and improved contact betwgrout and soil. However, the
grout would still be liquid in the borehole centre and thedbare walls would be unloaded
to the hydrostatic grout pressure after grouting.

Others assume the build-up of a thicker filter cakeétiejohn (1970, Werner (1972,
Shields(1978, McKinley (1993, Ostermayer and Barleg002 andBezuijen(2010). It
is believed that inside the borehole the grout thickens duia¢ expulsion of water and
develops considerable strength and stiffness and some gftiuting pressure is ‘locked in’
when the grout filtrate restrains the rebound of the boreWalés after grouting pressure is
released. Only vague information about the value of thetgrgypressure locked in is given.
Littlejohn (1970 reports that anchor pull-out tests in compact fine to medsizad sand
indicate a residual radial stress in the range of 1.4 timesffective overburden pressure,
but also reports that some contractors use grouting pesspendent values.

Experiences in practice confirm the concept of cement grtitation during grouting:
Significant increases of anchor capacity due to pressunatiggpwere observed in non-
cohesive, permeable soils, while little improvement colbddachieved in cohesive solls,
where excess water cannot filter into the surrounding soil.cBhesive soils, post-grouting
has a stronger effect on anchor capacity. During post-grgugrout is pressed into the

10
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anchor body through post-grouting pipes attached to thé@nwod. The grout body is
fractured and expanded, improving contact between groditsail. Usually the grout is
already too stiff to be fractured after primary grouting mnrcohesive soils. This indicates
that a filtration of the grout takes place in non-cohesivissoid leads to the assumption that
filtration plays a major role during anchor installation.

2.3.2 Influence of grouting pressure on anchor capacity

Even though there is common understanding that the inStadlprocess has a strong influ-
ence on the capacity of grouted anchors, installation efigere not emphasised within most
of the reported anchor studies by the time they were caruéedror that reason, information
about the installation methods and grouting procedurebeapguring anchor installation is
seldom available because these factors were not recorgatbshed.

Just as different opinions exist on what happens duringtgrgwf ground anchors, dif-
ferent concepts of the effect of pressure grouting on anchpacity were found in litera-
ture: Mayer (1983 andOstermaye(1993 for example state, that the application of grouting
pressure sufficiently increases anchor capacity. Bothddliat the anchor capacity increases
with an increasing value of grouting pressure up to a celtaigl, where it reaches an asymp-
totic limit and no further increase can be achievisthyer (1983 investigated the influence
of grouting pressure on radial stresses and deformatiotheisoil. He found that the radial
stresses increase underproportionally with applied grguiressure and above 10 bar only
marginal increases were observed. Pull-out tests showaethi capacity of the anchors cor-
responded directly to the radial stresses after unloadidgcauld be increased with higher
grouting pressures until 10 bar but for higher pressure®niitreases were observed. He
ascribes this effect to the fact that at a certain point tbetgannot be dewatered any further
and the grout properties remain unchanggginek and Ostermay€t976 andOstermayer
(1979 state that, in non-cohesive soils, a minimum grouting swes of 10 bar improves
the disturbed soil conditions due to grouting and filtersaw&iom the cement grout, leading
to a higher quality of the grout body and better bond to théaswi thus increases anchor
capacity. This concept was also statedvidgrner(1972, who carried out model tests with
cylindrical anchor bodies which were installed without gfing. The sand was filled into
the test chamber after the anchor body was installed. Hedfsumilar pull-out capacities for
the model anchors than for grouted in-situ anchors and adedlthat the grouting pressure
only ensures a good contact between grout body and soil. atea studyWerner(1975,
however, assumes that if the soil density can be increasedodgrouting, the anchor pull-
out capacity also increasellayer (1983 states that pressure grouting increases the radial
stresses on the grout body, but does not quantify the stressaise or the correlation to the
applied grouting pressur&anthakog1991) reports that usually grouting pressures between
3 and 7 bar are applied but that no evidence is given thatymesabove 3 bar “will produce
any real benefits”.

11
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Figure 2.4: Influence of the grouting pressure on the pulleapacity of anchors from
Littlejohn (1980).

In contrast,Littlejohn (1980 reports that the pull-out capacity of grouted anchors is di
rectly related to the value of the grouting pressure witlayuasymptotic limit (Figure.4).

He assumes that in fine grained soils, the grouting pressuransferred to the soil and a
residual stress on the anchor surface is locked in due tohtsar strength of the soil. He
proposes that 1/3 to 2/3 of the grouting pressure should $ensed as residual stress on
the grout body. However, in Littlejohns studies high-puesggrouted anchors with packers
were used and he assumes that the grout body is enlarged llygréefracturing Littlejohn
(1980 demands that more information is required at which graupressure the grout is
permeated (densification) or hydro-fractured. This woeklit in completely different load
bearing mechanisms for common grouted anchors with a btraigaft. Also Littlejohn
points out that it is difficult to compare different studidssome apply secondary grouting
or grouting with packers.

More recent studies on grouted soil nails also show inangagull-out capacities with
increasing grouting pressurelgng et al.(2013). In this study packers were also applied
which allowed to keep the grouting pressure constant forutdioHowever, low grouting
pressures (max. 2.5 bar) were applied, so the results doewesearily contradict the as-
sumption ofJelinek and Ostermay€1976 and Ostermayel(19759 that pull-out capacity

12
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cannot be increased for grouting pressures above 10 bar.

All reported studies found that applying pressure duringugng increases the anchor
pull-out capacity. However, none of them described theipesinistallation process and no
information on grouting stages and duration is given. Cati@ns between the magnitude
of grouting pressure and anchor capacity are only givenriohars that were installed with
packers, but those contradict the findings of studies whesatipg without packers was
applied.

2.3.3 Increase of radial stresses due to swelling of cenrent g

Some researchers assume that the radial stress on the gdyutfoa grouted ground anchor
is increased due to swelling of the cement grout during gufiressbergefl963, Mayer
(1983 andWichter and Meinige(2000). If during grouting excess water is filtered from the
grout, the water content could fall below a critical limitfiull hydration. It is assumed that
in that case the grout pulls water from the surrounding suldl he grouts volume increases
and induces additional radial stresses to the soil.

Mayer(1983 carried out sandbox tests where he measured radial deformeand stresses
in the adjacent soil during grouting of anchors. He obsearemcrease of radial stresses and
deformations due to swelling of the grout after groutingjekicame to an end after 16 to
18 hours. An influence of grouting pressure on the swellimg@ss could not be observed.
Mayer(1983 reports 0.022 to 0.035 mm radial deformation correspantbran increase or
ca 100 kPa radial stress. The tests were carried out in dy a&adh the water available for
hydration was the water filtered from the grout before. If $hed is saturated, much more
water is available for hydration and the swelling effectlddae much higher.

Jessbergefl963 reports a volume increase of 2% to 4% of the grout due to tleeofis
the additive Tricosal, which was originally added to inge#lowability. He states that the
volume increase causes additional interlocking of the igoody with the ground.

Paproth and Papro{1966 compared the anchor installation with pure cement grodt an
cement mortar, where sand was added. They report that withqaument grout better pull-
out capacities were achieved and explain this with a stnobgading of the grout body
with the soil. Probably the capacity was increased becduespure grout provides a higher
cement concentration and more subjected to swelling.

2.3.4 Characteristics of the grout body

The grout body shape primarily depends on the drilling tepn and the soil properties.
The different concepts of what happens during grouting Sasstion2.3.]) lead to different
opinions on how the grout body is shaped.

Some believe, that in non-cohesive soils the grout is iapbaito the soil and the grout
body diameter is enlarged (e.glecsi(2013 andLee et al.(2012). However, no evidence
of such grout bodies is given.
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Figure 2.5: Types of grouted ground anchors froitiejohn (1980):
Type A) Tremie-grouted
Type B) Low-pressure grouted
Type C) High-pressure grouted with hydro-fracturing of siod

Littlejohn (1980 states that in non-cohesive soils the soil is compactedtlama@anchor
diameter increases. He estimates effective diameters dronnt consumption. For coarse
sands or gravel the grout injects into the soil, and theahitorehole diameter is increased 3
to 4 fold. For finer soils, where compaction of the soil takkexe, he reports that diameters
of 1.2 to 2 times the initial diameter can be achieved withugry pressures of 10 bar. Itis
not clear whether these values are intended as hypothesicegs for calculation purposes or
real anchor diameters, since they seem rather large. Hoehggouting pressuresttlejohn
(1980 presumes hydro-fracturing of the soil leading to a conghjedifferent anchor body
shape (compare Figur25). Excavations of anchor bodies as such are not reported. In
contrary,Bezuijen(2010 found in his study on compensation grouting in sand, whiere- f
turing of the soil is required, that it is difficult to achieegtensive fracturing in sand and
that cement grouts with bentonite and high water conteetseguired.

In an extensive study on grouted ground anchors by the BeBjuglding Research Insti-
tute BBRI, 2008, grout bodies were excavated after testing (Figu&. The excavations
in sands showed that the grout does not inject into the sdie dhcountered grout bodies
where very straight and uniform and a distinct separatiawéen grout body and soil was
observed. The grout bodies almost looked like a ‘plastet’ cashe borehole. No signifi-
cant increase of anchor diameter due to grouting was seeloealddiameter enlargements
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2.3 Fundamentals and historic review

seemed to result from borehole irregularities prior gmogitiOnly after postgrouting a small
increase of diameter was observed and a bulge of cementuipudtong the cracks of the
primary grout body.

Excavations of anchors in sand by ‘Brickner Grundbau Gmbkl'presented in Figure
2.7. It shows an excavated grout body which was cut at the soé.efiglear border between
cement and soil is visible. Next to the grout body is a circalaa of compacted sand, which
could be removed from the solid cement block easily.

Paproth and Paproi(1966 also excavated the grout bodies of grouted anchors iedtall
in sand and report a thin layer (a few mm) sand crust on thet twadly surface, but no grout
was found elsewhere in the surrounding soil. They measur@acaease of anchor diameter
of 9 % due to pressure grouting compared to gravity groutmighput applied pressure).
Ostermayer and Wernét972 excavated grout bodies and found that the diameters were in
the range of the borehole diameter plus twice the average diemeter of the soilds,) and
additional 5 mm.

Figure 2.6: Excavated grout bodies frolamboy and Huybrecht@009: Cased drilling
with internal flush (left), drilling with external flushingftar primary grouting
(centre) and after postgrouting (right).
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Chapter 2: Grouted ground anchors

Figure 2.7: Exposed grout body in sand (by Brickner GrundbauoH).

2.3.5 Influence of the drilling methods

Little systematic information is available on the effecttbé drilling method on anchor
performance. In his extensive test programme Ostermayadfao influence of the drilling
method (ramming or boring with or without flush water) on tl@age of the grout body
and anchor pull-out capacity in non-cohesive soils, whereacohesive soil a significant
influence of the drilling method and anchor capacity was tb(Dstermayer and Werner
(1972 andOstermaye(1979). Here, drilling without casing or with water flushing leal t
decreased pull-out capacities. It should be noted thdirgdyivith external flushing was not
applied in non-cohesive soils.

In BBRI (2008, however, an influence of the drilling method on anchor-pull capacity
in non-cohesive soils was reported. Especially for anchaled with internal or with ex-
ternal flushing. For anchors with external flushing only nraabgrouting pressure could be
applied because the grout leaked through the larger casttyden drill casing and borehole.
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Those anchors were considered gravity grouted and loweppuforces were achieved than
for anchors with internal flushing, where a larger groutimgssure could be applied. Ad-
ditionally, external flushing produced an irregular groot shape compared to internal
flushing. It is therefore assumed that the drilling metholy amdirectly influences the an-
chor pull-out capacity.

2.3.6 Groutabiliy

Whether the grout is injected (permeation grouting) inte il or the soil is compacted
(compaction grouting) due to the expansion of the grout dapgnds on the ability of the
grout particles to permeate into the pores of the soil. Téimfiluenced by many factors
such as viscosity of the grout, porosity, hydraulic conthityt and pore size of the saill,

and grain size distribution of both materials. Both grogtmethods, permeation grouting
and compaction grouting require contrary grout and soipprtes. Much research was
conducted to investigate the injection of grouts into saill &arious sophisticated models
were developed. But a very simple approach where the gra@fisictions of grout and soil

particles are compared, was found very useful and is oftplieap The grain sizes of soil

and grout are related with the groutability ratio

(2.2)

where Dy, is the diameter where 15% of soil is finer, abgs , the fraction where 85%
of the grout is finer. This relation is also known as Terzadterficriterion, where the fil-
ter stability of a soil matrix is estimated. If a soil is a d&lfilter for a grout material,
grout particles do not permeate into soil pores and a filtee dauilds at the border. For
grouting, this means that not injection but compaction gngutakes place. Depending on
whether injection or filtration is desired, the value of N glibexceed or be lower than a
certain limit. With respect to filter stabilityferzaghi et al(1996 evaluated various stud-
ies and recommend valugs < 5 as conservative values for satisfactory soil filters. To
ensure successful injection, a minimum value of N in the oade25 is mostly reported
(e.g.: Akbulut and Saglamef2002, De Paoli et al(19921), Semprich and Stadl€20032),

or Zebovitz et al.(1989). These values are based on experiments, but here not faly t
ability of grout to inject the pores but also the amount ofujnwas taken into consideration
to judge if grouting was successful. In addition to a minimuatue for N which ensures
successful injection, sometimes also a lower limit is giwdich says that fo’v < 11 no in-
jection is possible at alAkbulut and Saglamegi2002 andDe Paoli et al(19921)). But not
only the grain size but also the water content of a grout wasddo influence injection into
soil (De Paoli et al(19923 andAkbulut and Saglamgf002). This is referred to the higher
viscosity at low water contents, which hinders injectionowéver,Akbulut and Saglamer
(2002 state that, regardless of other parameters, injectiotaofdsird cement is impossible
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Chapter 2: Grouted ground anchors

for soils with sufficient low grain sizes (below 0.6 mmlerzaghi et al(1996 also found
that ‘a clean cohesionless sand is [...] capable of effelstifiltering even the finest silt
and clay soils’, which means that no injection takes placesign tables based on grouting
experiments also suggest that standard cement only infgotgravel (see Figur2.g).

Even though using Terzaghi’s filtration criterion is veryde, it gives a good idea whether
injection or compaction should be expected during groutilhgndicates that for grouting
standard cement in sands the grout does not inject into the so
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Figure 2.8: Limits for injection of different grouts in s@¢ibemprich and Stadlg2002).

2.4 Chapter summary

Reviewing literature revealed that in previous studies mugd anchors the process of an-
chor installation was not emphasized. It is difficult to cargstudies if different installa-
tion conditions were applied and the effects of these ar@onk. This explains the varying
concepts of the influence of grouting pressure on the anahibopt capacity and on the
processes taking place, that developed with time.

However, the majority of sources indicate that during grapin sand excess water drains
into the soil and the liquid grout stiffens due to the watesslo Applying a simple filter
criterion after Terzaghi indicated that sands are filteslstéor grouting with standard cement
and no injection of grout into the soil takes place. This cbespwell with observations in-
situ, where a clear distinction between grout body and sas wetected. It is therefore
assumed that during grouting filtration of excess water ftbmliquid grout takes place.
It is yet unclear whether a thin filter cake builds up or tharengrout consolidates in the
borehole.

In most studies it was found that applying pressure to theitgdaring grouting does
increase the anchor pull-out capacity. Some state howkaeah increase of grouting pres-
sure beyond 10 bar does not increase the capacity any fufthisrcontradicts with findings
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2.4 Chapter summary

where pressure was applied using packers. It is hypotliegiagusing packers causes frac-
turing of the soil, but this effect is not validated.

It is assumed that applying grouting pressures during anolstallation in non-cohesive
soils

e increases the radial stresses on the grout body
e reduces the water content of the grout

e compacts the surrounding soil

e enhances the contact between grout and soil

e creates an compact and flawless grout body and
e increases the grout body diameter

However, since the processes taking place during groutenga resolved in detail, no direct
correlations between value of grouting pressure and thaeters could be drawn.
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Chapter 3

Cement grout filtration - Background

3.1 Introduction

As discussed in Chaptér it is assumed that during grouting excess water is filterah the
liquid grout rather than the grout is injected into the sBilerequisite for further investigation
of processes taking place during anchor installation iscteess the properties of the fresh
cement grout and the filtration process during grouting.

This chapter gives an overview of previous work on cementigfiiration and calcula-
tion methods. Material properties of fresh cement groutfdted cake are discussed and a
filtration model is presented to simulate radial filtratiorai borehole.

3.2 Fundamentals of cement grout filtration

Filtration describes the separation of solids and liquideffa suspension. Grouts with dif-
ferent water contents are used for anchor installationfh®itvater content is high enough
to enable the grout to flow through the pumping equipment hadytout particles are sus-
pended in the mixing water. If the grout is now pressed intofcsent fine soil, water will
be filtered from the suspension. The particle concentratidime suspension increases and a
filter cake is formed. Following, the definition of ‘filter cakwill be that the grout particles
are in contact and are able to transfer effective stresses.

Filtration of suspensions is a complex multiphase problamncivwas addressed by vari-
ous researchers and advanced analytical solutions weetoped (sed@urger et al(200])
andLee and Wang2000). These advanced methods require a variety of calculatoam-
eters which are unknown as well as advanced solution teabsiq

Considering the filtration of cement grouts, in literaturesthy two basic approaches were
found appropriate to describe the filtration process in dops of geotechnical engineering:
The ‘two-phase filtration model’ which origins in fluid meches, and classical Terzaghi
consolidation theory. These two theories may describe aergnd lower limit of the real
material behaviour. One theory considers the initial cengeout suspension as liquid, the
other as solid, granular material. The consistency of cémeut mixtures used for anchor
installation lies just between viscous and plastic. Theyraither a pure liquid nor a solid

21



Chapter 3: Cement grout filtration - Background

material. Both theories are based on the assumptions thajeation of cement particles
into the soil takes place.

3.2.1 Two-phase filtration model

McKinley (1993 as well asBezuijen and Talmoit2003 propose a filtration model to de-
scribe the filtration process of cement grouts. This modekers the formation of filter
cake as a distinct phase change from a liquid (suspensianktdid phase (filter cake). It
assumes that when water is filtered from the suspensiongthert particles pile up and a
filter cake forms at the contact surface between suspenswfileer medium. The drainage
of excess water is assumed to be locally concentrated tetiniace. The model assumes
that the material properties of the filter cake do not chanigfe time and also the suspension
retains its initial particle concentration. Only the thielss of both layers changes with time.
The principle of the two-phase filtration model is explairieda one dimensional filtration
test presented in Figui® 1, where constant pressure is applied to a grout sample, vidich
drained at the bottom: The amount of water expelled from tispension controls the build
up of the filter cake. The rate of filtration is influenced by kiyelraulic resistance of the al-
ready existing filter cake and filter medium and the filtrapooassure. Darcy’s Law gives the
discharge raté) in relation to the filter cake’s current thicknesg(t) and its permeability

ke
i k’fc o

=Tt
whereA is the drainage area amdhe total stress acting on top of the sample.
Assuming a constant concentration of cement particlesnvgach phase, the calculation
of filter cake formation with time is straight forward. Thespon deformation during filtration
d(t), shown in Figure8.1, can be calculated with the initial void ratio of the greyiand the
final filter cake void ratie,:

(3.1)

5(t) = Lc(t)ef’%;ﬁ . (3.2)

If water and cement particles are regarded incompressitd@e/olume change of the sam-
ple is equal to discharge rate of water. Dividing EquaBidhby A gives

do k?fc o
— = . 3.3
dt v Le(t) (3.3)
Replacing’ in Equation3.3with Equation3.2 and rearranging gives
dLe (eg=cre) _ ke o (3.4)
dt \ 1+eyp Y Le(t)

Rearranging and integrating Equati®w finally gives the filter cake thickness with time
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k 1
/Lc(t) ch:/U fc( +efc)dt
Yw €g — €fc

Lc(t)2 _ 20’/{3]06 ( 1+€fc )t

Yw €g — €fc

(3.5)

The filtration process in a filtration press ends, when thtopiseaches the filter cake at
t= tfm anch’fm = hy — 5fin-

Filter cake

<F

Figure 3.1: One-dimensional filtration test (adapted firdoKinley and Bolton(1999).

3.2.2 Consolidation theory

Other authors propose Terzaghi’'s classical consolidatieory to describe the filtration
process of cement grout&leyner and Krizek(1995, Lee et al.(2012), andPicandet et al.
(201D) because it is well known and readily available in geotézdirengineering. They
found that the filtration process could be modelled reasgnall with this approach.

The classical consolidation theory is based on the assampfihomogeneous material
properties within the sample remaining constant over timeontrast to the filtration model,
it assumes a gradual consolidation and thus change of lpactbaicentration of the entire
sample. The dissipation of excess pore pressures over sémight is

du d*u

E = CU@ s (36)

wherec, is the consolidation coefficient, related to the permegbiliand stiffness of the
material

Cy = k . (3.7)
VM
The compressibility coefficient, is defined as
my = — (3.8)

O-/
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wheree is the vertical strain caused by the effective strgss

3.3 Analytical solution of radial filtration with constantimp-
ing rate

The two-phase filtration model presented in SecBdhlconsiders one-dimensional filtra-
tion due to a constant grouting pressure applied to thedigrout. To estimate the filter cake
build-up within a borehole, the two-phase filtration modahow adapted for radial flow and
a constant pumping rate as observations of in-situ anclstallation showed that a more or
less constant pumping rate is applied rather than constantigg pressure. Consolidation
theory is less suitable to determine the filter cake thickraesl for that reason was not con-
sidered. In consolidation theory gradual consolidatiothefwhole grout is assumed and it
does not distinguish between liquid grout and filter cakes Bbrehole walls are considered
as a rigid boundary, which gives a constant cavity volumeahWbnstant borehole volume,
the volume of grout pumped into the cavity has to be equala@o/tiiume of drained water.
Assuming full saturation and incompressibility of watedarement particles, a certain vol-
ume of cement grout suspension results in a specific drawatgr and filter cake volume
Vsus = Vi + V. The volume ratiof ;. between suspension and filter cake volume is defined
by the change of water content:

Vfc - w/cfc+1 Vsus
Vsus w/csus + 1 Yfc

fre= , (3.9)
wherevy,,; and,. are the saturated bulk densities of suspension and filter espectively.
Assuming a constant cavity volume, the volume of the expuigater at a certain time is
related to the pumping rate Q:
1
Vi (t) = Vius(t) = Vie(t) = (f— —1)* Ve (t) =Q*t. (3.10)
fec
The filter cake volumé&’. relates to the borehole radigsand the actual filter cake thickness
dfc with
Vfc(t) =7 (TI? - (rb - dfc(t))Q) h, (3.11)

whereh is the grouting length. Combining EquatioBslO and 3.11 gives the filter cake
volume at a certain time t

ffc
1_ffc

Vfc(t) = Q t < ) =T (T’g — (T’b — dfc(t))Q) h . (312)
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Rearranging EquatioB.12and normalising the inflow to a unit section length gives therfi

cake thickness with time
H()
5 h 1 — fre .

dfc(t):'f’b— [ .

(3.13)

Equation3.13shows that for a constant pumping rate the filter cake byplisindependent
of its permeability, contrary to the model with constantignog pressure (see Equatidrb).
Figure 3.2 shows the filter cake build-up with time for different pumgirates. The higher
the pumping rate, the faster the filter cake builds up.
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Figure 3.2: Analytical filter cake formation in a boreholetwr = 100 mm, assuming
w/csys = 0.5 andw/cy. = 0.3.

3.4 Theoretical considerations about cement grout filtke ca

During cement grout filtration, water is filtered from the geission, while the cement parti-
cles cannot permeate through the filter medium. They pilenaloaiild a ‘filter cake’ where
the particles contact each other and build a solid, graméerial.

Whether a cement/water mix or grout is liquid or should berdgd as solid depends on
the concentration or packing density of the grains. For & payticle density, particles con-
tact each other and the material acts as solid, while forfecgirft low particle concentration
cement particles float in the mix water.

The notation ‘filter cake’ is in this work assigned to the gautere the particles contact
each other and effective stresses are transferred bygraeular forces. It is now tried to
theoretically define the water content at which the groutihbe considered as filter cake
by looking at the bulk density.

The concentration of particles where they start to contachether could be compared
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to the loosest packing of a material. The bulk dengityithout compaction of the used
dry Ordinary Portland Cement ranges betw&eXs g/cm? and1.38 g/cm?. With a specific
grain densityp, of 3.15 g/cm3, the respective void ratio ranges fram= 1.56 to e = 1.28,
using
N
Ve Ptot
The particle concentration or water content of cement graitisually specified by the
mass ratiov/c = 7. Assuming all voids are fully saturated, the relation betweandw /c
is

~ 1. (3.14)

Vi M e
= — = — 3.15
e ‘/c mc ”yw’ ( )

wherem,, andm,. are the masses of water and cement respectively.

Therefore, the void ratio of the dry cement without compattivould correspond to a
water content betweem/c = 0.5 andw/c = 0.4. However, it should be considered that a
water film develops around the particles when the cement igedie This film reduces the
friction between the grains but also increases effectiaengsize. In suspension, the void
ratio where a stable grain contact is achieved might thezdie below the loosest packing
of the dry material.

The highest bulk density of the used cement, achieved byatidir, ranges from. .6 -
1.9 g/cm?, which corresponds to /c = 0.30 - 0.21 for full saturation. For other dry Portland
Cements bulk densities betwekd - 1.8 g/cm? were achieved by tampin&éschke2001).
These values corresponddg’c = 0.34 - 0.24, assuming full saturation.

3.5 Material properties of fresh cement grout

In literature, little information on material propertie$ foesh, uncured cement grouts is
available, especially for grouts with low water contents.

Usually, only the strength of young concrete is of intera#iter than properties of uncured
grouts. Cement grout is a suspension of solid cement pesteaid mixing water and depend-
ing on the water content the behaviour can range from a vsstioid to a friction material.
Fresh cement grouts are usually considered non-Newtoniigs tr pastes. Properties, such
as viscosity and internal friction are needed to assessakdity and performance during
grouting and depend on water content, grading, grain sideshape. Material properties of
cement grout were found to change significantly with waterteot, grading and thus poros-
ity. The material behaviour ranges from liquid to solid, aind very difficult to define the
border between those two consistencies. In general it catalbed that with lower porosity
the internal friction increases as the space between thielparis reduced. However, the
material behaviour is much more complex as size and shapartc¢lps influence the inter-
nal friction, the grading and water content influence thel\gpace between the grains which
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in turn influences internal friction and adhesion forces.

Warner (2004 describes grout consistency viscous for water conterdsead /c = 0.6
and as paste for water contents beloyic = 0.4. In between, it flows to some extent but
is also capable to store some energy. Rounded particlesraissase pumpability while
angular particles increase internal frictioornemann(2005 investigated properties of
fresh (‘green’) concrete and found that good grading irsesahe internal friction in the
concrete while a high fines content combined with low wateiteot increases the adhesion
between the grains. For very low water contents it was fotnadl fresh concrete behaves
more like a granular material and can be described by sothar@cal modelsNIcKinley
(1993 andBolton and McKinley(1997).

3.5.1 Previous laboratory tests on cement grout filtration

If water is filtered from the liquid grout, the particle comtetion increases, the particles
contact each other and a ‘filter cake’ builds up. Variousaesees simulated cement grout
filtration in consolidation and laboratory chamber testie Test type and grout properties
determined in different studies are summed up in T&kle

McKinley (1993 carried out consolidation tests with Ordinary Portlandn@éat (OPC)
and Sulphate Resisting Cement (SRC) grouts, applyingyresbetween k£ Pa and60 k Pa.
He found filter cakes with water contents of approximately: = 0.41 for SRC and0.35
for OPC but with a considerable scatter betw&eh and 0.46. By back-calculation of
the tests using the two-phase filtration model permeadslifk;. = 7.2x10~" m/s and
k. = 4.3x107" m/s were found, respectively. Assuming Terzaghi’s consoihatheory
for the whole sample height, an average consolidation cosifi for OPC was be estimated
with ¢, = 0.197 22 = 2.8x107° m?/s.

Consolidation tests followed by a pure filtration phase bylypg a constant hydraulic
gradient were presented Bycandet et al(2011). From the consolidation phase with pres-
sures of 30 kPa, consolidation coefficients:pf= 6.5x 1077 m?/s andc, = 3x1075 m?/s
were found for initial water contents of 0.3 and 0.4 respetyi From the pure filtration
phase (constant pore pressure gradient) void ratio depepdemeabilities were determined
with ks, = 4x107® m/s andk;. = 1.5x10~" m/s for final water contents of 0.25 and 0.34
respectively.

Kleyner and Krize1999 carried out laboratory chamber tests where cement groerts w
pressed into sand with 100 to 300 kPa. They back-calcul&ediltration process using a
combination of consolidation and cavity expansion theorgt #or n consolidation coeffi-
cient of ¢, = 5x107°5 m?/s (taken fromAhverdov(1981)) the results fitted well with the
test results. This method was adoptedley et al.(2012 to back-calculate their laboratory
chamber grouting tests of cement grout in clayey sand anohaieosed residual soil and de-
termined an average consolidation coefficient 4.2x 1075 m? /s for initial water contents
of w/c = 0.5 and grouting pressures between 200 and 400 kPa.
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Table 3.1: Properties of fresh filter cake material deteeaifor pure cement-water suspen-

sions.

Reference Method W/Cous  W/Cpe Cy ke Pressure
[] [-] [m?/s] [m/s] [kPa]

McKinley Consolidation OPC 0.6-1.0 0.35 X80 ° 4.3x10°7 5-60

McKinley Consolidation SRC 0.6-1.0 0.41 %2077 5-60

Picandet et al. Consolidation 0.3 6.510~"7 30

Picandet et al. Consolidation 0.4 3.010°6 30

Picandet et al. Permeability test 0.25 401078

Picandet et al. Permeability test 0.34 1510~

Kleyner and Krizek Grouting in sand 0.5 0.3 5007° 100-300

Lee et al. Grouting in sity 0.5 4.2<107° 200 - 400

sand and decom-
posed residual soil

3.5.2 In-situ measurements

In some studies cement grout filtration was also observedglim-situ anchor installation
and the water contents of the filter cake was determined: ¥ample Jessberge(1963
reports that cement grouts with initial water contents leetwo /c = 0.4 and0.5 reduce to
values between.2 and0.3 due to filtration. AlsoPaproth and Paprotf1966 report filter
cake water contents af/c = 0.3 from field and laboratory tests.

3.6 Chapter summary

Even though more advanced methods are available to sinfilteation of solids from a
suspension, in literature mainly two approaches were fappopriate to describe the fil-
tration of cement grouts: The two-phase filtration model elagsical consolidation theory.
The models represent an upper and lower limit of the realtgyebhaviour during filtration.
This was also confirmed in laboratory tests which will be preésd in Chapteb. However,
the two-phase filtration model uses more general paramaietrsvas therefore chosen for
further calculations.

The two-phase filtration model was adapted for radial filbratvith constant pumping
rate to simulate the filtration inside a borehole. To caleuthe filter cake formation in the
borehole, the water content of the filter cake needs to be kndwom theoretical consid-
erations based on the dry bulk density the grains would stardntact each other for water
contents betweew /c = 0.4 to 0.5 and could reduce as low 82 after consolidation. How-
ever, these values seem too high to assume a stable graactaunsidering that cement
grout suspension withy/c = 0.5 clearly acts as liquid.

Calculation parameters for the consolidation and two-pfiigation model were reviewed
from previous studies. The presented filter cakes’ wateters ranged fromw /cs. = 0.25
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to 0.41, and also the permeabilities and consolidation coeffisishbw considerable scatter.
However, the water contents comply with the theoreticallyeeted values and confirm, that
water contents in that range can be expected. In the stuifiesedt grouting pressures and
initial water contents of the liquid grout were used, but ithituence of those is unknown.
Additionally, the grouting pressures applied were lowantpressures expected for grouting
of ground anchors.

To further investigate the effects of cement grouting, tfiecéive stresses acting on the
soil should be determined. This requires the permeabifith@filter cake in order to access
the hydraulic resistance and calculate the seepage fdfaether, the mechanical behaviour
of the soil and of the filter cake needs to be taken into acctusimulate the unloading
process and determine the effective stresses remainieggaéiuting.
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Chapter 4

Cement grout filtration - Laboratory tests

4.1 Introduction

A series of laboratory tests is presented which were caowgdo investigate the filtration
behaviour of cement grouts and to determine their mechdméteviour. Standard Portland
cement was consolidated in a filtration press, applyingiagrgrouting pressures and water
contents of the initial grout. After filtration, the waterntents and mechanical properties
of the filter cake material were determined in soil-mechalniests. These tests were then
back-calculated using the two-phase filtration model as agetonsolidation theory and the
methods are evaluated.

4.2 Filtration tests - Experimental procedure

The filtration behaviour of fresh cement grouts was invedéd in a series of laboratory tests,
taking into account the effects of different grouting prees and initial water contents. The
filtration process was simulated with a filtration device iEamto a confined compression
test (oedometer-test) as presented in Figuie A constant pressure was applied on top of
a grout sample and free drainage allowed at the bottom. Ressyres and deformations
were measured at the top of the sample. When the piston dafiomdeclined and no further
water was expelled from the sample the test was stoppedn@the filtration test, water
is drained out of the cement grout while cement particleseta@ned by the filter medium.
The piston deformation and pore pressure are recorded at the top of the sample during
the test.

4.2.1 Materials

The filtration tests were designed to simulate cement grirgtion during anchor installa-
tion and therefore materials used in-situ were chosen.

For all filtration tests the grout was mixed with Norcem stamdPortland cement and
filtered, de-aired water. No aggregates such as gravel drwas added. The cement had a
specific grain density a$.15 g/cm?, the particle size distribution is given in Figutel of
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AppendixA. The retarding agent (SiRaRetarder) was added to the grout. An amount of
1.5% of the cement weight was successfully used to prevent gedtinng all tests.

4.2.2 Filtration press

The filtration press is constructed similar to an oedomesgsrog drained at one end, only
with a larger sample height. It consists of a steel cylinditing on a bottom piece, and a
moving piston on top. Drainage is allowed through the botpeace and can be controlled
through a valve. Constant pressure is applied with the ngopiston on top. To record the

actual pressure, a pore water pressure sensor is connethtectbp piece with a thin flexible

hose. Top and bottom pieces are equipped with drainage elsaand porous filter blocks,

preventing cement particles to be washed out or block the p@ater pressure sensor. A
sketch of the filtration device is presented in Figdré In first trial tests, an acrylic glass

cylinder was used to observe the infiltration of cement intard layer and the formation of
a filter cake. However, to be able to apply pressures up to RBA@ steel tube was preferred
for the test series presented in this study.

P=const
%
/ \’
Porepressure /

bauge 7 __Piston
//4/,

T~ 0-Ring Seal

/Cemert Suspersion

i, _—Plexiglas Tube

_—Sand

i —— Filter Stone

HG—ng Seal
73 ——Base Plate

Figure 4.1: Filtration press used for filtration of cemerdwgrsuspension.

4.2.3 Experimental procedure

The cement grout was mixed in a conventional kitchen blenbey cement was placed in
a mixing bowl and mixed at low speed while water and retarderewadded, and at high
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speed thereafter. One grout mixture was used for two to thiltesgtion tests which were
conducted one after another. Before each test, a filter pegeplaced on top of the porous
block at the bottom of the filtration press and the grout wdsdfiinto the cylinder to a
height of 80 mm. Cylinder and piston were lubricated, to wedfriction. Filter paper was
placed on the grout surface and some water was carefullyedoom top of it. The filter
paper prevented a mixing of water and cement. The piston wasphaced on the sample.
A valve in the tube connecting piston and pore pressure safisws air to escape during
assembly of the piston. Before loading, the valve leadintheopressure sensor and the
outlet valve at the bottom piece are closed. The now undiagaenple was loaded with
dead weights until the desired pore pressure was reachecefohnaation transducer was
adjusted on top of the piston and the recording of pressuteaformation started. To start
the filtration process the drainage valve was opened quiakty allowed drainage at the
bottom. The amount of expelled water from the sample wasralsarded. The sample was
loaded mechanically, using a customised oedometer pressfinst attempt the sample was
loaded with a computer-operated pressure device but ktboat that the motor was not fast
enough to ensure constant pressure for the fast defornsaifdhe piston. This problem was
avoided using a dead load applied mechanically.

4.2.4 Testseries

In a first test series filtration tests with initial sampledtdir;,; of 80 mm were conducted
with grouting pressures;,,; ranging from 100 to 1500 kPa and initial water contenfs;,,;
from 0.4 to 0.6. Test parameters and results are presentgdpendixA, TableA.1. The
first number in the name references the cement mix, next isuheer of the test with this
mix and in the third number the initial water content is iradex.

In the first test series, three additional tests were caoigdvith a layer of sand as filter
(TableA.2). In these tests the infiltration of cement into sand duriraugng and the effect
of filter permeability was investigated.

A second test series was mainly carried out to create the &iétke material for triax-
ial testing. Here, the initial grout height was increaseddcbieve the required filter cake
thickness for triaxial testing. These tests were all cobtetligvith an initial water content of
w/cim; = 0.4 and grouting pressure of 500 kPa. Only during the last twts tegyrouting
pressure of 1000 kPa was applied (Tahl8).

4.2.5 Water content measurements

In geotechnical engineering water contents of soil samgulesisually determined by oven
drying the samples at05 °C' for 24 hours. The drying time of 24 h was found sufficient
and practical, but the exact time does not matter as longeaséight of the sample remains
constant over time. However, for fresh cement grout mixdbhe time is a relevant factor,
because water binds to the cement particles during hydrand the amount of free water
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changes with time. To reduce the drying time and thus redueéydration effects on the
measured water content, the fresh cement mix was dried inreeskic microwave oven,
which turned out to be reliable and practical.

For the second test series a combined drying method wasdppince drying samples in
the microwave requires many runs until the weight remaimstnt. The samples were first
dried in the microwave to evaporate the majority of pore wdtdlowed by oven drying for
24 h.

4.2.6 Permeability measurements

Permeability tests were conducted in the filtration deviceatly after the filtration process
was completed. The loading cap was removed and water pouredpoof the sample.
By replacing the loading cap on top of the sample and addingaal dveight, a constant
hydraulic head between 8.08 and 9.60 m was applied for appeat&ly 20 minutes. The
piston deformation as well as outflow at the drained bottora reaorded to determine the
filter cake permeability;;., based on Darcy’s law:

0=k o ko= g
wheregq is the specific discharge rat&\ the applied pressure head ahg, the sample
height.

(4.1)

4.3 Filtration tests - Results

In the following section the results of the filtration teste @resented. A comprehensive
overview of all results is given in Tablés 1 to A.3 of AppendixA.

4.3.1 Filtration behaviour

A typical filtration test is presented in Figu#e2. All filtration tests showed a very similar
filtration behaviour. The piston deformation is nearly n&vith the square root of timgt
until it stagnates at a certain point, after which the defatron approaches a limit valde;,,.
The timet;, were 50% of the final deformationis) is reached is marked in the figure. The
pore pressure at the top of the sample remains constanitusudidenly drops at a certain
point in time (filtration timet ;;;;). This demonstrates that in a first phase of the tests some
parts of the grout are still liquid and only hydrostaticaksses are transferred through the
mix water. The drop of pore pressures g, indicate the point where the piston touches the
filter cake and all cement particles in the sample are in cbatad transfer effective stresses.
The test results within one set of tests (tests from the samé giix and with the same
grouting pressure) were very consistent for most teststefbie, only the load deformation
curve of the first test is plotted in comparison plots. Caltoh parameters were derived
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for each test. To plot results, mean values of all valuevddrirom tests with the same test
conditions were taken.
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Figure 4.2: Typical deformation and pore pressures medstréhe piston during filtration
test with grouting pressure of 1000 kPa ant: = 0.5.

Filtration test results for each parameter set are predentBigure4.3. The behaviour
of all tests was very similar, regardless of grouting presr initial water content. All
tests show a short filtration timg;;, below 4 minutes. When comparing tests with different
grouting pressures, it appears in most cases that the Higlh@ressure, the faster filtration
is completed.

Higher initial water contents/c;,,; of the grout result in larger deformations after filtra-
tion, which is reasonable as with equal initial sample hiengbre water has to be expelled to
reach the same filter cake water content. The deformatidntimite is larger for higher ini-
tial water contents, but at the same time a larger deformasioequired in order to achieve
full filtration of the sample. The initial sample height wamstant for all tests, which means
that, assuming a comparable void ratio of the filter cake fitied filter cake thickness is
larger for lower initial water contents/c;,;. At the same time filtration takes longer to for
higher initial water contents than for lower ones becauseemater needs to be filtered
out. These opposing effects of the initial water contentdewplain why the filtration time
seems to be unaffected by it.

Even though the final deformations show considerable scaitgeneral larger deforma-
tions are reached with higher grouting pressures, whicicatels that the filter cake consol-
idates further, after the grains are in contact. The deftona after the filtration point are,
however, very small compared to the difference for diffégrouting pressures, which leads
to the assumption that a compression of the filter cake happlemady during formation of
the material.
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Figure 4.3: Filtration test results for different initiakter contents /c;,,;. Deformation and
pore pressure measured on top of the sample.
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4.3.2 Influence of sand as filter medium

The filtration tests were carried out with a filter consistofea filter stone and a layer of
filter paper, even though in-situ filtration takes place agiasand. On the one hand, it was
assumed that the influence of the sand as filter medium isgielglj on the other hand it was
aimed to avoid additional inaccuracies accompanied wighctmpaction and saturating of
the sand.

The influence of a sand layer on the filtration behaviour nyailelpends on the hydraulic
resistance of the material. The permeability of sand in #ld fianges fronk = 1 x 107% to
1 x 1073 m/s. This is much higher than the expected filter cake permépbis soon as a
thin filter cake builds up, the filtration behaviour is govedrby the filter cake itself and free
drainage can be assumed through the sand layer and the fmocksat the bottom of the
filtration device. This was also stated bieKinley (1993, who investigated the effect of the
porous block’s permeability on the filtration process dgrsmilar tests on cement grout.

To investigate the influence of sand as filter medium, thretstef the first test series
(3_1_045_S to 3_3 045_5) were conducted with a sand layer. Approximately 50 mm of
sand were built in on top of the filter stone. The same amouckofent was used as for
all tests of the first test series. Figutel shows the results of the filtration test compared to
tests without sand filter but with identical test parametérshows that the sand layer has
no significant influence on the filtration rate and the porsguee development on the top of
the sample. Variations between the tests with and withaud §#ter are in the same order
than within one set of tests with the same conditions. Thesknigs justified not to use a
sand layer in the filtration tests.

4.3.3 Injection of grout into sand

Using a test set-up without a sand filter implies that inatf sand particles into the sand
is insignificant for the filtration process.

The ability of a grout to permeating into a soil depends orrétegtion between the grouts
grain size and the pore size of the soil. As presented in @e2tB.§ the groutability or
filter stability of grouts is usually accessed with the rdtiowhere the grain sizes of grout
and soil are related. Witlvg; , = 36 m for the used standard Portland cement @negl
= 250 m of the sand, the groutability ratio becomes N = 6.9. This @asuwell below the
recommended injection limiv > 25 and the value ofV < 11 below which no injection is
possible. The N value of the tests is still slightly abovezaghi’s filtration limit of N < 5,
however, the filtration criterion is on the conservativeesioroviding a stable filter for water
flowing through the filter for a period of time. It is also assdthat the relevant particle
size increases after mixing the grout due to hydration amgdbageration. This is not taken
into account in Terzaghi’s filtration limits, but in the igggon limits, which are based on
injection with cement grouts. Therefore, N for injectiongimi be more relevant in case of
grouting.
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Figure 4.4: Filtration test results with sand filter compbteeregular tests without sand filter.
Initial water contents w/c = 0.45, filtration pressure 20@ KB and b) and 500
kPa (c and d).

Figure 4.5: Uncured cement grout filter cake against sarst.filt
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Looking at the results of the filtration tests with a sandfiteesented above (Figu#e5),
confirms that no infiltration of cement into the sand takex@laThey exhibit a distinct
border between grout filter cake and sand with no visibletrafibn of cement particles into
the sand. The sand was easily brushed off the filter cake. €mhe particles sticked to
the filter cake. The same effect was observed if the sand wasved only after curing of
the cement. This shows that a transition zone where the sasttkngthened by infiltration
of grout into sand does not occur and that the injection otigparticles into the solil is
negligible.

4.3.4 Phase change

(b) Measured water contents along sample from top to bottefnt¢ right side).

Figure 4.6: Filter cake formation in cement grout suspensiith initial w/c = 0.5 and
grouting pressure of 5 bar.
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One filtration test was stopped after 30 seconds to invdstifja distinct phase change
is apparent during filtration. Figure6ashows the extracted sample, the top end, where the
pressure was applied on the left side, the drained end orgtieside. The filter paper which
was placed on top of the sample can be seen on the left. Adisionder between liquid and
plastic material properties is clearly visible. Sampleshaf filter cake were taken and the
stiffness appeared to increase gradually towards theettand, from very soft to stiff. The
water contents of the liquid grout and at three positionsssthe filter cake are presented
in Figure4.6h The water contents decrease gradually within the filteedak it seems that
there is a certai/c value or void ratio where the consistency changes instantasly from
liquid to solid.

4.3.5 Water contents

The water contents measured after microwave drying are ageddo theoretical values in
Figure4.7. The measured water contents of the fresh grout were onga/&€ lower than
the intendedv/c values. The lower water content can be explained by cherbarading of
water to the cement particles in the initial hydration phaiseater evaporating during mix-
ing and drying. Another possible explanation is that theamwere not dried completely
during microwave drying and some moisture remained in thgpées. In the second test se-
ries, the drying method was altered and the samples wergaddly dried in the oven after
initial microwave drying. With this method the differencettveen measured and theoretical
water content was slightly smaller.

The water contents taken from one mix directly after mixibgfore the second or the
third filtration test did not decrease significantly. Thidicates that curing processes were
very little during the test period.

The measured filter cake water contents:;, versus grouting pressure are presented in
Figure4.8 For grouting pressures up to 1000 kPa water contents decwigh increasing
grouting pressure, which indicates stress dependent atiopaf the material after a filter
cake is built. Nevertheless, the water content is not redflasemuch during grouting at
higher grouting pressures. For higher initial water cotggte final water content was even
higher for grouting pressures of 15 bar than for 10 bar. Thadengs could be either due to
inaccuracy in determining the water content and valuesjoegny close to each other or due
to the fact that for higher initial water contents a largest@n movement is required. If this
is the case, the friction between piston and cylinder migbtdase due to cement particles
sticking to it and leading to a reduction in grouting pressuior lower initial water contents
it seems like the final water content reaches an asymptotitftor higher grouting pressures
possibly because the material approaches its denseshgagkiother explanation is that for
higher grouting pressures full filtration is reached earleaving less time for the filter cake
to consolidate and thus resulting in higher filter cake watetents. This effect would be
more distinct for higher than for lower initial water contemvhich can explain the results.
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Figure 4.7: Measured versus theoretical water contenteimfeat grout. Values for fresh
grout are presented in box-plots, filter cake values shovaylbols.

The difference between measured filter cake water contedtsaculated values deter-
mined from the relation of initial volume, volume change amitial water content ranged
from2to 20%. The difference between calculated and measured valuedarger and more
scattered than for the initial water contents of the growtlee here the theoretical values
are also subjected to uncertain parameters such as irdtigble height or particle density.
Taking the mean values for all tests based on the calculaleds gives a final water content
of aroundw/cy;, = 0.29 for pressures abov&0 kPa andw/cy;, = 0.32 for pressures at
200 kPa (see Figuréd.2 of AppendixA).
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Figure 4.8: Measured filter cake water contents.

4.3.6 Permeabillities

The permeabilities of the filter cake material are presemietable 4.1 They were de-
termined in constant head permeability tests, where thehdige rate was measured. The
discharge rate and therefore permeability reached a adristeel in less than a minute (see
AppendicesA.3 andA.4) and permeabilities ;. were taken as mean values of the constant
part of the curves.

Table 4.1: Permeability test results.

File name w/cini Pini hfzn Ahmean €fc kfc,meam
mm m m/s

7_2_060 0.60 500 52.6 8.27 0.90 4.74E-08

8_2 060 0.60 1004 53.8 9.34 0.94 1.18E-07

9 2 050 0.50 497 58.3 9.42 0.88 4.55E-08
10_2_050 0.50 1024 56.3 9.57 0.81 5.01E-08
10_3 050 0.50 494 579 8.27 0.86 5.21E-08
12_3 050 0.50 1434 61.0 8.03 0.96 9.59E-08
13_2 045 045 1501 61.6 8.44 0.86 5.32E-08
14_2 040 040 491 67.8 8.09 0.92 3.88E-08
15_2 040 040 982 67.2 9.33 0.86 5.04E-08
16_2_060 0.60 1437 56.2 8.80 1.00 1.02E-07
17_3 050 0.50 203 64.0 8.25 1.05 1.22E-07
18_3 040 0.40 1472 65.3 8.74 0.83 4.44E-08
19_3 060 0.60 195 58.0 9.57 1.08 2.02E-07

In addition to the permeability tests;. values were back-calculated from filtration tests,
assuming the two-phase filtration theory presented in &2&ti2.1 A bilinear curve was
fitted to the test results. The final filter cake height;;,, deformationd;, and filtration
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time ¢, were used to back-calculate the permeability by rearrangiquation 8.5 and
inserting Equation3.2) to . 5
Yw Lic, fin O fin

ke = Ttﬂzt : (4.2)
Measurements and back-calculated values of the filter catkegability are presented in Fig-
ure4.9. The measured values match with the calculated ones of the ssst. As expected
for granular materials, the permeabilities correlate ®\bid ratio of the filter cake mate-
rial. Full saturation was assumed for the calculations &ednater contents were directly
related to the void ratios. Therefore, it is obvious thatdaoid ratio dependent permeabil-
ity, similar correlations between permeability and grogtpressure were found as for water
contents and grouting pressure. Plotting permeabilitjesigainst void ratie ;. shows that
the permeability decreases with void ratio (Figdrg). Picandet et al(2011) proposed to
use following function, initially published barman(1956), to correlate permeability of

cement grouts to void ratio:

63

= 4.
b=0Co 1+e (4.3)
but also used a logarithmic approach
Ae
k

suggested first byraylor in 1948 The Carman equation fitted for permeability tests on
cement grout filter cake carried out Bycandet et al(2011) is plotted in Figure4.9. For
the permeability tests of this study, a better fit was founthwWaylor’s logarithmic relation
given in Equation4.4). Permeabilities from back-calculation using filtratitreory fit well
with the directly measured values.
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Figure 4.9: Permeability ;. versus void ratie;.. Determined from permeability testS}
and mean values of all tests from back-calculation withgfilon theory U a O
e ) compared to values froficandet et al(201]) (red dashed line).

4.3.7 Filtration rate

In Section4.3.1the inclination of the deformatiogé curves was found to be influenced
by grouting pressure and initial water contentc;,;. The effects of these factors on filter
cake formation are now investigated by comparing filtrat@tes of the different tests. The
filtration rate was defined as the increase of filter cake tiéskl.. with v/¢. The deformation
curves of all tests were almost linear witft and the inclination of these linear parts were
taken to calculate the filtration rates.

Applying the two-phase filtration model, the filter cake #riessL, at a certain time was
directly related to the deformatian using initial and final void ratios (Equatiof3.@)). For
a linear relation between deformatiérand /¢, the inclination of the filtration curve was
approximated with

d5 550
— 4.5
dvt Vs (4-5)
Combining Equation4.5 and @.2) yields the filtration rate
ch 550 < 1+ €fc )
= ) 4.6
dvt Vs \eg — efe (4.6)

Figure4.10shows filtration rates for different initial water conteatsd grouting pressures.
Filtration rates clearly increase with grouting pressdtes to higher pressure gradients caus-
ing higher discharge rates (Equatiéhl)). Although the test results show some variance, a
negative correlation can be seen between the filtratioraradenitial water content.
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4.4 Simulation of filtration tests

4.4.1 Filtration model

The filtration tests were analytically back-calculatedngsihe two-phase filtration model
introduced in Sectio®.2.1 The theoretical filtration rate was back-calculated fdfedent
initial water contents. Rearranging Equatich5j and differentiation with respect t’t

gives
dL, 2k e 1 .
- < f)( “f)a. (4.7)
dv/t Yw €g — Cfc
The filtration model requires the permeability of the filteskke and the initial and final
void ratio of the cement grout. The initial void ratio wasel®ined directly from the water
content of the cement mix (EquatioB.(95). One representative filter cake water content
w/cpin, = 0.3 was chosen as mean value of all tests. With the corresponaiingratio

er. = 0.945 the permeabilityk;. = 7.5 x 10~®m/s was determined from Figur&.9. The
back-calculated filtration rates shown in FigdréOfit well with the test data.

It was possible to back-calculate the filtration behaviosing the two-phase filtration
model and only one set of parameters. However, the validithie approach is restricted
one-dimensional filtration.
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Chapter 4: Cement grout filtration - Laboratory tests

4.4.2 Consolidation theory

The back-calculation with Terzaghi’s consolidation the@quires two of the three parame-
ters, the consolidation coefficient, the compressibility coefficient,,, or the mean perme-
ability k,,,. The coefficient of consolidatior), was estimated frony, at50% consolidation,
assuming the consolidation curve is linear with. The theoretical solution of Terzaghi’s
consolidation theory at this point gives the time param@ter c,t5,/h? = 0.197 and there-
fore the consolidation parameter is determined with

h2

cy =0.197— . (4.8)

50
This method is a simplification of théog (¢)-method’ proposed bZasagrande and Fadum
(1940, which additionally includes the determination of aniadiaind final deformation. For
this study it was found adequate to assuime- 0 and take the last measured deformation
asdyy,. The coefficients of consolidation versus grouting pressure determined with this
method are plotted in Figure 11l The coefficient of consolidatiof), increases with increas-
ing grouting pressure, but, does not correlate to the initial water content of the grdut.
linear function ofc, and grouting pressure was hence used for all back-calonkati

c, =6.07x107% . 0 +7.79 x 107°. (4.9)

¢ wl=04
A wlc=045
+ wlc=05
O wlc=06
—— w/c=04 mean / 0
—|= = w/c=0.45 mean £ 6
— w/c=0.5 mean
— - w/c=0.6 mean
Best fit of all w/c

1x10* —

0 400 800 1200 1600
Grouting pressure [kPa]

Figure 4.11: Consolidation parameter versus grouting pressure. Best fit for all values
¢, = 6.07 x 10780 + 7.79 x 1075 with R? = 0.976.

The compressibility coefficient:, was determined with Equatior3.g), assuming full
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4.4 Simulation of filtration tests

consolidation is achieved at the end of the test and therefor

5fin
=——. 4.10
e= 2t (4.10)

The determined compression parametershould rather be considered as a parameter to
adjust the calculated deformation as opposed to the phyditfaess of the grout material
because the grout particles are initially not in contachva&ch other and volume changes
are induced by water expelled from the suspension not by cessn of the grain structure.
For different initial water contents, different deforntats are needed for complete filtration.
Therefore, rather than using the deformatiothe degree of consolidation U was applied to
compare the test results. The degree of consolidatioresethe actual and final deformation

of the sample:
)

U (4.11)

The calculated consolidation curves shown in Figufefit reasonably well with the test
results.
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Figure 4.12: Degree of consolidation U versysfor w/c = 0.4, 0.45, 0.5 and0.6 for differ-
ent grouting pressures. Back-calculation of test resuiltis Werzaghi consoli-
dation theory (red line).
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Chapter 4: Cement grout filtration - Laboratory tests

4.4.3 Modified consolidation theory

The assumption of a constant value in classical consolidation theory might not be ap-
propriate for cement grout because the material exhibigelahanges in permeability and
stiffness during the consolidation process. Both pararegbermeabilityt,, and compress-
ibility m,,, decrease with the void ratioor increasing effective stregs. Looking at Equa-
tion (3.7), ¢, could either decrease, increase or stay constant withtefestress, dependent
on which parameter changes more. It is usually assumedhbathtange of:;,, andm,
cancels each other out and thereferean be appropriately considered as a constant. This
does not apply for all materials, arduel-Naga and Pendé012 propose a modified con-
solidation approach with linear effective stress depehdenFigure4.13shows the degree
of consolidation/ = §/;, of a typical filtration test compared to consolidation cisrier
different values of:,. The consolidation curve of the filtration test passes thnadifferent
Terzaghian consolidation curves and shows thahanges gradually with degree of consol-
idationU and therefore with effective stress
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1r o - T R e -
//7 /:’E::::"'
osl Lol T 7T = = = testresult
PPN SR linear cv
Yavand ;‘/ R o 2
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Figure 4.13: Consolidation curve of filtration test in compan to back-calculation with
constant, and effective stress dependen{c, ;,; = 2.5 x 107%; ¢, i, = 8.0 X
1079).

A linear interpolation between the initial, ;,; and finalc, ;,, consolidation coefficient
was used to back-calculate filtration tests:

Cy = Cyini + (Cv,fin - Cv,ini)U~ (412)

The filtration tests were back-calculated using the finifeedince method. The sample
height was divided into 30 elements and for each time stegdhsolidation coefficient,

48



4.4 Simulation of filtration tests

was updated in each element. The result of this back-caionlés shown in Figuret.13
(solid line). Although the modified consolidation approae®ms to characterise the single
filtration test better than the classical Terzahgi conswiah theory, it was not possible to
find a general correlation @f,, grouting pressure and initial water content.

4.4.4 Estimation of filter cake thickness

To estimate the filer cake thickness during filtration, bogotries, two-phase filtration and
consolidation can be used. The two-phase filtration modelrass a distinct border between
filter cake and grout. Therefore, for any tibeforet;;, the cake thickness can be directly
calculated with Equatior(5).

In contrast, classical consolidation theory does not dreefilter cake thickness directly.
It assumes that the whole sample consolidates gradualiptiwie and no distinction is made
between fresh grout and filter cake. However, the border datviilter cake material and
grout can be assigned to a specific void ratio, at which stadri¢act between the grains is
assumed. The filter cake thickness can then be related tetre@of consolidatiot;;;, at
the timet ;;;; where the filter cake material reaches the top of the sampl@are pressures
start to decrease. The degree of consolidatign, shown in Figuret.14 ranged fron.75
to 0.95, which corresponds to void ratios betwe®f8 and1.13. Theoretically, the degree
of consolidation at;;, depends on the initial water content of the grout and thetgrgu
pressure.w/c;,; defines the amount of expelled water, and therefore defawmateded
to reach a certain mean water content in the sample. Thedégebuting pressure defines
how much the filter cake consolidates. Despite this, no Bagmit correlation between initial
water content, grouting pressure dnavas found in Figuré.14 This could be due to larger
variations of the test results instead of parameter cdioels If all tests result in a final
water content 00.29 and a mean water content at the filtration timewgt:r;;, = 0.32, Uy
values would bé.75, 0.83, 0.87 and0.91 for initial water contents of.4, 0.45, 0.5 and0.6
respectively. Back-calculations with these values cpad to the range of the test results,
even though the varying compression of filter cake at diffegeouting pressures is not taken
into account.

4.4.5 Comparison of filtration and consolidation theory

Both models can be used to back-calculate the filtratiors.teé#thile the filtration model
is designed to describe filtration of solid particles fromuapgension, consolidation theory
considers the expulsion of water from a solid. The used watetents of the cement grouts
range between the liquid and plastic consistency limit arttiis case the two models repre-
sent an upper and lower limit to describe the filtration pssce

Required parameters for the filtration model are the ingtrad final water contents and the
permeability of the filter cake. The filter cake material ditsia void ratio dependent perme-
ability k. betweer8.81 x 10~®m/s and1.97 x 10~ "m/s. The values calculated on the basis
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Figure 4.14: Degree of consolidatiéhat filtration timet ;.

of filtration theory comply well with the directly measuredlues, which confirms that the
filtration model is applicable. The filtration rate was baekeulated for all tested grouts and
pressures, assuming a general final void ratie;of= 0.95 and a corresponding permeabil-
ity ky. = 7.5 x 10~® m/s. The consolidation model requires the consolidation ciefiic,
and compressibilityn, of the material. The compressibility,, can be determined from the
strain required to achieve the final water content and théexpgrouting pressure. Values
for ¢, ranged fronm6.86 x 107¢ m?/st0 1.33 x 10~* m?/s, based on Terzaghi's consolida-
tion theory. The mean values of all tests can be describddaninear function betwee,
and grouting pressure. With this correlation, tests coa@ddck-calculated. To determine
the filtration point, it is proposed to use the degree of cbdaton U. By assuming a final
water contentv/cy;, = 0.29, a mean water content at the filtration timécy;;, = 0.32 was
found as maximum value to set limits to the determibedalues. The calculation parame-
ters for both models depend on the final water content of ttex ihke material which was
found to vary betweef.25 and0.35. No correlation betweew/c;, and grouting pressure
could be identified. Therefore, it was not possible to deteenthe void ratio at which the
grout actually acts like a solid and deformation is stregseddent. It seems that the scat-
ter of test results exceed the influence of grouting pressnidenitial water content for the
range of water contents and grouting pressures of this sttigre no correlations could be
identified, mean values of all tests were taken for backutalon of test results, which gave
reasonable results. These parameters might not be agplfocalwvater contents and grouting
pressures outside the test range. The filtration model albwstraight-forward determina-
tion of the filter cake thickness with time, but for an invgation of the filtration process
in borehole geometry the use of consolidation theory coeldavourable, as it is already
implemented in common geotechnical FEM software. Whengusomsolidation theory it is
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4.5 Mechanical properties of fresh cement grout filtrate

not straight-forward to define the filtration time, espdgiak calculated deformations are in-
accurate in the final part of the curve. However, a rough egton of the minimum filtration
time is possible.

4.5 Mechanical properties of fresh cement grout filtrate

4.5.1 Soil mechanical tests on filter cake material

The filter cake material was tested with various soil medatanests, to determine mechan-
ical properties. The samples were taken directly afteafilbn and the tests were completed
before setting was observed in reference probes of theenefiltand filtered grout.

Unconfined compression test

Before triaxial tests and oedometer tests were conducb@te samples were loaded in un-
confined compression to gain a first insight into failure na@gtms and shear strength of the
material. During unconfined compression tests the sampdelaealed with a constant rate
of strain until failure occurred.

Split-ring oedometer

The oedometer stiffness,.; and Poisson’s ratio of the cement grout filtrate were deter-
mined with confined uniaxial compression tests carried ot split-ring oedometer. This
device is similar to a conventional oedometer, besidesatiditionally horizontal stresses
are determined from deformation measurements at threéspoiound the diameter at centre
hight of the oedometer ring. Thus, the earth pressure csffi&, and the Poisson’s ratio
can be investigated in addition to stiffness and consabdairoperties. The oedometer ring
is splitted into three sections which can be opened to boikl20 mm heigh sample with a
54.5 mm diameter.

Samples of the cement grout filtrate were extracted from linatfon device directly after
filtration was completed. The diameter of the filtration greemplies with the oedometer
ring and no cutting of the sample diameter was necessaryer &fitraction, one edge of
the sample is cut straight and placed on the bottom plateeob&dlometer. The three ring
sections are clamped together to gain contact to the sarpkeupper edge is then cut, a
porous block and the top loading cap are placed on top andathpls is brought in contact
with the load cell.

For each set of parameters at least one oedometer test wiesl cart (22 in total). The
samples were loaded with constant strain rates between 8.88d / h (CRS-test).
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Chapter 4: Cement grout filtration - Laboratory tests

Drained triaxial tests

The shear strength of the filter cake material was determmtddrained triaxial tests on
6 samples from the second test series. The first filtrationseses found no significant
influence of the initial water content of the cement grout #v&lgrouting pressure on the
properties of the filter cake. It was therefore considerga@priate to carry out triaxial tests
with material with only an initial water content of 0.4 anagting pressure of 500 kPa. The
samples were built in directly after filtration was comptetéfter isotropic consolidation to
50, 75 or 100 kPa, a constant strain rat8%f/ h was applied until a minimum strain 0%
was reached.

4.5.2 Soil mechanical properties of uncured cement grdate

Material behaviour during failure

The samples loaded in unconfined compression showed bntterial behaviour during
failure. The load/deformation curve was almost linearlwudden failure where diagonal
failure patterns developed through the sample (Figuté).

This shear plane failure pattern was also observed in masgialtests. However, a barrel
shaped failure pattern and soft areas were also detected.

PJI
67 kg

41kg

42 55 6g OImm]

(a) 165 kPa (41 kg) (b) 265 kPa (67 kg) (c) Load/deformation curves.

Figure 4.15: Unconfined compression test results.

Oedometer ModulusE,.,

The constrained stiffness or oedometer modulyls was determined from stress/strain in-

crements during oedometer tests:
Ao’
Epqg=—"2. 4.13
d Aeg, ( )
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(a) Diagonal shear plane. (b) Barrel shape, soft centréc) Shear plane with soft region at
region. bottom.

Figure 4.16: Failure patterns observed during triaxiaktes

The test results showed a clear stress dependency of ttmessfE,.; was expressed with
the power function

/

Eoed = Eoed,ref < O_O-Uf > . (4 14)

This formulation is usually used to describe soils and thmoarnt m varies with the soil
type. Usually, m ranges from 0.3 to 0.7 for gravel, sand, ars® silt, while a linear stress
dependency is observed for normally consolidated clay ( ATonstant stiffness is often
assumed for overconsolidated clay (m = 0). The oedometeulnelsus vertical effective
stress are presented in Figurd 7 for cement grout filtrates produced at different grouting
pressuresk,., increases with vertical stress level and using Equatdohdf an exponent m
= 0.75 fits well with the test data at primary loading. The refee stiffness’,.q,., at a
reference stress,..; = 100k Pa ranges from 10 to 13.5 MPa (shaded area). Similar to over-
consolidated clay, at vertical stresses below groutingqanee, oedometer moduli are higher
than for primary loading, but return to the primary loadingrch at stresses above grouting
pressure levels. The oedometer stiffness on the primadirigébranch seems independent
on the level of grouting pressure and initial cement groueweontent.

Young’s Modulus Eq

The Young’s ModuliEs, were determined from triaxial tests at different cell ptegso,
with

By = 222 (4.15)
€v,50

wheregs, is 50% of the maximum deviatoric stress angk, the corresponding strain.
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Figure 4.17: Oedometer modulbj,.4 at primary loading, for cement grout filtrates of differ-
ent grouting pressures. Range of primary loading brancha§tests indicated

by shaded area.

Equivalent oedometer moduli,., ., were calculated fronk’s, with

Eoed,eq = E50

1—-v
(1-2v)(1+v)’

(4.16)

assuming a Poisson’s ratio= 0.24 as determined from split-ring oedometer tests (see fol-
lowing section). Results are presented in Tab The equivalent oedometer moduli deter-
mined from triaxial tests are similar to the oedometer testits for stresses below grouting
pressure: they are slightly higher than the stiffness abhary loading and show some pre-
consolidation due to the grouting process.

Table 4.2: Stiffness moduli from triaxial tests.

Test Name Filtration pressure Cell presstite Esg  Eoed,eq
kPa kPa MPa MPa
2-3-1 500 50 19.8
2-4-1 500 100 179 21.1
2-4-2 500 50 15.2 17.9
2-5-1 500 75 21.8 25.7
2-5-2 500 75 21.8 25.7
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4.5 Mechanical properties of fresh cement grout filtrate

Poisson’s ratio
The Poisson’s ratio was determined from split-ring oed@migists, using stress increments:
JAYo
V= —7—"r
Aok + Aoy’
whereg] ando; are the maximum and minimum principal stresses. Resultepted in

Figure4.18show a considerable variance during the tests, but a value-08.24 as mean
value throughout all tests could be estimated as reasonakie.

(4.17)

04
Test name | pressure
2-045 2 bar

5 . © 11-040 2 bar
ST ° 19-060 2 bar
SR . - + 17-050 2 bar
03 - oot oo, - ad r 2-6-1 5bar
: . - 4-045 5 bar

6-045 5 bar
7-060 5 bar
9-050 5 bar

< 14-040 5 bar
5-045 10 bar
8-060 10 bar
10-050 10 bar
i i . ’ + |- 12-050 15 bar
il * |+ 13-045 15 bar

N . |> 16-060 15 bar
0.1 ‘ \ \ \ \ - 18-040 15 bar
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Vertical strain [-]
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O
o

Figure 4.18: Poisson’s ratioof cement grout filtrate.

Shear strength

The shear strength of the fresh cement grout filtrate wagsrdated from drained triaxial
tests with isotropic consolidation. As shown in Figdrd9 a Mohr-Coulomb failure line
with a friction angley = 38 and cohesion ¢ = 30 kPa was determined from the maximum
shear stress.
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Figure 4.19: Drained triaxial test with isotropic consaliidn. Test results and typical failure
pattern.

4.6 Chapter summary

In a series of laboratory tests the filtration behaviour @hert grout was investigated. With
increasing pressure the rate of filter cake build-up in@é@atie to higher pressure gradients
in the sample. However, the initial water content correlategatively with the filtration
time, as more water has to be expelled. The filter cakes vtimdacreased with increasing
filtration pressure, as was to be expected for granular maéerFor pressures above 500
kPa, the variation of test results was too large to confirmtit@nd. Interestingly, the initial
water content of the cement grout influenced the void ratit permeability of the filter
cake. This effect was initially referred to the test setdug, another explanation is a higher
agglomeration of cement particles occurring during mixiag grouts with higher initial
water contents. The agglomeration of grains leads to laffective grain sizes and in turn
to a higher porosity and therefore permeability.

It was found that in the test range the influence of calcutgb@rameters, such as grouting
pressure and initial water content, on the filtration andsotidation behaviour of the cement
grout was small compared to the variation of test resulterdfore, no general correlations
between all parameters could be determined. However, érigh grouting pressure has
little influence on filter cake properties, the value of gnogtpressure could still affect the
stress state and conditions of the surrounding soil.
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During filtration tests with sand filter, it was observed tbaient particles did not infil-
trate the sand. Empirical methods to estimate groutalmlitfilter stability by comparing
grain size fractions confirm a negligible small amount ohdead Portland cement infil-
tration. Furthermore, the sand filter does not influence flratfon behaviour of cement
grout, due to its high permeability. As no infiltration of cemt particles into the sand takes
place, this high permeability is maintained and during grauin sand free drainage can be
assumed.

It was found that the cement filter cake behaves as granul@rialeand can be described
in terms of soil mechanical properties. An internal frictip of 38° and a cohesion af =
30 kPa was detected from triaxial tests. The stiffness for primaagling could be described
by a stress dependent power function with an exponent m =véhiéh lies between values
common for clay (m = 1.0) and sand (m = 0.5). For stress stakesvbgrouting pressure
a slightly higher stiffness was found due to the pre-condstion of the material during to
grouting.

The material properties were determined for fully consaiked material. In-situ filter cake
material could exhibit lower strength and stiffness prdipsr if it was not pressurised long
enough for full consolidation.

A distinct phase change of the grout from liquid to plasticwhaserved at a water content
roughly around 38 %. The filtration process is a combinatidiitcation and consolidation.
In a first phase water is expelled from the liquid grout ungéilent particles contact each
other and a solid filter cake is created. This filter cake nt&nansfers effective stresses
and due to the applied pressure consolidates further.

Both models, the two-phase filtration model and consolitatheory could be used to
back-calculate the filtration tests and roughly estimaterfitake thickness with time. The
two-phase filtration model is based on a clear distinctidwben grout and filter cake, while
in the consolidation approach the expulsion of water is @aged with the dissipation of
excess pore pressure which happens gradually. While in Ithetibn approach the pore
pressures on top would theoretically stay constant ungilgiston reaches the filter cake,
they decrease gradually from the beginning when using tinsaimlation approach. The
processes taking place during filtration of cement groutedrout to be a combination of
filtration and consolidation processes, and thereforevibeoasic models represent an upper
and lower limit. The variation of test results was highemtlize influence of grouting pres-
sure and initial water content and therefore calculatiorampeters were determined from
mean values of all tests. One set of parametefs£ 7.5 x 10°® m/s andw/cs. = 0.3)
gives reasonable results for the back-calculation witHfittration model. For the consoli-
dation model the coefficient of consolidationhad to be adjusted to the grouting pressure.
The results of all tests are very close to each other and tbalation parameters for both
models are sufficient to roughly estimate the filtration tiimethe presented filtration tests.
However, it seems that the filtration approach describesetsteresults slightly more accu-
rate. And even though using consolidation theory would be/epient since it is readily
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available in common finite element programs for geotectaigglications, it is less suitable
for more general cases where the grouting pressure charnipetsnae. Here, the calculation
parameters for consolidation theory need to be adjustedet@itouting pressure, whereas
one general set of parameters is sufficient filtration apgroa
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Chapter 5

Installation effects - Field measurements

5.1 Introduction

This chapter presents in-situ measurements of three test sihich were conducted to gain
a better understanding of the processes taking place dgrmging of ground anchors in

non-cohesive soils. Pressure levels were therefore meghsuithin the grout and the sur-
rounding soil during and after anchor installation. It wamed to investigate the proportion
of the grouting pressure acting as effective stresses osdhealuring grouting and how

stresses develop after grouting pressure is releasedsupedgvels within the grout were
measured with customised pressure sensors attached tocth@r daendon. To investigate the
effect of grouting on the adjacent soil, flat dilatometer (DMand cone penetration (CPT)
soundings were carried out close to the grouted length. thwaidilly, pore water pressures
were measured during installation of nearby anchors. Ad#dtest sites are located in dif-
ferent parts of Germany and provided similar ground coadgiwhere the grout bodies of
the anchors were installed in sands.

5.2 Test sites and test programme

5.2.1 Testsite DOrverden

In Dérverden, vertical micropiles were used as uplift cohtor a ship-lock excavation pit.
During grouting of two piles, pressure measurements weéentaside the borehole. The
vertical tension piles are approximately 18.15 m long, With m grout body diameter. The
planned grout body length was 14.65 m, ranging from 15.99t6 8 below ground level.
At the time of pile installation the excavation depth of thewas 13.4 m below ground
level and the water level in the pit approximately 0.65 m begwound level. Drilling and
grouting was performed from a floating platform.
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Site description

The soil investigation reportSchwab 2008 identifies following soil layering in the ship
lock area: First, an approximately 7 m thick fill of clayeytsiwith some thin sand inter-
layers. Below this layer, two sand layers were found, which @artly separated by an
intermediate silty gravelly layer. In both sand layers coalusions were found with a
thickness of several cm. The ‘Upper Sands’ layer, extenftmm approximately 7 to 15 m
below surface, consists of medium sands, partly with finee@diom gravel fractions. In this
layer two gravelly areas were detected. An ‘Intermediatgel’awith varying fractions of
silty clay and gravelly sands separates the two sand laletise region relevant for the test
piles this layer is 1 - 2 m thick. Below extends a further sayet (‘Lower Sands’) which is
the relevant layer in which the micropile grout bodies amated. The ‘Lower Sands’ layer
consists of narrow graded, fine sands, with a medium santidna(5.1). The sand grains
have a round-edged, compact shape. CPT soundings showet lvigry high tip resistance
from 12 to 50 MPa. Soil parameters for the described soilrlkagee presented in Tabiel

Table 5.1: Soil properties at the test site in Dérverden.

Layer Fill Upper Sands Interm. Layer| Lower Sands
Thickness [m] 0-7 5-15 0-5 >25
Wet density 7 [KN/m?] 19 18 18 18
Buoyant density | 7/ [KN/m?] 10.5 11 10.5 10.5
Permeability k[m/s] |5x107¢| 1x107* 1x1078 5x 1074
Undrained Ouk [°] 0 — 0 —
friction angle

Undrained cu,k [KPa] 40 — 100 —
cohesion

Effective o' [°] 22.5 35 25 37.5-40
friction angle

Effective cohesion | ¢ [kPa] 7.5 0 20 0

Micropile installation

The installation process of micropiles used in Dorverdegeastical to installation of grouted
ground anchors except that the fixed anchor length is notraegafrom the free anchor
length by flushing. With a water level of 12.75 m above buidpit bottom, the drill-rig

was placed on a swimming platform to install the piles. Ttstahation process is illustrated
in Table5.2 and Figure5.10 The borehole was drilled using duplex drilling with intatn
flushing. After drilling, the inner drill rods were withdraawhile the outer casing was
left to support the borehole walls. The borehole was theadfilvith cement grout and
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CLAY SILT GRAVEL
100 Fine Medium Coarse ine ediu ine Medium

=)
=3

o
S

Percent finer by weight

I
0.001 0.01 0.1 10 100

Grain diameter [mm]

Figure 5.1: Grain size distribution of the ‘Lower Sands’dayn Dérverden.

the GEWI steel rod was build in. For the grout, blast-furnaement (Holcim-Duo 4 N
Hochofenzement CEM III/A 42,5 N) was used with w/c = 0.5. Thstfcasing section of 3
m was withdrawn and after applying the grouting cap, growt pamped into the borehole
with a pressure of up to 30 bar (measured at the cement punfigr. &pressure of 30 bar
was reached at the pump grouting was stopped and the nexirset8 m withdrawn and
grouted. This procedure was repeated until 5 sections of 3me withdrawn and a length
of 15 m was grouted. Measurements were taken during grquwtingn the grouting cap was
attached to the drill casing.

5.2.2 Test site Venhaus

In preparation of a reconstruction project of the ship lognNaus, a trial sheet-pile wall
excavation pit with nine trial anchors was build on-siteesaure measurements inside the
borehole were conducted during grouting of three anchordditonally, stress changes
in the soil next to the grout body were recorded during grautf three anchors, using
stationary flat dilatometer tests (DMTA). Also standarchtbimeter tests were carried out
next to two anchors, before and after anchor installatidre &nchors in Venhaus are 19.5 m
long, with nine strands. The drill casing diameter was 133 mheadrill bit 141 mm, what is
assumed as grout body diameter. The grouting length of ildeatnchors varied in order to
investigate the grout body length influence. Six anchorewéanned with a grouted length
of 5 m, three of these anchors were flushed to create a claaratiien between anchor body
and free anchor length, while the other three were not fluskled three remaining anchors
were planned with a grouted length of 9 m and flushing. The dgeaof the anchors is 35

Site description

In the soil investigation reportAltenhdéfer, 2013 following soil layering and parameters
were identified in the area of the anchor tests: The first 2 to I3etow ground level are
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Table 5.2: Description of micropile installation proces€idrverden.

Position from micropile end

Process description

Duplex drilling

Withdrawal of inner drill rods

Filling borehole with cement suspensig

n

Install GEWI steel bar

Step

@

@

©

@

® 0-3m Withdrawal of 1st drill casing section
® 0-3m Grouting

@ 3-6m Withdrawal of 2nd drill casing section
0-6 m Grouting

@ 6-9m Withdrawal of 3rd drill casing section
0-9m Grouting

@ 9-12m Withdrawal of 4th drill casing section
0-12m Grouting

@ 12-15m Withdrawal of 5th drill casing section
0-15m Grouting

a2

Removal of remaining sections
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backfill materials consisting of sands, partly with orgaand gravel fractions. Below this
layer lies a narrow graded, medium to fine sand layer with omadio dense packing, in
which the grout bodies of all anchors are located. The giaadistribution of the relevant
sand layer is presented in Figls&. In the sand layer, isolated, small gravelly or silty sand
lenses were found. The layer reaches to a depth of around Jaw ground. Below lies

a transition zone of slightly plastic, sandy clay with inéagy thickness between 0 to 1.4
m, followed by marly claystone with varying degrees of deposition. The groundwater
level was found approximately 3 m below ground level. Sodgarties are given in Table
5.3 While for the fill only estimated values are given, the valfar the other layers were
determined from CPT correlations and geotechnical assgsmsoil samples.

Table 5.3: Soil properties at the test site in Venhaus.

Layer Fill Medium Sandy Clay Marly
Sands Claystone

Thickness [m] 2-3 12-13 0-1.4 -

Wet density v [KN/m?] 18 18 21 23

Buoyant density | 7/ [kN/m?] 10 10 11 13

Permeability k [m/s] - 1x1074 = | 1x10719— | 1x1072 —

1x 1073 1x107° 5x 1076

Effective o' [°] 30 35 25 25

friction angle

Effective cohesion | ¢’ [kPa] 0 0 5 20

CLAY Fi MSIdI'_T C Fi 3AdND C Fi Gh’}ﬁVEL C
100 / /// —_—
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Figure 5.2: Grain size distribution of the sand layer in @

Anchor installation

The anchor installation process in Venhaus is illustratedable5.4. It was similar to
micropile installation in Dorverden, except different hncdimensions and inclination. For
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the grout standard Portland cement (CEM | 42,5 R) was usduwdit = 0.45. The borehole
was drilled using duplex drilling with auger. After drillgito the desired depth, the inner drill
rods were withdrawn and the outer casing left to support tnetimle walls. The tendon was
installed in the borehole which was then filled to 50 % with eatrgrout. It was found that
the cement grout filtered very fast in the given soil condisicso that the first 2.5 m of casing
were withdrawn without pressurising the grout. In one cpsessure was applied in the first
meters which led to a blockage of the tendon inside the da#ing. When the casing was
withdrawn, the tendon was pulled out of the borehole. This @sgplained by the filtration
of cement grout inside the drill-casing, building a blockdgtween tendon and drill-casing.
After removing the first 2.5 m of drill-casing, the boreholasifilled with grout completely
and grouting pressure up to 10 bar was applied to the grouéte next casing section of
1.5 m was withdrawn. Just before the full length of a sectias withdrawn and removed,
the pressure was released. This procedure was repeateds; tintil the full length of 9 m
was grouted. Then, the borehole was flushed and benotnitéliedsinto the borehole to
support the soil before the remaining casing sections vesmeved.

Table 5.4: Description of anchor installation process inhéus.

Step| Position from distal | Process description
anchor end
D Duplex drilling
@ Withdrawal of inner drill rods
3 Installing anchor into borehole
@ Filling borehole to 50 % with cement suspension
G 0-25m Withdrawal and removal of drill casing section 1 and 2
(® Filling borehole to 100 % with cement suspension
@) 25-40m Grouting while 1.5 m of casing is withdrawn
Removal of 3rd casing section
9 40-55m Grouting while 1.5 m of casing is withdrawn
ao Removal of 4th casing section
(@) 55-7.0m Grouting while 1.5 m of casing is withdrawn
a2 Removal of 5th casing section
a3 7.0-85m Grouting while 1.5 m of casing is withdrawn
a2 Removal of 6th casing section
as 85-ca.9.5m Grouting while 1 m of casing is withdrawn
as 10.0 m Flushing of free anchor length and filling with bentonite
ar Removal of remaining sections
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5.2.3 Test site Horstwalde

On the test site in Horstwalde, grouted anchors were used towvn a test apparatus for
loading piles. At this site, pressures were measured witterborehole during grouting of
five anchors. Additionally, the effect of grouting on thersunding soil was investigated
with pore pressure measurements, stationary dilatormestes {DMTA) and CPT soundings.
The anchors in Horstwalde are 19.5 m long with a 6 m long grodtyb The boreholes
were drilled with an inclination of 10 using external flushing. The outer diameter of the

drill casing was 133 mm, but the actual anchor diameter cbeldarger due to external
flushing.

Site description

In Horstwalde, the soil investigation was conducted up tetld of 25 m Bergholz 2011).
Below a 0.5 to 1 m thick humus layer, medium sands were foundiwivere divided into
three main layers: ‘Upper Sands’, ‘Intermediate Sandsd ‘&ower Sands’. The Upper
Sands reach until 8 to 9 m below ground level and consist o$elefine to medium sand
with a small coarse fraction. Within this layer a thin layérsandy, clayey silt was found
at a depth of 6 m below ground level. From 8 to 9 m below grourdtitermediate Sands
consisting of medium sands with less fines content extendsepth of 16 to 17 m. CPT
soundings show a significantly lower resistance in thisidyan in the Upper Sands. Below
16 to 17 m until the investigation depth of 25 m, the Lower Samdedium sands with more
coarse fractions were found. Varying CPT tip resistancénis layer shows the existence
of gravel in some places, which was also detected during agnpThe grout bodies of
the anchors are mainly located in the Intermediate Sand kye lie partly in the Lower
Sands. The general groundwater level was found betweero B5t below ground level,
during the test period the groundwater level was determometsvo days with 1.6 and 1.9 m
below ground level. Determined soil properties from the swmiestigation programme are
presented in Tablg.5.

Table 5.5: Soil properties at the test site in Horstwalde.

Layer Upper Sands Intermediate Lower Sands
Sands
From depth | [m from GL] 05-1 8-9 16-17
To depth [m from GL] 8-9 16-17 -
Wet density v [kN/m?3] 18 16.5 17.5
Buoyant density] ~' [KN/m?] 10.5 9 10
Permeability k [m/s] 9x 1075 — 2x 1074 — 3x 1074 —
3x 1074 6 x 10~* 2x 1073
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Figure 5.3: Grain size distribution in Horstwalde: Uppen&a (red), Intermediate Sands
(blue), and Lower Sands (green).

Anchor installation

The boreholes were drilled with external flushing as illattd in Figureés.4. Flushing liquid
was a cement/water suspension with w/c = 3.3. After drillthg borehole was filled to 50%
with cement grout with w/c = 0.45. Bentonite was added to #maent in small quantities.
The borehole was filled with grout completely after the temsloere placed. Then, 1 m of
drill casing was withdrawn and the grouting process staitedile the drill casing sections
were withdrawn from the borehole, the pressure was incdelag@umping more grout into
the borehole until a pressure 5 to 8 bar was reached or thgorot@sistance of the drill
casing increased significantly. Each section of 4 m was gbaontinuously, then the pres-
sure was released and the section built out. After groutiagj@@mpleted at a length of 7 m,
water was flushed into the drill-rods to create a defined fixexthar length.

\.\\
drilling mast

Figure 5.4: Rotary drilling with lost bit crown and externaflushing from
Ostermayer and Barlg2002).
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Table 5.6: Description of anchor installation process imdtgalde.

Removal of second casing section

Step | Position from distal end Process description

@ Rotary drilling with external flushing

@ Knocking off lost crown

® Filling borehole ta50% with cement suspensiop
@ Install anchor

® Fill borehole with cement suspension

® 1m Withdrawal of approx. 1 m casing

@ 1-4m Grouting while 3 m of casing is withdrawn
Removal of first casing section

©) 4-7m Grouting while 3 m of casing is withdrawn
a0 7-8m 1 m of casing is withdrawn

)

@2

8-19m Flushing and removal of sections

5.3 Test methods

5.3.1 Pressure measurements within the borehole

For measuring grouting pressures within the borehole duaimchor installation, measure-
ment equipment had to be customised and a certain test se&sigeveloped for each site.
It was aimed to keep the installation process as close agpots real life’ conditions and

to minimise delays and alternations due to testing. Theeefaressure sensors, cables, and
connections had to resist pressures up to 30 bar and rowsimeat during anchor instal-
lation. The sensors also had to be very small due to limitedes@vailable between the
anchors’ tendon and the casing. Depending on the drill-sgpdua way had to be found to
connect the sensors to a data logger, as the drill-rig aidcdsing build a closed system
during grouting.

At the first test site in Doérverden, an ‘off-the-shelf’ porater pressure sensor was used.
A gel pad was applied to the sensor tip to prevent cementpestblocking the water filter
and to enable the measurement of total stresses within du gfigure5.5). Due to their
size, the sensors were attached parallel to the anchorrigndib them into the drill casing.
Therefore, measurements were only taken in vertical doect

To enable pressure measurements in radial direction ofribkoa body, smaller, cus-
tomised pressure sensors were developed for the tests mavVsriFigureés.6). A very small
piezoresistive pressure transducer was attached to apédel which could be mounted
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Figure 5.5: Pore pressure sensor used for measurementsverdén. The gel pad allows
measurement of total stresses.

on the tendon. A layer of silicone compound applied in a mawidop of the transducer
protected the very thin transducer membrane against dafragesolid particles. The com-
position of the compound was chosen to be flexible enough tanflaence the readings.
Additional protection was achieved by placing a spacergbsive the sensor (Figute6q9.
At the tests site in Horstwalde, slightly more space waslabka within the borehole and
it was possible to fit two transducers into one sensor, faicimgdial and parallel direction.
This made a comparison of radial and vertical stresseslgessi

Depending on the drill-rig and grouting procedure deplogethe test sites, individual
solutions were developed to connect the sensors to a dagarlogorder to record the mea-
sured data. At the first test site in DOrverden, a groutingwagp placed on top of the drill
casing and grout was pumped into the borehole through a liasdhed to the grouting cap
(Figure5.7). After grouting of each section, the cap was removed andiiie€asing section
withdrawn and built out. For testing, a special grouting eags designed where the cables
were led outside the drill casing to connect the sensors texternal data logger. After
grouting, the cables were disconnected again and place&tkitisee casing, so that it could
be attached to the drill-rig and be withdrawn. A swimmer wigached to the cables to keep
them on the surface.

In contrast to the site in Dorverden, a continuous anchaailagion process was employed
at the sites in Venhaus and Horstwalde. Here, grout was pdimnpe the borehole through
the drill-rig while the casing sections were withdrawn. Thi#l-rig and casing built a closed
system and it was not possible to lead cables out of the casiognnect to a data logger.
Therefore, miniature data loggers were used and placedkirassteel casing together with a
9V block battery (as power supply for the sensors). The ¢oetavas attached to the tendon
and fitted into the drill casing completely (Figused). With this closed system solution, data
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7LC/O15

(b) (©)

Figure 5.6: Customised pressure sensor measuring in rdidedtion (b), attached to the
anchor (c).

Figure 5.7: Modified grouting cap used to pump grout into theehole in Dorverden.
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was recordable continuously during the whole installapoocess. The system, however,
was much more vulnerable to failure because the contaiaertbe watertight to more than
20 bar. The employed data loggers had the size of a common W&8asd could record
on four channels. Therefore, pressure was measured aitlvertical and radial direction
at two positions, or in radial direction in three positions the latter case, temperature
transducers were included into one of the sensors, and thamang channel was used to
record temperatures during anchor installation.

Figure 5.8: Casing for data logger and power supply attathée tendon.

5.3.2 Flat Dilatometer Tests (DMT and DMTA)

Flat dilatometer tests (DMT) were conducted close to thénarscgrout body to investigate
the stress changes in the surrounding soil due to grouting.

The flat dilatometer or ‘Marchetti Dilatometer’ was inilialdeveloped by S. Marchetti
to investigate the stiffness modulus E of a soil for latgrédaded driven pilesNlarchettj
1975. But it was also found useful as pressure sensing eleméet) the dilatometer test is
modified and the blade is kept at one constant position argfaleneasurements are taken
one after another over a period of time (Stationary DMTA, teseMarchetti et al(2007))

The DMT test can also be used for compaction control by comgaesults before and
after soil treatmentSchmertmanr{1988 found that the degree of compaction can be de-
tected andVarchetti et al(200]) states that the DMT is better suited for compaction control
than CPT because the increase of the dilatometer moddhis is more distinctive than
the increase of tip resistangein a CPT test.

Figure5.9ashows the flat dilatometer blade consisting of a steel blateanflat circular
membrane in one of its sides. The blade is pushed into thendr@imilar to a CPT cone) and
at testing depth the membrane is inflated and pressures asuned at different membrane
positions (Figures.9h). During a standard dilatometer test (DMT) the blade is theshed
to the next test position (usually 30 cm) and the procedurepisated. For stationary DMTA
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measurements, the blade is kept at a constant position agrika sf readings is taken one
after another over a period of time. Due to its flat shape, tlaaineter blade causes less
disruption than a CPT cone when pressed into the ground. Hawsome stress changes
still occur and in the beginning of the stationary test, ctiseafter DMT insertion, several
readings are required until the values stabilise.

The parameters gained from DMT are used in several comwakato obtain soil properties,
such as compressibility and soil behaviour classificatidhe dilatometer has been used
and calibrated for various different soil types. A comprediee description of the working
principle, the application possibilities and correlasaithe DMT is given irviarchetti et al.
(2002.

Push force provided by
penetrometer or drill

rig or other cquipmcm}@ @ @ @
/

Po P

. 1.1 mm
O

1. Dilatometer blade 4. Control box
2. Push rods (eg.: CPT) 5. Pneumatic cable
3. Pneumatic - electric cable 6. Gas tank

7. Expansion of the membrane

(a) Dilatometer blade, front and side view. (b) General layout of Dilatometer test.

Figure 5.9: Flat Dilatometer testing fromarchetti et al(20017).

Interpretation of test results

The Flat Dilatometer measures three pressures, each pongisg to a certain membrane
position. The first value (‘A-reading’) is the pressure regdo inflate the membrane to
position A, where the membrane is in line with the dilatométade. The second value (‘B-
reading’) is the pressure needed to inflate the membranerh.@utwards of the dilatometer
blade to position B. The third value (‘C-reading’) is thegsare where the membrane returns
back to position A. To avoid plastic soil deformations, itifig the membrane to position B
is omitted during stationary dilatometer tests (DMTA). Tdressureg, andp; acting on the
membrane/soil interface at position A and B are determiryecbiorecting the readings with
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correction factors for the test equipment
po=1.05(A— Zy + AA) —0.05(B — Zyy — AB) (5.1)

and
p =B —Zy—AB, (5.2)

whereA A and A B are the correction factors determined from pressuresssacgto reach
position A and B when the blade is in air contact,, is the pressure gage reading at
atmospheric pressure. The correction factors were detedrfior each DMT blade prior
each test.

During stationary DMTA tests, only A values are taken anddfare only pressure vari-
ations are determined as the B-readings are required im tydestimate absolute stresses.
Provided that the A readings have stabilised sufficienttgrahsertion of the dilatometer
blade, the chang& A represents the change of total stres&esn the soil.

For interpretation of DMT tests, two dilatometer parameterere directly determined
from py andp,: The material index

Ip = P1—Po (53)
Po — Ug
and the horizontal stress index
— U
Kp=10"" (5.4)
avO

whereu, is the assumed pre-insertion pore pressuresgpnthe assumed pre-insertion over-
burden stress. With these direct DMT parameters, furthepammeters can be determined,
using correlations for different soil types. In this stutlye coefficient of earth pressure
Ko, pyr and the friction angle’, ;- were determinedy’, ;- was estimated with

save.pur = 28° +14.6°logK p — 2.1°log> K p (5.5)

as proposed bylarchetti et al.(2001). It is stated that the correlation is not as precise
as correlations using additional CPT data, but gives a goaed bound value. This is
reasonable, because it is looked for relative changes oksabefore and after grouting
rather than for precise soil parameters.

Due to the stress change during insertion of the dilatonig#sete, the horizontal stress
index K, differs from the in-situ coefficient of earth pressufg ). Various correlations
are available to determing, p from K in clays, but for sand#(, also depends on the
friction angley and relative density,., and thereford(,- K, correlations are not applicable
(Marchetti et al.2007). For the interpretation of the test result&@a — K — ¢ correlation
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was adapted frorchmertmanif1983, usingysq.., parr €stimated wittb.5:

~ 40+423Kp — 86K p(1 — sing) + 152(1 — sing) — 7T17(1 — sing)?

K,
0 192 — 717(1 — sing)

(5.6)

For comparison also&y — K p — q. correlation was used as recommended/aychetti et al.
(2002:

Ky =0.376 4+ 0.095Kp — 0.002 qfo , (5.7)
UU
whereg. is the tip resistance from a CPT test in the same soil. Althaugs difficult to
determineK, pyr in sands,Marchetti et al.(2001) state that theK, pyr profile can be

estimated appropriately, even though gy r—Vvalues might not be correct.

5.4 Field test results

5.4.1 Measurements in DOrverden

Test set-up

In Dorverden two micropiles were instrumented with threesgure sensors each. The pres-
sure sensors described in Sect®f.1were attached to the GEWI steel bars at distances
of 1, 7, and 13 m from the distal end of the anchor, with the meag membrane facing
downwards. The sensors were connected to a data loggegthcables. These led to a data
logger through a special grouting cap which had to be reméwedithdrawal of the casing
sections. Therefore, measurements were only taken durogigg but were interrupted
during withdrawal and removing of the drill sections. Me&snents were taken after the
anchor was placed into the borehole, during each groutamesand when installation was
completed. The micropiles were grouted in 5 stages of 3 nliussrated in Figuré.10

Pressures measured inside the borehole

The measured total stresses during grouting of the two pile®GEWI1 and GEWI2 are
presented in FigurB.11land Figures.12respectively. They are compared to the theoretical
hydrostatic suspension pressure (green lines) and to pessyres (blue lines), which were
calculated from suspension weight and groundwater levike rEference time starts with
the mixing of the cement grout, although during grouting leé anchors new grout was
mixed consistently. Grouting of each section took less th&minutes. After grouting of
one section the measurements had to be interrupted forapately 20 minutes, when the
section was built out.

The first measurement was taken directly after filling theshote with grout and placing
the pile into the borehole and the pressures were consistinthe theoretical suspension
pressure at all positions. But 30 to 60 minutes after fillihg grout into the borehole,

73



Chapter 5: Installation effects - Field measurements

Start P1 P2 P3 P4 P5 End
S3
S2
S1
L 5 L L
Figure 5.10: Installation of a grouted micropile in 5 grogtisteps.
(a) Top sensor S3, 13 m from distal anchor end.
25 7 Start P5
=20 —
g
2157
219 7]
& 5
0 T T 1
0: 04 0: 05 1: 01 1:0 1:2 1 28 1 45 1:46 2 04 2: 05 2:22 2:23
(b) Middle sensor S2, 7 m from distal anchor end.
25 7 Start P4 P5
T 20 —
g7
215 7
210 —
219 7
& 5
0 \ 1 ‘ \ o \ ‘ ]
0:04 0: 05 1: 01 1:02 1:27 1: 28 1 45 1:46 2:04 2:05 2:22 2:23
(c) Bottom sensor S1, 1 m from distal anchor end.
25 —
5 20 — —— Pressure measurement
= 15 | —— Pore pressure (GW)
g i Theoretical hydrostatic
210 ] suspension pressure
&) 5 e —_—r—
0 T T 1 [ T T ! f I T 1 [ T T ! [ T T v T T 1

0:04 0:05 1:01 1:02 1:27 1:28 1:45 1:46 2:04 2:05 2:22 2:23
Reaction time [hh:mm]

Figure 5.11: Pressure measured inside the borehole dunstajlation of micropile GEWI1
in Dorverden.
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(a) Top sensor S3, 13 m from distal anchor end.
25

] Start P1 P1 P2 P3 P4 P5
=20 —|
8 |
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210 —|
8 |
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\ \ \ \ T | T | I T T | T T |
0:01 0:02 0:31 0:34 0:57 0:58 1:11 1:12 1:27 1:28 1:46 1:47
(b) Middle sensor 82, 7 m from distal anchor end.
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215 7
210 —|
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0:01 0:02 0:31 0: 34 0: 57 0:58 1:1 1: 12 1: 27 1:28 1:46 1:47
(c) Bottom sensor S1, 1 m from distal anchor end.
27 start P1 P1 P2 P3 P4 P5
520 — —— Pressure measurement
= 15 ] —— Pore pressure (GW)
g - ____ Theoretical hydrostatic
§ 10 -] suspension pressure
2
T T T I 1 T T ] I T T |
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Figure 5.12: Pressure measured inside the borehole dunstalation of micropile GEWI2
in Dorverden.
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the pressures at the borehole bottom (position S1) had eeldaimost to groundwater pore
pressure at both anchors, while the full suspension presgas measured at in the centre
and top positions (S2 and S3).

In the first grouting stage (P1), where the first 3 m of casingewathdrawn, the bottom
sensor S1 was located in the grouting area (direct contaselea grout and soil), whereas
S2 and S3 were still located within the borehole casing. mugrouting, S1 showed only
marginal stress increase, but both sensors inside thegoasasured full grouting pressure.
After grouting, pressures reduced to suspension pressus@ iand S3, while they fell to
groundwater pore pressure level at S1. During the secondiggostage (P2), full grouting
pressure was measured at S2 and S3, but S1 stayed unaffextethfs point onward. In
(P3), where the drill casing was pulled above the middle @enise stresses at middle and
top position started to diverge. At grouting stage P3 shgdifferent observations were
made for GEWI1 and GEWI2. At GEWI1 (Figufe1]) the pressures measured at sensor
S2 increased only 2.5 bar, then shortly dropped to grouretwatvel and increased again
to a level just below suspension pressure. At GEWI2 (Figui€) the pressures at S2 had
reduced to groundwater level during removal of the thirdisac During grouting, pressures
increased some seconds delayed but reached a value shgitigr than S3. After grouting
they dropped to a value just below suspension pressure I&&Imeasured full grouting
pressure at both piles which reduced to suspension preafteregrouting. In stage (P4)
only a fraction of the grouting pressure (10-15 bar) was megbat the top sensor and in
the last stage (P5), where the free grouting area reacheth&3ensor barely showed a
hint of stress increase. At GEWI1 pressures even drop dovgnaondwater level during
grouting. Pressures measured directly after grouting yustebelow suspension pressure at
top and middle position (S2 and S3) and at groundwater passpre level at the bottom
(S1).

Long-term measurements of both anchors are presented umefigl3 At GEWI1 the
pressures decreased slightly in the first hours but stactédctease significantly 8 to 12
hours after grout mixing. In contrast, at GEWI2 pressuraged at a constant level during
the measurement time of 16 hours.

Interpretation of test results in Dérverden

The hydrostatic pressure distribution of the measured sttasses inside the borehole di-
rectly after the grout was filled into the borehole shows thatgrout initially acts as liquid.
During grouting, sensors lying inside the casing showeddstdtical stress distribution with
the full grouting pressure, while pressures where almoatfected by the grouting process
outside the casing, where the grout was directly in contattt the soil. In this region, the
measured stresses ranged between suspension and porpnesseires. This indicates that
in regions where water can be drained from the grout, thetdreliaviour changes as soon
as it filtrates. The cement grains start to contact each atiéthe liquid grout transforms
into a friction material and effective stresses are transfethrough grain contact. The stress
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(a) Top sensor S3, 13 m from distal anchor end.
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(b) Middle sensor S2, 7 m from distal anchor end.
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(c) Bottom sensor S1, 1 m from distal anchor end.
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Figure 5.13: Long-term measurements of pressures inselbdhehole after installation of
micropiles GEWI1 and GEWI2 in Ddrverden.

Figure 5.14: Drill casing after grouting in Dorverden.
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distribution is not hydrostatically any more. After grangi stiff, clay-like grout filter cake
was found sticking inside the drill casing (see Figbré4). This confirms, that filtration
takes place and transforms the grout into a plastic/soliteriad, as it was previously ob-
served in laboratory tests. Measurements before groubioged that the grout inside the
casing already thickened in the bottom part of the borehaéetd sedimentation or filtration
through the borehole bottom. Pressures measured one matetHe borehole bottom had
reduced significantly 30 minutes after filling the boreholéwgrout, and did not represent
hydrostatic stress distribution any more. After groutihg tull pile length, pressures inside
the borehole were even below the theoretical suspensicsyme

These findings were surprising and question the benefit afto if the stresses after
grouting are lower than before. Experience however sholWwatthe anchor capacity is
increased due to pressure grouting presumably due to &3 sticrease.

But possibly the stress increase due to grouting only odnueslial direction and was not
captured because only vertical stresses were measurech tthéhegrout filters and transforms
into a friction material, the stress distribution is hetgoeous and vertical stresses might
diverge from radial stresses. An other explanation of thevertical pressures could be that
instead of total stresses only pore pressures were measvegdbe once the grout filters a
column of stiffened grout is pressed down the borehole dugnouting and a cavity forms
below the sensors which is then filled with water. In this case effective stresses are
transferred to the sensor and only pore pressures are radasur

The long term measurements at anchor GEWI1 showed streeagss during setting of
the grout, supporting the theory that stresses increasa Wigegrout swells during curing
because it draws water from the surrounding soil. Howevegnahor GEWI2, stresses
stayed constant during curing.

5.4.2 Measurements in Venhaus

Test set-up

On the test site in Venhaus grouting pressures were meassige the borehole during
installation of three anchors. Pressure sensors werdl@tstan the anchor strands with a
distance of 1.8, 4.8, and 8 m from the distal end of the andhoing in radial direction.
At one anchor, the temperature was measured in the middsosefhe voltage level of
the power supply was measured at two anchors. The anchalatismn process in Venhaus
was similar to Dorverden, except that sections of 1.5 m weoeitgd continuously. The
borehole was first filled to 50% with grout, then 2.5 m of casiege withdrawn before it
was filled completely and grouting started. Experience efdbntractor showed that the
grout filters very quickly in the present soil conditions anccases where the first 2.5 m
were grouted, filtrate formed inside the drill casing, cagghe anchor to get stuck to the
drill casing. For that reason the anchor was pulled out obtirehole when the casing was
withdrawn. When the first 2.5 m were withdrawn without gragtifiltration of the grout
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took place in the uncased borehole rather than within thegasd the anchor remained in
the borehole. Pressure changes in the adjacent soil wergunegladuring anchor installa-
tion, using standard (DMT) and stationary (DMTA) dilatomretests. Stationary tests were
conducted during installation of three anchors. The difegter blades were placed at depth
of the intended grouting section in a distance of 40 cm froenahchor axis (Figurg.15).
Additionally, two standard DMT measurements were takeselo the anchor body after
anchor installation and compared to reference measursrnretite undisturbed soil (DMT
Ref).

T 9

DMT Ref N @&+36.30

DMTAA102W
W DMT A102W

Ty
DMTAA1020 103

DMTAA302W

¢ _—DMT Ref A302

M B
DMT A3020 DMTAA3020

DMTA A201W

<. Standard test (DMT) before grouting
<. Standard test (DMT) after grouting
@ Stationary test (DMTA) during grouting

Figure 5.15: Sketch of DMT and DMTA sounding positions at &#® in Venhaus.

Pressures measured inside the borehole

Figure5.16shows the pressure development of three test anchors \Whiteate placed into
the borehole, which was thereafter filled with cement gradfhen the borehole was first
filled with grout to 50 %, stresses increased hydrostajidallsuspension pressure and de-
clined as soon as the casing was withdrawn, because thensimpéevel dropped. When
the borehole was then filled with grout to 100 96)), pressures at the middle and top po-
sition (Sensor S2 and S3) increased proportional to eadr,abrresponding to hydrostatic
pressure distribution, whereas pressures at the bottosos€sl) increased irregularly and
stayed below grout self-weight. Directly after the borehehbs filled, all pressures dropped
below the theoretical suspension pressure level. Thessatethe middle and top sensor
developed proportionally to each other, while stresse®#bin position decreased with a
delay and fell even below pressures measured at S2 and S3.

The pressure development during grouting is presentedyur€s.17. The reference time
started with filling the grout into the borehole. The duratmf the grouting stages varied
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Figure 5.16: Anchor installation in Venhaus. Installinghar into the borehol€3)
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Figure 5.17: Pressure measurements in the borehole duanigjrg of test anchors in Ven-
haus. Grouting from 2.5 to 4.0 A7) . Withdrawal of 3rd section (no grouting
pressure}8) . Grouting from 4.0 to 5.5 rf@) .Grouting from 5.5 to 7.0 .2 .
Grouting from 7.0 to 8.5 i3 . Grouting from 8.5t0 9.5 ri5 .
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from 30 seconds to 5 minutes. Unfortunately, the test eqeigrfailed during the tests and
the installation process was only partly recorded.

At the first grouting stage from 2.5 to 4.0 rf7{) the middle and top sensors S2 and S3,
still lying within the drill casing, showed identical, fujrouting pressures, while pressures
at the bottom sensor S1 (1.8 m from the distal anchor endptisl/from hydrostatic stress
distribution. At Anchor 301, pressures at S1 developedlaimn S2 and S3 but with smaller
values, while at Anchor 302 pressures first were lower budived a peak above measuring
limit of 23 bar. At both anchors the pressure at S1 stayedebagpension pressure after
grouting while S2 and S3 fell down to suspension pressure.fifét 4 m were not grouted
at anchor 303.

In the next grouting stage from 4.0 to 5.5 m the grouting aes&es sensor S2, but at
all anchors still full grouting pressure is measured at 32%B. The bottom Sensor S1 only
shows a fraction of the grouting pressure. At Anchor 302 msgure increase was observed
at this stage but the sensor failed shortly after, so it isearantil when results are reliable.
After grouting, S2 and S3 fell down on suspension presswed, levhile S1 fell to the level
before this grouting stage. At Anchor 301, pressures ofeaibers started to diverge in the
next grouting stage from 5.5 to 7.0 m, the top sensor meashesldighest pressure, while
the bottom sensor showed the lowest. At Anchor 302 and 3@3sehsors S2 and S3 still
showed the same pressures in this stage. The followingiggpsitages were only measured
by the top sensor S3 of Anchor 302. The pressures did not fedadrouting pressure but
remain at a higher level that suspension pressure aftetiggopressure is released.

Standard DMT tests before and after anchor installation

The influence of anchor installation and grouting on the@urding soil was investigated
by comparing standard DMT tests before and after groutinige Jounding positions are
illustrated in Figures.15

Two standard DMT tests were conducted as reference befoutigg. For ‘DMT Ref N’
30 cm steps were chosen and the sounding was carried outL@rtil below ground level.
At ‘DMT Ref A302’ the blade could only be brought to a depth 02@ m, from where
the resistance was too high for further insertion. Afterhgiawal, the dilatometer blade
exhibited strong deformations, which indicated that itdntobstacle. It is assumed that it
might have been a stone or even the anchor drill rods of arkB@2 for which the borehole
was already drilled, but the drill casing still remained e tborehole. Measurements were
taken in 1 m steps until 8 m below ground and in 30 cm steps froon9820 m.

Results of both reference measurements are presentedureBig.8 In the first 3 m
below ground level the corrected DMT readings of Ref A302vsihagher pressures than
Ref N, while from 5 to 6 m pressures are lower. At 4 m, and frora 9.2 m, measurements
coincide very well, even though Ref A302 was taken aftetidglthe borehole. Figur6.19
shows the DMT and soil parameters determined from referBIME€ readings. The material
index lies well in the range for sand and stays constant vatittu
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Figure 5.18: Corrected DMT readings before anchor ingtafian Venhaus.
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The horizontal stress indeX, and the derived valu&, (calculated with Equatioh.6)
are fairly high in the first 3 meters below ground level, esglgcat DMT Ref A302. This
could be because this layer is above groundwater level andctad to wetting and drying,
which can cause overconsolidation effects. Below Bgfalls to a value around 0.6, which
is still higher than would be expected, but both measuresmsmaw very similar(, profiles.
This indicates that the development of thig values with depth is reasonable, even though
the values are potentially unrealistic.

The determined friction angle varies between 3@nd 45. In the soil investigation report
for the site,p = 30°was given for the fill layer (0 to 2-3m) and = 35°for the sand layer
below.

To evaluate the DMT interpretation metholl, was additionally determined with the
Ky — Kp — q. correlation given in Equatiof.7. The CPT soundings used for correlation are
presented in FigurB.1; ‘CPT-VO7’ was used as reference for DMT Ref N and DMT A102,
and ‘CPT-S26’ for DMT REF 302 and DMT A302 respectively. Figi.2 in AppendixB
compares the two correlations and Equationhgives K, values closer to the expected value
of Ky =1 — sinp = 0.43. However, CPT results are not always available tbie DMT
results and the additional parametgrgives additional uncertainty for test interpretation,
especially if the CPT soundings are not very close to the DMSitpn. TheK, — Kp —

o correlation is only dependent on DMT results and even thabghi, values might be
inaccurate, a good-profile is achieved to compare different tests and evaltleesffect
of grouting.

After installing and grouting the anchors, two DMT tests &earried out close to the
grout body. The dilatometer blade was inserted at 40 cmristdrom the anchor axis
with the membrane facing towards the grout body and meaguadial stresses. Results
for ‘DMT A102’ are presented in Figure.2Q The planned grout body of anchor A102 lies
between 8.9 m and 11.8 m below ground level. The dilatomééelebwas inserted at 12 m
distance from the sheet pile wall, where the grout body iatled at 9.6 m depth. Results for
‘DMT A302’ are presented in Figurg.21 The blade was inserted 10 m from the sheet pile
wall, where the grout body is located at approximately 8.2amtk, ranging from in total 6.6
to 11.8 m.

The DMT measurements are in good agreement with the refermeasurements in the
first meters, while higher pressures occur in the area arthentitended anchor body. In the
first 4 m below ground level, where the reference measuresribfiered from each other,
the DMT tests after grouting correspond well to the refeectest close by. DMT A102 fits
well with DMT Ref N, whereas DMT A302 fits better to DMT Ref A30Z his indicates
that the variations of the reference measurements are dilecdimogeneities of the fill layer.
Below 4 m, the measured pressures are in the range of themeemeasurements until
approximately 9 m depth from where the A and B-readings agefaafter grouting than
before. This is more distinct for Anchor A102 than for Anc@02. The pressure increases
are observed just below the assumed grout body location.
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Figure 5.20: Standard DMT tests before and after instaltadf Anchor 102 in Venhaus.
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Parameters determined from the standard DMT tests befaraféer anchor installation
are presented in Figue22 Both pressures, and P;, increased after grouting and con-
sequently, all derived parameters also increase in thismegOnly the material indexp
stays at a value of 3, unaffected by grouting, which iderstiffee soil type as sand before
and after grouting/p, relates the difference of total stresggsand P, to the effective stress
P; and gives information on the ‘rigidity’ of the soil. For altleer parameters a relatively
large variation is observed in the first 4 meters below grdewel which are referred to the
inhomogeneous soil properties of this area. From 4 m to 8.Barparameters before and
after grouting are very similar. Approximately 8.5 m belomognd level, the values before
and after grouting start to diverge and a clear increaserniddtal stresses is observed. The
vertical effective stress;,, which was used to determiri€, and therefords, ando’,,, was
determined with

oo =7 Xz, (5.8)

where z is the depth below ground level in meters. The groatelwpore pressures were
calculated assuming a groundwater level 3 m below grounel.le&n increase of vertical
stresses during grouting was disregarded. The referenasure@ments were stopped at 11
m below ground level, but extrapolating the values lineaith depth, the values from DMT
after grouting seem to return back to the initial values weld and 11.2 m. Measurements
indicate an increase of horizontal (radial) stresses istileadjacent to the grout body.
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Stationary DMTA tests during anchor installation

In addition to before/after soundings, five stationary DM€Ats were conducted to investi-
gate stress changes in the soil adjacent to the groutedldnghg grouting. The dilatometer
blades were positioned 40 cm from the anchor axis, facingtdsithe grout body (see Fig-
ure5.15. Tests ‘DMTA A1020’ and ‘DMTA A102W'’ were placed on both g8 of Anchor
102, test ‘DMTA A202W'’ next to Anchor 202. The blades wereifosed 13 m from the
sheet-pile wall at a depth of 10.40 m. Tests ‘DMTA A3020’ abdMTA A302W’, next to
Anchor 302, were positioned 11.3 m from the sheet-pile vedl§.20 and 9.05 m depth re-
spectively. ‘DMTA A302W’ could not be brought down below 8.t because the resistance
was too high. Presumably a stone or even the drill rod was hit.

Figure5.23 shows the A-readings measured during grouting. The pressigcreased
during the first few measurements and remained at a constaltthereafter until anchor
grouting was started. Only at Anchor 201 was a pressure a@ee@served during the entire
test period, possibly due to test equipment working insieffitty. At all tests a clear pressure
increase was measured when grouting started. While at Asadii®2 and 201 stresses rose
instantaneously when the first grouting stage started, ahé&n302 they increased during
the second grouting stage only. The measured peak presikuneg grouting varied largely
between the tests. However, only few measurements coutkba tluring the short grouting
period, soitis unclear if the peak pressures were captéyiel grouting was completed, the
pressures declined and reached a value between 100 and 8@0&e the initial level. The
DMTA pressure measurements do not represent actual eadbupes but detect the relative
stress changes, which were clearly visible during and gft@uting. Only total stresses are
measured and therefore, the peak pressures measured druouting could be partly due
to excess pore pressures induced by the pressure impulsg duwouting. However, the
surrounding sand is very permeable and it can be assumeththakcess pore pressures
dissipate very quickly. The remaining stresses declirghgi after grouting, as a result of
dissipation of excess pore pressures and relaxation obihelfiey approach a stress level
well above the initial stress level.
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Figure 5.23: Stationary DMTA tests during anchor instaiatin Venhaus. Installation
stages are indicated by vertical dashed lines.
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Interpretation of measurements in Venhaus

The hydrostatic stress distribution during filling the duoke with grout shows that the grout
initially behaves as liquid. But directly after the groutsMdled into the borehole, stresses
at the bottom sensor started to develop disproportiondig¢mther positions and even fell
below suspension pressure. This indicates that the grabediottom position, 1.8 meters
from the distal anchor end, filtered only minutes after theehole was filled. But during
the first grouting stage, the bottom sensor, located in @& grouting length, showed only
slightly less pressure than measured within the casingyevhal grouting pressure was
measured. Although the grout at the bottom position seemeae filtered during filling of
grout, almost full grouting pressures were measured apttsgion when grouting started.
Possibly, within the filtrate only little friction was gersted during filling of grout or the
contact between the grains was so weak that the grout liguafjain during grouting. In
the second grouting stage, stresses at bottom positionsiggréicantly lower than grouting
pressures, indicating that the filtration was more distatchis stage. After grouting, radial
stresses at bottom position stayed well above suspenséssyre, indicating that the grout-
ing pressure was locked in to some extend. The centre posiinsor showed full grouting
pressure in the grouting stage where it was just locatedarirde grouting length, showing
that filtration was not completed to the centre and did nogmss into the casing. Further
grouting stages were only recorded at the top sensor of ottgoanHere, it occurred that
when the top sensor reached free anchor length only a freatigrouting pressure was mea-
sured. After grouting, the remaining radial stresses wb8ekPa above suspension pressure.
The dilatometer tests conducted at a distance of 40 cm fremankhor axis showed similar
results. During standard DMT tests before and after grgutiocal stress increases were
detected between 9 and 11 m depth, just below the intended gooly. Maximum stress
increases of 25 kPa and 75 kPa were measured at anchors A d0R 202 respectively.
Stationary dilatometer tests (DMTA) showed pressure isgailof up to 1000 kPa during
grouting. After grouting was completed, stress declined level between 100 and 300 kPa
above initial pressure. These measurements show cleatyhé stress state of the solil is
influenced by the grouting process, although only a fraaticthe grouting pressure remains
as radial stress within grout and soil.

5.4.3 Pressure measurements in Horstwalde

Test set-up

At the test site in Horstwalde, grouting pressures were aredswithin the borehole during
and after grouting of five anchors. Three anchors were egdipyth three radial sensors
each at positions of 1.5, 3.5, and 5.5 m from the distal endh@fanchor. A temperature
sensor was added to one of the sensors additionally. At twbas, pressure sensors were
installed at two positions at 3 and 5 m from the distal end aafiat and vertical stresses
were recorded at the same position. The lower vertical seats® m faced upwards, while
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the other one at 5 m faced downwards. In addition to the presaeasurements inside the
borehole, pressure changes were also measured withinithélsasurement positions are
presented in Figur®.24 Stationary DMTA tests were taken next to anchors 10, 15, 16,
19, and 25. After the borehole was drilled, the dilatometadés were brought down at
30 cm distance from the anchor axis. Due to the large ancingitheand steep angle, the
anchors grout bodies were much deeper than in Venhaustingsial higher inaccuracies of
the dilatometer position. The influence of grouting was distermined with CPT soundings
next to anchor 10 before and 16 hours after installationo Atsre pressures were recorded at
two positions during installation of anchor 7 and anchor@O0ntrary to the other test sites,
in Horstwalde boreholes were drilled with external flushamgl small quantities of bentonite
were added to the flushing suspension and the cement grazttor&eof 3 m were grouted
while the drill casing was withdrawn continuously.

04 16
o H o5 CPT 30 n DMT 1 Ref 7

X
/ Intersection with K DMTA 2 b /
, ground level DMTA 3 ‘ : . I

! R DMTA7 ‘ 4 R
/DMTAG bU X CPT 40X / \

77 DMT 4 Ref N 2 »
10X CPT 20

«&. Standard test (DMT) before grouting
<. Standard test (DMT) after grouting
. Stationary test (DMTA) during grouting

Figure 5.24: Position of CPT and DMT soundings in Horstwalde

Pressures measured inside the borehole

Pressures measured during placing the anchors into thadiereorrespond to the theoreti-
cal pressure of the flushing suspension (w/c = 3.3). The pressstribution during placing
the anchors into the borehole leads to the assumption thétddest anchors, the borehole
was just filled with grout when grouting started. In contri@sbbservations at the sites in
Venhaus and Dérverden, pressures remained constant imtilrg started, even 40 minutes
after installation. Only at Anchor 19 a slight decrease espures was observed.

Pressure measurements during grouting in radial direetitinree positions are presented
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Figure 5.25: Horizontal pressure measurements in the baeliring anchor installation in
Horstwalde. Grouting from 0.5/1.0 m to 4.0 @), grouting from 4.0 to 7 m
(9), flushing and removal of sections 8.0 m - &l .
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in Figure5.25 In the first grouting stage (1.0 to 4.0 7)), full grouting pressure was
measured with a proportional distribution at all positiosgen though both sensors S1 and
S2 were located in the grouting area. After grouting, alkptees fell back to hydrostatic
grout pressure and decreased slightly before the nextiggostiage. In the second grouting
stage (4.0 to 7.0 mi9) ) the pressure distribution started to diverge and the pressvere no
longer proportional at the three positions. After groutipgessures fell down to suspension
pressure at some sensors but remained at a higher levekas offtushing of the free anchor
length was measured as pressure increase of around 7 batep $ensors, while the middle
sensor showed less increase and no pressure change wagedbfserthe bottom sensor.
Only measurements at Anchor 10 showed different resultspba sensor failed during
flushing and it is unclear until when the results are trustimor

At Anchors 8 and 13, vertical and radial stresses were medsirtwo positions. Results
are presented in FiguEe26 In the first grouting stagg’) , stresses increased proportionally
at both positions with identical values in radial and vettidirection. Afterwards grouting
pressures reduced to hydrostatic suspension pressuriee irekt grouting stage, pressures
started to diverge. Higher stresses developed at the tapgrosompared to the middle
position. Vertical and radial stresses were still identataop, but they started to diverge
at the middle position. After grouting, the vertical stres$ell to a level below suspension
pressure, while radial stresses remained at a higher IRuwetsures at top position fell down
to suspension pressure. During flushing, no increase adsasewas observed at middle
position. At top position pressures increase. Now, veraad radial stresses also started to
diverge at this position. During flushing vertical stressese higher than radial stresses, but
fell below suspension pressure after flushing. The radiakses stayed at a higher level at
Anchor 8 while they fell to a lower level at Anchor 13.

92



5.4 Field test results
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Figure 5.26: Pressure measurements in the borehole dunmgipor installation in
Horstwalde. Radial stresses (solid lines) compared tacaérstresses at the

same position (symbols). Grouting from 0.5/1.0 m to 4.07%n grouting from
4.0 to 7 m(9), flushing and removal of sections 8.0 m - bl .
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Pore pressure measurements

Pore water pressures were measured at two positions atlaafept.42 and 11.00 m below
ground level. As shown in Figurg.27, a slight pressure increase is noticeable for a short
period of time during installation of the adjacent anchoasm@ 10. Measurements were only
taken during installation of these two anchors.

1.6
- e _— TR - S
14- \
£ Drilling Anchor 7 Grouting Anchor 7
0
S12-
?
o — PW1-1642m
o 1 PW3-11.00 m Drilling Anchor 10 Grouting Anchor 10
N\ N
08 ! | ! ' ! | ! ! ! | ' ! ! | ! ! ! | '
11:00 12:00 13:00 14:00 15:00
Time [hh:mm]

Figure 5.27: Pore pressure measurements

Stationary DMTA tests during anchor installation

Results of stationary DMTA tests in Horstwalde are preskimeFigure5.28 and Figure
5.29 The grouting stages are indicated with dashed verticak|ialthough the times are
only rough estimations as it was not possible to identifytthasition between the different
phases precisely. The test results in Horstwalde are nabrasistent as in Venhaus. This
might be due to varying ground conditions or inaccuratetaiiteeter positions. In all tests,
the A-readings decrease in the first few measurements astedper a stationary DMTA
test. But grouting was started before the values had stelliiand therefore it is uncertain
at what level the decrease would have stopped. Only at DM{Aditing was started after
the readings reached a plateau of 210 kPa. The decrease Afrémling value during
the first few measurements of the tests in Venhaus is in the sange as in Horstwalde.
During withdrawal and grouting of the first 3 meters, stresdecreased within the borehole
at DMTA2, DMATS5, and DMTAG6 (possibly due to relaxation of tiseil when the casing
was removed), while at DMTA3 and DMTA7 stresses increasedrtyl. However, during
the second grouting stage a small increase of stresses wass/et at all anchors. It seems
that due to grouting the soil stresses were either recoadteddrilling or even increased.
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Figure 5.28: Stationary DMTA tests during anchor instadiatin Horstwalde. DMTA2,
DMTA3 and DMTAGS. Installation stages are indicated by waatidashed lines.
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Figure 5.29: Stationary DMTA tests during anchor instadlain Horstwalde. DMTA6 and

DMTAY. Installation stages are indicated by vertical daslees.
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CPT Soundings

The influence of grouting on the surrounding soil was alsestigated by comparing CPT
soundings before and after anchor installation. Two CPThdimgs were conducted at a
distance of 30 cm from Anchor 10.'CPT20’, carried out aftaclor installation, shows

lower tip resistance and skin friction than the reference ‘@PT40’ until a depth of 16 m.

Below 16 m, skin friction and tip resistance seem to haveeased due to grouting. The
lower values could be induced by soil disturbances due tdtiieng process with external

flushing.
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Figure 5.30: CPT measurements before and after Anchodlatsta in Horstwalde

Interpretation of measurements in Horstwalde

In Horstwalde some sensors measured vertical and radésksts at the same position, mak-
ing it possible to identify the point where stresses stadeawelop inhomogeneous and the
grout changes from liquid to friction material. When the laors were lowered into the
borehole, it was filled with flushing liquid, a cement/watesgension with w/c = 3.3 and
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some bentonite. The stress distribution was hydrostatcstiesses remained constant until
grouting started. This shows that the suspension acts aisl land no water was drained
through the borehole bottom during this period. It is assiithat due to external flushing
and the use of bentonite, a thin filter cake formed and seaketharehole walls, so that no
drainage occurred due to self-weight of the grout and thetgemained liquid within the
borehole. Measurements during grouting confirm this assiemgn the first grouting stage,
all sensors showed hydrostatic stress distribution ahdhéek to suspension pressure after
grouting. This shows that the grout was still fully liquich the second grouting stage, stress
developments started to diverge at the different positioxdicating that filtration started.
From this point the residual stresses between the grouthggs started to alter from suspen-
sion pressure, but some were above, some below. Compahsbmsen vertical and radial
stresses at the same position confirmed that the grout islligially, but changes its be-
haviour to a heterogeneous material at a certain point.nguhie first grouting stage stresses
developed hydrostatically and radial and vertical measerds were the same, proving that
the grout is still liquid. In the second grouting stage sessat the mid sensor started to
diverge and fell below stresses measured at the top sensongyrouting, vertical stresses
were higher than radial stresses, but thereafter verticedses fell below suspension pres-
sure, while radial stresses remained at a higher level. ilbisates that the grout changes
from liquid to a friction material. During vertical loadingnly a fraction of the stress was
transferred in radial direction, but during unloading \eat stresses decreased, while radial
stresses were locked in. After the grouting pressure waasel, vertical stresses fell below
suspension pressure which is believed to be due to architigediltrate inside the borehole
where the grouts weight is partly transferred to the surdaunsoil. Similar observations
were made at the top position sensor, but only during flusbindpe free anchor length.
Pore pressure measurements close to the anchors showtingt ghouting only a short and
tiny pressure impulse occurred in the groundwater andphssd very quickly. Stationary
dilatometer tests show varying results, but it can be cafeduhat due to grouting, radial
stresses were increased or at least recovered after grilBT measurements before and af-
ter grouting of one anchor showed loosening of the soil dakitiing, but increased strength
below 16 m. These findings indicate that in Horstwalde theisdisturbed and loosened
by the external flushing drilling method, but due to groutitigs was recovered or the soil
was even improved. However, this improvement was not aeldiéor the full grout body
length but only in the bottom part. The pressure measureswmedicate that during grouting
the grout was still liquid in the top part of the grouting Iém@nd only filtered after grouting
was already completed. Thus, possibly less pressure wasfeéreed to the surrounding soil
at the top of the grouting length. In Horstwalde, test resuétried significantly from an-
chor to anchor, but also the grouting pressures and dusagipplied at the different anchors
varied.
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5.4.4 Summary

Comparison of test sites

Pressure measurements were taken at three different sikesinvilar ground conditions, but
slightly varying drilling and grouting methods were apglidn Dérverden, casing sections
of 3 m were withdrawn and the full length was grouted at onc &0 to 22 bar. At the
other sites continuous grouting was applied. The casingmithsirawn continuously, while
grout was pressed into the borehole. In Venhaus 1.5 m seatrere grouted with 15 to 20
bar, while in Horstwalde only 6 to 8 bar were applied to 4 misest During continuous
grouting, pumping was usually stopped before the full sectvas withdrawn, and not the
full pressure was applied to the remaining length. At aksitit was observed that the
grouting pressure was not constant during the groutingge®but build up successively.

The grouting suspension at all sites consisted of a mixtéistamdard Portland cement
and water. In Doérverden, pure water/cement mix with w/c =00M&as used, in Venhaus
the water content was w/c = 0.45, and in Horstwalde small tifiess of bentonite were
added to the grout with w/c = 0.45. Also the applied drillingthod varied between the
sites. External flushing was applied in Horstwalde, wheoegsex drilling was used at the
other sites. Drilling with external flushing disturbs thel seore than when the drillings are
flushed within the casing. During external flushing, cemet bentonite was added to the
flushing liquid to stabilise the borehole. It is assumed Huanhe filter cake already builds
at the borehole walls when water is filtered from the flushiggit during drilling. These
small differences in anchor installation methods obsemntetthe test sites reflect common
practice, where each contractor uses different methogsendkng on their individual ex-
perience. However, the installation methods influence tiohars performance and it was
reported that even at the same building site anchors of ameamor would fail the required
capacity, while anchors installed by another contractofope sufficient. All test anchors
were around 19 m long, but the geometry varied between ths.sih Dorverden, vertical
micropiles with a grouted length of 15 m were used, while inh&us anchors were inclined
55°, with a grouting length of 6 and 9 m, and in Horstwalde indiioi|m was 10 and the
grouting length was 6 m.

Pressure measurements inside the borehole

At all sites the total stresses were measured, only the magslirection varied. In Dorver-
den the sensors faced downwards, in Venhaus radial stieesesneasured and in Horstwalde
stresses were measured in radial and longitudinal dimectio

Measurements before grouting showed that at all sites thet gnitially acts as liquid
with hydrostatic pressure distribution within the borehdh Dérverden and Venhaus it was
observed that the grout already filtered before groutingesdand stresses started to decrease
at the borehole bottom. In Dérverden, sensors 1 m above bleréottom showed almost
no reaction to the grouting process, indicating that theenedtwas already fully filtered
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due to self-weight. Although in Venhaus grouting was sthdieortly after the borehole was
filled, and the grout remained in the borehole only for a shiore, filtration due to self-
weight was also observed here. However, the effect was ndistiact as in Dérverden.
At this site, 2.5 m of casing were already withdrawn before Itlorehole was filled with
grout completely. Also, the deepest measurement posit®mlabove borehole was much
higher than in Dérverden. In Horstwalde no filtration toolage after lowering the anchor
into the borehole. At this time the borehole was filled wittsAing suspension with w/c =
3.3, which had a lower self-weight than the grout. It is alssuaned that a thin bentonite
filter cake laid down at the borehole walls during drillingesdy, sealing the borehole. This
is confirmed by the observation that the flushing suspengiowead hydrostatical pressure
distribution even 40 minutes after filling the borehole amdwater loss due to filtration
took place. At all sites during grouting, full grouting pseses were measured with sensors
placed within the drill casing. Outside the casing, onlyeefion of pressures were measured
after a certain point in time. This observation indicates the grout filtrates and transforms
from a liquid to a friction material. However, the filtratiagime where the entire grout in
the grouting length is filtered enough to change its propenaried from site to site. In
Dorverden, as soon as the sensors were outside the casidly, 5y grouting pressure was
measured, indicating full filtration, while the sensorsdesthe casing showed full grouting
pressure. In Venhaus, stresses outside the casing wereslayiyly smaller than inside,
but the development differed from hydrostatic stress ithistion, indicating a stiffening of
the grout in the grouting length. In Horstwalde, filtratimok even longer and the stresses
outside the casing started to diverge from hydrostatisstdestribution just when grouting
was completed. This difference in filtration time can be mefé to the installation method.
In Dérverden, it took approximately 20 minutes to build oneaasing section after each
grouting step and the whole grouting process per anchorraaih longer than at the other
sites. This allowed the grout to filtrate due to self-weigttiireen grouting steps. In Venhaus
the removal of the casing sections took less than two minatekthe grouting pressure was
lower, which explains why filtration of the grout throughdhbg full borehole section was
achieved later. In Horstwalde even less grouting pressareapplied and the permeability
of the filter cake was reduced due to the use of bentoniteingadd filtration starting even
later in the grouting process.

Comparison of radial and vertical measurements in Horstevabnfirmed that after a
certain point of filtration (when vertical and radial pressistarted to diverge) the grout
develops some internal friction and stress distributiomimogeneous. When pressure
was applied in the next grouting stage the vertical stre¢sdrfiltered area increased more
than the radial stress, but when pressure was releasecalsttiesses reduced to a low level,
while radial stresses remained on a higher level. In Doesrdiltration already started
before grouting within the lowest part of the drill casingdagach section was almost fully
filtered after it was grouted. In Venhaus, sensors showedjfaliting pressure even when
they reached the free grouting area, which shows that fdtrabok a bit longer. Similar
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observations were made in Horstwalde. Here the grout stayt#ltrate only during flushing
of the grout after grouting was completed. However, the rd@ece of radial and vertical
stresses indicates that filtration was achieved.

It was observed at all anchors that after each grouting stigepressures reduced to
suspension pressure level in the unfiltered grout, but needadn a higher level in the fil-
tered material. This pressure level seemed to be highedialréhan in vertical direction.
However, the level varied between the different anchorsthacefore gives no quantitative
information on the stress levels after grouting. Possiiéyrheasurements inside the filtered
grout were imprecise because arching actions around tleseimfluenced the measured
total stresses. In Dorverden is was even assumed that dhe totvnwards orientation a
cavity formed below the sensors and instead of total stsemsly pore pressures were mea-
sured.

It was not possible to draw general conclusions on the long ®@evelopment of the
stresses in the borehole because too little data is availdbbng term measurements in
Dorverden gave contradicting results and no reliable lengtmeasurements could be taken
at the other sites.

Pressure measurements in the adjacent soil

Comparing CPT and DMT soundings before and after anchaallasbn showed the influ-
ence of grouting on the surrounding soil. DMT measurement&nhaus showed horizontal
stress increases between 25 and 75 kPa. In Horstwalde CRTGhesved a decrease of tip
resistance above 16 m and an increase below. This indidzéshe soil is loosened due
to the external flushing but recovered due to grouting. Ahlsites the influenced area was
detected just below the assumed grout body. This indichtggtouting was more effective
in the bottom part of the grout body. Pressure measuremesitiei the borehole indicated
that at least in Horstwalde full filtration during groutin@s/only achieved in the bottom part
of the grout body. Even though full filtration was achievedhe top part during flushing,
the filter cake was not subjected to the full grouting pressiithis stage.

Stationary DMTA tests in Venhaus showed stress increasegebe 100 and 200 kPa in
the surrounding soil, whereas results in Horstwalde webgested to much more variation.
This is referred to the deeper position of the DMT blade whézds to higher deviations
of the intended position and orientation. However, it wasnid that the stress state was
increased or at least recovered, after it decreased whealtitheasing was withdrawn.

5.5 Conclusion of field measurements

Pressure measurements inside the borehole gave insigittdegses taking place during an-
chor installation. Tests were conducted at sites with singibil conditions, but with slightly
varying installation techniques. It was observed that theations in anchor installation
technigue made a significant difference in pressure dexsopwithin the grout.
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Measurements proved that initially the cement grout actgjasl and grouting pressures
are transferred isotropically. After sufficient groutingé, the grout in the grouting length
(outside the casing) changes from a liquid to a friction makevith anisotropic stress distri-
bution whereas the grout inside the casing is still liquids hssumed that the grout thickens
because water drains from the grout suspension and costatiishes between the cement
particles. The time until the grout was filtered within thé horehole section varied at the
different sites, but measurements indicate that at ab itk filtration of the grout along the
entire grouting length was achieved. It was also found timagrout filters even without be-
ing pressurised, due to its own self-weight. This would leathe conclusion that grouting
pressure is not required for the grout to filtrate, as longufficgent time is given for filtra-
tion. But, if the grout filtrate is considered as friction mal which constrains the borehole
walls to collapse back inwards after grouting, the valuerofijng pressure would influence
the radial stresses locked in. After grouting an increasedifal stresses was measured in
the grout as well as in the adjacent soil, confirming this agsion.

The measured values of radial stresses after groutingdvargmificantly for the differ-
ent test anchors and positions, possibly caused by longiggosections, different sensor
positions and varying grouting pressures within the teJise increase of radial stresses
measured in Venhaus seemed slightly larger than in HordevaHere, smaller grouting
pressures were applied, but possibly also the drilling@ssavith external flushing disturbed
the soil beforehand. Test results indicate that in Horste/éiltration was only completed in
the bottom part of the grouting length, whereas the grouhéentop part only filtered after
grouting. It is assumed that due to the external flushing smigll grouting pressures could
be achieved and that the use of bentonite hindered filtraliba CPT sounding showed that
the soil was compacted only in the area of the bottom parteogtut body.

Too little data is available and variations of test resulésevtoo high to determine corre-
lations between grouting pressure and radial stressesyafteting. But in general, the tests
confirmed that the grout filtrates throughout the borehotegnouting increases or at least
recovers radial stresses in the soil.
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Chapter 6

Modelling cement grout filtration with FEM

6.1 Introduction

The following chapter covers the numerical analysis of aenggout filtration during an-
chor installation. A method is developed to simulate theafiion process by applying the
finite element analysis (FEM). The two-phase filtration mpddich was found sufficient
to simulate cement grout filtration in Chapteris implemented into the constitutive model
of the grout and the material parameters are changed angalithe discharge of mixing
water during filtration. After validating the proposed nuinal method for one-dimensional
and radial flow, an axisymmetric FEM model is prepared basethe conditions of the
Dorverden test site (presented in Chagierand the grouting process inside the borehole
is simulated. Finally, parametric studies were carriedwlaere the influence of different
grouting and material parameters was investigated. Bedhibut the used software package
ABAQUS, the functionality and implementation of the preseimodel as well as the source
code are given in Appendix.

6.2 Implementation of cement grout filtration into the finite
element method (FEM)

The grouting process is simulated using Lagrangian fingmeht analysis (FEM), provided
in the program package ABAQUS, version 6.11. To implementer@ grout filtration in the
FEM analysis, the analytical solution for two-phase filtratis included into the constitutive
model.

The intention of the numerical simulations was to deterntive effects of grouting on
the stress state and properties on the surrounding soilastaimed as a calculation tool
that could directly be used to simulate the anchor behawatier grouting (e.g. to simulate
anchor pull-out), applying the changed soil conditions. that reason the FEM method was
chosen rather than other methods, which probably would be matable to simulate the
filtration process separately, but less appropriate to Isitathe pull-out tests. For example
Kabir and Gamwd2011) use computational fluid dynamics (CFD) to numerically dete
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Chapter 6: Modelling cement grout filtration with FEM

filter cake formation, which considers filtration of multgwe drilling fluids. This model
allows to take into account flow of the suspension and matamgoerties in relation to par-
ticle concentration. Others use numerical methods to shlvanalytical filtration equations
for specified boundary condition&urger et al.(200]) propose an advanced upwind finite
difference method to simulate one-dimensional filtratidrswspensions, andinati et al.
(2009 simulate the filter cake build-up in a wellbore.

Using Lagrangian FEM, the ability of the unfiltered, liquicbgt to flow through the bore-
hole is only indirectly modelled because the elementsivelgtosition remains unchanged
during calculation. The simulation of flow of the liquid gtas approximated by using a
very high permeability and low stiffness for the liquid gtouaterial so that in a coupled
flow/deformation FEM analysis the flow of the pore water in liqaid grout elements rep-
resents the grout flow.

To simulate the grout filtration, the material propertieghad cement grout are switched
from properties for the liquid grout to properties of thediiltake. The material parameters
for the grout are defined dependent on a field variable, whigsgnformation whether the
grout is liquid or filter cake.

NN

S \\\ —
/\\ —
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\ ‘
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qunfilt

Figure 6.1: Principle sketch of modelling grouting in a bote.

The material change of one element from liquid to filter cakeantrolled by a filter
criterion (‘critical volume ratio’) which relates the disarge of pore water from the grout to

Q firt

model presented in Chaptér elBefore stresses and velocities are calculated for a Gauss
integration point, this filter criterion is checked to defiteematerial properties.

To calculate the total discharge of the element, only the fibwater into adjacent ele-
ments, which already act as filter medium, must be consida®ddicated in Figuré.l

the element volumé&'V R = . This filter criterion is based on the two-phase filtration
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6.2 Implementation of cement grout filtration into the firslement method (FEM)

This is to distinguish between flow of the liquid grout itsekfhich also includes flow of
particles, and expulsion of water from the grout. Elemeatsted inside the liquid grout
should not be considered for filtration because in theseeaésrihe flow of pore water only
represents flow of grout and does not cause the element &iltr

To identify the elements considered for filtration, infotina about the advancing front
of filtration needs to be available during calculation anty @ements located directly next
to the filter cake material are allowed to change their maitproperties.

If the actual element is located next to a filter element, thtel discharge into this filter
element is calculated by transponing the velocity vectdhatcurrent integration point in
direction of the common surfaces’ normal and integratingpwme and surface area. If more
than one neighbour is filter cake material, the dischargethese elements is cumulated. If
the current element was at the filtration front in previouswation increments, the actual
discharge is added to the discharge from previous incresndivided through the element
volume and compared to the filter criterion. If elements wiitbre than one integration point
would be used, only a proportion of the element volume andweomsurface area should be
taken into account, dependent on the number of integraborgper element.

At the time the filter criterion is met, the field variable, whidefines the material infor-
mation, is changed and the filtration front progresses.

Following items need to be included into the FEM code to sateffiltration:

Q rirt

el

Volume of actual element

— Filter criterion

Identification of neighbouring elements
Accessing if neighbouring elements are filter cake

Discharge into the adjacent filter elements

Lo L Ll

Integrating discharge over time from point where adjacdéement becomes filter
medium

d

Change material properties if filter criterion is met

6.2.1 Filter criterion

Based on the two-phase filtration theory, the material cegdngm liquid to filter cake is
defined by the discharge of water from the grout. Assuming full saturation of the grou
the volume change due to filtration is equal to the volume sdigated water, as the mass of
cement particles remains constant (see Figu?e The discharge of water required to filter
liquid suspension withw/c;,,; until a filer cake withw/cy. forms is given by

Qi = %(w/cim— —w/cp) | 6.1)

w
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water i i

grout )

water

B Vfilterca ke

Figure 6.2: Schematic volume relations of liquid grout altdrficake.

wherem, is the mass of the cement particles andthe water density. To control the
filtration in the FEM simulation, the discharge of water ofeoglement is compared to its
volume, which will then be the filter cake volum&, = V.. The filter criterion therefore is
the ratio between the dischar@g;;, and the filter cake volumg;.. The filter cake volume
is given by

Vo= M (6.2)

Ve

where~;. is the filter cakes density. Combining Equatidh$ and6.2 gives the filter crite-
rion

CVRI inlt o w/cini _w/cfck (63)

Ve n w/cfc;’—: +1 7,
Assuming an initial water content af/c;,; = 0.5 and a filter cakes water contentof c;. =
0.3 gives a critical volume ratio of' VR = Q i/ Ve = 32.3%.

6.2.2 Identification of neighbouring elements

To evaluate whether one element is located next to a filtee eddment, the element con-
nectivity is determined. The neighbouring elements of edlement can be identified by
finding common nodes with other elements in the model: Theralgn ‘ele_con’ presented

in SectionC.2.10f AppendixC reads the list of elements and corresponding nodes from the
input file and compares them. The element connectivity is ste@red in an ‘common block’,
which can be accessed by all subroutines in the FEM caloulati

6.2.3 Discharge into the adjacent filter elements

To determine the discharge of one element into a neighbgetement, the flow perpendic-
ular to the common face of both elements is determined bgp@mng the pore-fluid flow
velocity vector . The velocity vector is treated in an explicit way and is pded for each
integration point as a result of the previous calculati@psiThe discharge is then obtained
by integrating the velocity over time and the surface area édso Appendix.2.]).
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6.3 Materials

6.2.4 Calculating the advancing filtration front

The information whether an element is liquid or filter cak@ssociated to a field variable
(FIELD(1)), which is available for all elements during calculatiory. &cessing this field
variable, the filtration front is identified (see Sectior2.2of AppendixC). During the rou-
tine, which evaluates the filter criterion, the valug:df£' L. D (1) of the neighbouring element
is checked. Only if the neighbouring element is filter cake, discharge into this element
is taken into account. As the accessible field variablesrara the previous calculation in-
crement, the filtration front can only progress one elemayet in one increment and small
enough time increments need to be chosen.

6.3 Materials

6.3.1 Constitutive laws

In the FEM simulations, different constitutive laws wheppbked of which a short descrip-
tion is given inC.1 of AppendixC. Detailed descriptions of the material models can be for
example found irBrinkgreve et al(2012, ABAQUS 6.11(2011H andBenz(2007).

The grout was modelled linear-elastic for the validatidicalations, but the Mohr-Coulomb
model with stress dependent stiffness was applied to eakethe grouting process in the
borehole.

For calculations where it was focussed on the filtration pssof the grout, the soil was
modelled linear-elastic, but for the parametric studigsemg the radial stresses and the in-
fluence of material properties was investigated the Harde8bil model with small-strain
stiffness (HSsmall) was applied for the soil to achieve miegadistic results.

The drill casing was modelled linear-elastic.

6.3.2 Material properties

Filter cake

Material properties for the filter cake material were deiasgd based on the geotechnical
laboratory tests presented in ChaptefFor the determination of the radial stresses retained
after grouting, the Mohr-Coulomb model with an exponenti#fness formulation depen-
dent on the pressure strgssvas used:

p/
G =G (=)™, (6.4)
Pref
To determine realistic radial stresses after grouting,uthleading after grouting was con-
sidered most relevant and the reloading/unloading ss#ra the filter cake material was
chosen for calculation. It was determined from the initiaitpf the oedometer tests, where
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an overconsolidation due to grouting was observed. Thimesi§ below grouting pressure
was larger than the assumed primary loading stiffness, agltherefore regarded as un-
loading/reloading stiffness. A reference stiffnes<6f/ = 8.8 MPa and an exponent =
0.6 was determined. The Poisson’s ratio was fourd).24. For the Mohr-Coulomb failure
criterion the friction angleo =38and cohesion coefficient= 30 kPa were found in triaxial
tests. The determined permeability wias x 10~% m/s.

Soil

The material parameters for the soil were based on the gonglibf the Déverden site pre-
sented in Sectidn2.1 The material parameters for the 3D calculations were deted
based on CPT correlations.

For the parametric studies more general material sets vgexkto represent a ‘loose’ and
a ‘dense’ packed sand. They were determined after empfoaalulae for quartz sands to
correlate relative density (RD) to soil parameters as pgeddyBrinkgreve et al(2010).

The mean permeability was determined from the grain sizalligions of several samples
of the material using correlations afteazen(1893: k =5 x 10~* m/s.

6.4 Validation of one-dimensional cement grout filtration

The implementation of cement grout filtration into the FEMalysis is validated for a one-
dimensional flow scenario similar to the filtration tests ima@ter4. Various model parame-
ters are varied to investigate their influence on the nurakfiltration simulation.

6.4.1 Model definition

A sketch of the one-dimensional filtration model is presémteFigure6.3. A 10 cm heigh
grout sample was modelled using one row of 3D continuum els(€3D8RP); the element
size was 1 cm. The boundary conditions for this validatiomlel@vere chosen in accordance
to the laboratory filtration tests: At the bottom surfaceticat deformations were restrained
and horizontal deformations were restrained at the elesides. At the top surface free
deformation was allowed. Per default, all model boundaareanitially set impermeable.

In a first calculation step, the grouting pressure was agptiehe model: A surface load
(total stress) of 1000 kPa was applied at the top of the m@dkditionally, the pore pressure
boundary is set to 1000 kPa to achieve zero effective sthesssecond, transient flow step
the pore pressure at the bottom surface of the model was #tdn gero to simulate free
drainage of the pore water and dissipation of the excessyessures.

To define the material properties of the grout, the value effibld variable FIELD(1)
is assigned initially. All elements represent cement gend are assigned to a value of
FIELD(1)=0 for liquid grout, except the bottom element whic¢o allow the filtration to
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Gtot = U = grouting pressure

~ \

\
—no drainage

9cm
Z

liquid grout

~ \

— filter cake
drainage allowed

Figure 6.3: Sketch of the one-dimensional filtration model.

dcm,

start, is considered as filter cake material already andheagdiue of FIELD(1)=1. Gravity
loading is not taken into account for this validation model.

Linear-elastic material behaviour was used to simulategytbat material. Initially a low
stiffness modulus and high Poisson’s ratiovof 0.49 is assigned to the grout elements to
approximate liquid material behaviour. At the time, theefileriterion is met in one element,
the material's shear modulus and Poisson’s ratio are cloatggthe filter cake properties.
The remaining parameters stay unchanged.

6.4.2 Validation results

The numerical simulation of the cement grout was evaluayeddmparing the filter cake
growth with time to the analytical solution of the two-phdgtation model presented in
Section3.2.1 To allow for a starting point for the filtration, the FEM sihation was started
with 1 cm filter cake already. To compare the analytical filina time, it was therefore
adjusted to start at 1 cm filter cake thickness=(t — ¢;.,,). It should be noted that in the
numerical simulation no deformation comparable to theopiskeformation in the laboratory
tests was determined. The element volume in the FEM modetgponds to the filter cake
volume after filtration and it is assumed that liquid grouteplenished continuously at the
top of the model. The filtration is completed by the time a#reénts in the model have
switched to filter cake material properties. As shown in Fédii4, the filtration time deter-
mined in the FEM simulation is very similar to the analytitab-phase filtration solution.
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Figure 6.4: Filtration time for varying values of liquid grostiffnessG, and a filter cake
stiffness ofG s, = 1000 kPa.
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Figure 6.5: Influence of filter cake stiffness on filtratiomé.

For the numerical simulation, a shear stiffness needs toefiaadi for the liquid grout
elements which is unknown and also physically incorrectwds however assumed that
excess pore pressures govern the filtration process arefdhethe shear modulus chosen
for the liquid cement grout is insignificant. A variation dit liquid grout’s shear modulus
G, showed that its value does not affect the filtration time (Fég5.4) and confirms that
modelling the liquid grout as solid material is applicalsi¢his case.

The filter cake’s shear modulus;., however, influences the filtration time. Figuseb
shows that for a lower value df;., the filtration time increases. For higher values, the
numerical simulation approaches the analytical solution.

The analytical two-phase filtration model assumes that litee fiake material is rigid, and
therefore compression and thus consolidation of the fili&eds not taken into account. It
also assumes steady-state flow resulting in a constant pegsyse gradient in the filter cake.
Uniform pore pressure is assumed in the liquid phase. Inrasitin the FEM simulation
the filter cake compresses and thus consolidates duriragifvit. The coupled FEM analysis
allows for transient flow and the stress gradient in the fitegke changes with time since
pore pressures consolidate after the material has chaigeddissipation time depends on
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Figure 6.6: Stress distribution in the filter cake - influeddilter cake stiffness on FEM
result.

the permeability and stiffness assigned to the filter cakeenah Therefore, the filter cake
stiffness influences the stress gradient in the filter cakktlaa flow velocity at the filtration
front. For a very stiff filter cake the numerical simulatigppaoaches the analytical results,
assuming a rigid filter cake: excess pore pressures dissijpatkly and the pore pressure
gradient s linear. For the stiffness determined in lakmsatests the results are very close to
the analytical (rigid) solution. The pore water flow indudsdthe pressure gradient creates
seepage forces, resulting in effective stresses in the ¢itlee. Figures.6 shows the stress
distribution in the filter cake.

The influence of the element size was investigated by refithegnesh to 0.5 and 0.25
cm. Figure6.7 shows that the applied mesh size has no influence on theiditiratne. Of
course, due to the finer discretisation, the filter cake exipans modelled more precisely
with higher resolution, whereas larger elements are lesgrate, as the filter cake grows
one element at a time. In general, it needs to be ensuredhiihaatculation increments are
sufficient small for the chosen element size. Only one elerager next to the filter cake
can filtrate within one increment, even if the filter cake gitowould be larger analytical.
The next element layer is not taken into account for filtratimtil the next time increment.
Therefore, too large time increments would delay the filtecgrowth. The smaller the
elements, the smaller the maximum allowed time incremdrasld be.
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Figure 6.7: Filtration time for different mesh sizes.

6.5 Validation of radial cement grout filtration

After validating the FEM filtration model for one-dimensadrflow, it was now applied to
radial flow: The radial cement grout filtration due to a consfaumping rate was simulated
inside a borehole, using a quasi-axisymmetric model ptedeim Figure6.8. Using 3D
continuum elements, a 22dection of the axisymmetric geometry was modelled.
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Figure 6.8: Sketch of the quasi-axisymmetric FEM model watthial flow.

6.5.1 Model definition

In this quasi-axisymmetric model a cylindrical coordinaystem was introduced to apply
the boundary conditions. The side surfaces, represertismgymmetry plane of the model
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6.5 Validation of radial cement grout filtration

were restrained in tangential direction. The curved ouigiase or the model was restrained
in radial direction. Bottom and top surfaces were resticdinevertical direction. To create a
surface where radial flow could be applied to the model, alsragity (r = 0.2 cm) was left
out in the model centre.

Similar to the 1D model, the field variable FIELD(1) was useddefine the material
properties of the grout. Initially, the liquid grout was iggeed to a value of 0. One element
layer at the outer diameter was assigned to a value of 1,duw alle filtration to start. The
pore pressure was initially set to zero in the whole modet.deéult all model boundaries
were set impermeable. Gravity loading was not taken intoaat

Only one calculation phase was used for the simulation. Ast@nt inflow velocity of
-1 cm/s was applied to the created cavity surface at the numtdgte. The pore pressure
boundary at the outer model radius was set to zero to allodréerdrainage. As in the 1D
model, linear-elastic material behaviour was assumedfogtout.

6.5.2 Validation results

To validate the FEM simulation, the filter cake formation wasnpared to the analytical
two-phase filtration solution for radial flow, presented ac#on3.3. Figure6.9 shows that
also for the radial model with constant pumping rate the FEiusation complies well
with the analytical solution. The slightly faster filtration the FEM simulation towards
the end of the test can be explained by the element shape si-i@agal geometry: The
discharge is calculated from the fluid velocity at the in&igm point rather than the velocity
at the element surface, resulting in a slightly larger disgh than in the analytical solution.
The pore pressure development at the model centre (repireggére grouting pressure of the
liquid grout) is presented in Figufe1Q Compared to the analytical steady state solution the
porepressures increase stepwise in the FEM simulationmjosh the filter cake progresses
one element row.
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Figure 6.9: Radial filter cake formation at FEM simulatiomygzared to analytical solution.
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Figure 6.10: Pore pressure development at borehole centeslial filtration FEM simula-
tion compared to analytical solution.

6.6 Cement grout filtration inside the borehole

After validating the implementation of cement grout filtoat, the grouting process during
anchor installation was simulated based on the conditibtreedDdrverden building site de-
scribed in Chapteb. At this site the anchors are vertical and thus axisymmeyimmetry
could be employed. The model set-up is presented in Figuré A 12 m heigh, quasi-
axisymmetric section with a 3 m radius and 22iagle of soil was modelled. In the model
centre, a 9 m long vertical borehole with a radius of 10 cm wadetied, with the soil ex-
tending 3 m below the borehole. Instead of modelling the anbhr directly, a 2.5 cm cavity
was left in the borehole centre and this boundary was assumagformable and imperme-
able. Two grouting stages of 3 m grouting length each wereailsited. The withdrawal of
the casing was taken into account by changing the mateoakpties of the casing elements
from ‘steel’ to ‘liquid cement grout’ properties.

6.6.1 Model definition

To achieve a quasi-axisymmetric model, following boundaogditions were applied: tan-
gential deformations were restrained at the side surfaceégadial deformations were re-
strained at the outer radius. Vertical deformations werédtechat the bottom of the model.
Horizontal deformations were also restrained at the elésmepresenting the borehole cas-
ing.

Pore pressure boundary conditions were set equal to thedwaier stress distribution at
top, bottom and radial sides of the model. The tangenti@ssidere defined impermeable.
As initial conditions for the calculation, the expecteass field was assigned to the elements
to minimise deformations due to gravity loading in the fits{os The self-weight of soil and
grout was assigned to the model and pore pressures were thet ¢apected groundwater
pore pressure. Zero effective stress was defined for thillgyout inside the borehole. The
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borehole was modelled ‘wished in place’, meaning that théena in the borehole was
already grout at the beginning of the calculation.

For the model two different mesh options were used: In oneah@dodel ‘G_LM’), the
element width was increased from 0.5 cm in the borehole wsva@ cm at the outer radius
of the model. The general element height was 9.4 cm and ofihecktowards the borehole
bottom to 2.7 cm. The borehole and 10 cm of adjacent soil ardeftexl using cubic, 8
node elements (C3D8RP) whereas the surrounding soil is lleddesing 6 node elements
(C3D6P). In the second model (model ‘G_FM’), the mesh waseefi The element height
was refined at the borehole bottom and 3 m above, where thegoasds at the first grouting
stage. 6 node elements (C3D6P) were used for the entire mbdbbth models, instead
of modelling the anchor rod, a small cavity was left out in thedel centre. This cavity
was also extended into the soil below the borehole to prewemterical singularities due to
pointy elements. The mesh and boundary conditions aremesben Figure$.11and6.12

The material properties of the cement grout were definedrabpe on the field variable
FIELD(1), where a value of zero was assigned to all liquidugrelements and a value of
1 for filter cake elements. One layer of elements was used@dadoe layer between grout
and borehole casing in the regions where the casing was nhetigrerawn. The material
properties of these elements were also defined dependengldnvéiriable FIELD(1), so
that the material could be changed to simulate the casirfgvatval. To define the initial
filtration front, all soil elements were assigned to FIELIXL, even though the material
parameters were not dependent on the field variable. Thassdih represented the filter
material (associated with FIELD(1)=1) and filtration cosldrt in grout elements adjacent
to the soll.

Linear-elastic material behaviour was chosen for the suil @asing elements, whereas
the Mohr-Coulomb model was used for the grout. For the casliagents a very low per-
meability approximates an impermeable interface. The logas stiffness is applied to the
interface to simulate frictionless contact between grout @asing and to prevent the grout
‘sticking ’ to the casing and causing unrealistic stresgethé grout. The material of the
casing elements is switched to liquid grout properties wihencasing is withdrawn in this
section. Material properties are presented in Téhle

6.6.2 Calculation steps

STEP 1: Grouting-1

In the first calculation step, instantaneous gravity logdias applied to the entire model
and a user defined pore pressure boundary equivalent to dhedwater pressure was ap-
plied to the outer radius of the model. The overburden pressas applied as load to
the top surface of the model (except the borehole). Thenytigpg of the first 3 m bore-
hole section was simulated: To simulate a pumping rate ofr@ihla pore-fluid velocity
of v = -0.021292 m/s was applied to the borehole surface at thevittpa surface area

115



Chapter 6: Modelling cement grout filtration with FEM

detail Q
25,70,05
H— < 9.00 ox u
; "‘ 371 221
casing
A
e
< 6.00 |
grout —— ]
|
o
& < 3.00 | .
! -
detail |
|
< 0.00 |
|
|
2-3.00 - o1 331
measurements in [cm] [m] + 3.00 # [kPa]

Figure 6.11: 3D-FEM model of the vertical anchor instatlat('G_LM’).
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Figure 6.12: 3D-FEM model of the vertical anchor instatiat(*G_FM’).
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Table 6.1: Material parameters used for the 3D model.

Linear Elastic model Mohr-Coulomb model
Parameter Dense sand  Casing Parameter Liquid grout  Solid grout
E [MPd] 42 1x103 [ G [M Pa] 1 30
v [ 0.3 0 v [] 0.489 0.3
m [-] 0 0
d [k Pal 30 30
74 [°] 38 38
Y [°] 38 38
Oten  |kPal 30 30
CVR [] 0.323
k [m/s]  5x10% 1x10 2 |k [m/s] 1.0 75x10°8

of A =(0.092 —0.025%) x 7 = 0.023483 m?. The calculation step was terminated once the
grouting pressure of 30 bar was reached in the liquid grotlteatop of the borehole.

STEP 2: Unloading-1
In the second calculation step, the release of groutingspresafter grouting the first section
was simulated. The pore-fluid velocity at the top of the botelwas set to zero. The
duration of this step was set to 60 seconds.

STEP 3: Grouting-2
The second grouting stage was calculated in this step. Tolaienthe withdrawal of the 3
m casing section, material properties of the elements septang the casing section that
is withdrawn were changed to liquid grout properties by diag the field variable to
FIELD(1) = 0 and the horizontal fixity was released. The constant pord-flalocity
of -0.021292 m/s was again applied at the borehole top t@aehhe constant pumping rate.
The step was stopped once the grouting pressure of 30 baeaetsad in the liquid grout.

STEP 4: Unloading-2
As in STEP 2 the grouting was stopped by setting the pore-fleldcity to zero at the
borehole top.

6.6.3 Calculation modes

After the first calculations, it was observed that the filtekes progresses far into the bore-
hole casing, which was not expected. It was assumed thadlityrthe flow inside the casing
would flush the filter cake material towards the grouting tartg some extend. This Eule-
rian phenomenon can hardly be reproduced in a Lagrangian Edbtlation. Therefore
comparison calculations are carried out, where filtratimide the casing was permitted.
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6.6 Cement grout filtration inside the borehole

6.6.4 Results of model ‘G_LM’

The filter cake formation and grouting pressure at the bdeebentre calculated with the
equally meshed model for filtration in the casing (model'®1 LA) and no filtration in the
casing (model ‘G_LM_B’) is presented in Figusel3

With both calculation options, the filter cake developedrfrihe borehole walls towards
the centre and the thickness was almost even with depth #tergyouting length. As shown
in Figure 6.133 the filter cake reaches well into the casing in model ‘G_LNM(where
filtration was allowed inside the casing), whereas in mo@elLM_B’ the filter cake only
reaches up to the point where filtration is permitted. In th& fyrouting stage, however,
the filter cake thickness in the free grouting length and tioeitgng pressure in the borehole
centre were almost identical for both models. The pore press the borehole centre
increased disproportionally with time. With increasingeiilcake thickness, the hydraulic
resistance increases and thus the pressure generatedowmiibtant pumping rate. Due to the
decreasing radius of the open cavity, the filtration rate/$3imcreases towards the borehole
centre. The centre pore pressures at 1.5 m, 4.5 m and at tbp ofddel correspond to each
other, showing the pressure distribution of a liquid maierin both models, the filter cake
does not reach into the borehole centre in the first groutages because the limit pressure
of 30 bar is reached previously and pumping is stopped. Quhe second grouting stage,
pore pressures increase much faster in ‘G_LM_A than in ‘&8 _B’, due to the filter cake
material already existent in the new grouting length fromfirst grouting stage. The pore
pressure in the first grouting length drops to the groundwatee pressure, as soon as the
filter cake material reaches the borehole centre. In thensegoouting length, the pore
pressure increases to the grouting pressure of 30 bar lutgafiuting the pore pressures
dissipate gradually toward the groundwater pressure. IrLNs B’ pore pressures inside
the liquid grout increase similarly to the first groutinggaaas no filter cake is existent in
the actual grouting length. The pore pressures in the fiogitgrg length drop to groundwater
pore pressure as soon as the filter cake reaches the borehtie. Both calculation options
show the full grouting pressure at the top of the model, wdene the bottom grouting length
a lower pressure increase was observed.

The radial deformation at different depths and along thelhole surface are presented for
different time increments in Figurés14and6.15 The deformation increases from zero at
the borehole centre towards a peak value at the boreholeceuahd reduces exponentially
from this peak value inside the soil. After unloading, théod@ations reduce slightly;
mostly at the borehole walls. The filter cake formation in fingt grouting stage is very
homogeneous with time for both models, resulting in evematadeformations along the
grouting length and in the soil. In the second grouting stameever, the results of models
‘G_LM_A and ‘G_LM_B’ differ from each other. In the model vene filtration is allowed
inside the casing, the filter cake already reaches far irgcsétond grouting length at the
beginning of the second grouting process. The filter cakeldped faster at the bottom than
at the top of the grouting length, and reaches the centreddie full grouting pressure is
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6.6 Cement grout filtration inside the borehole

achieved. In contrast, the filter cake in model ‘G_LM_B’ diexgs similar in both grouting
stages and thus, similar deformations are achieved in botltigg sections.
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Figure 6.14: Development of radial deformations in modelLl®&1_A' with filtration in the
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6.6.5 Mesh dependency and filtration direction

The mesh dependency of the model was investigated by meskmefnt. The filter cake
formation in the first grouting stage calculated with a refimeesh is presented in Figure
6.16 In model ‘G_FM_A (filtration inside the drill casing) theltir cake formation was
similar to the larger mesh, albeit less regular. After 7508€éls grouting time, the filter
cake reaches the borehole centre in the middle of the gigplgmgth, but not throughout
to the distal anchor end. As this liquid grout is now separ&tem the liquid grout above,
it is not subjected to the grouting pressure any more and noiefiltrate completely. This
observation was even more distinct in model ‘G_FM_B’, whidteation inside the casing
was permitted. Here, the filter cake developed rapidly atetie of the drill casing and
reached the borehole centre after a few seconds. The fikerglags the casing just at the
opening and the desired grouting pressure is reached bibkifdter cake builds up in the
free grouting length.

This mesh dependency of the numerical simulation was uréeggeespecially as a refined
mesh should result in more precise calculation results.siBlesreasons for the artificial
plugging effect with a refined mesh are that numerical siagugs are more distinct for
smaller elements, whereas they are smeared in larger elemiéme local radial filter cake
formation at the casing end was caused by a large radial floampoaent in the element
just below the drill casing as showed in Fig@ré.7. This horizontal flow component arises
from the change of flow direction at the end of the drill casangl is restricted to one single
element. It is therefore more distinct in smaller meshesidkenthe casing, flow occurs in
vertical direction only, whereas in the free grouting lénglso a horizontal flow component
is apparent. The horizontal flow component leads to filtratibthe element just below the
casing, even though the main flow direction is still vertiCBhereatfter, filtration takes place
in the adjacent elements. In reality, no filter cake woulddup against the main flow
direction, as the particles would be flushed away (simild@h&osituation inside the borehole
casing). For larger elements this filtration against theflaiv direction is less significant,
as the large peak value just below the drill casing is smeaweda larger area.

6.6.6 Results for filtration in main flow direction only

The effect of filtration against the main flow direction waséstigated in comparison cal-
culations carried out with a modified filtration model, wherdy filtration in main flow di-
rection was considered. To achieve filtration in main flovediion, only discharge of water
from the grout is taken into account, if the main flow direntis directed towards the filtra-
tion front. Figure6.18shows the filter cake formation with time in models ‘G_LM_ Bidir’
and ‘G_FM_B_filtdir’, where only filtration in a main flow diotion was allowed. The fil-
ter cake forms more smoothly within the borehole geometrythe filtration time is much
longer than for the previous models. This is because in tludehthe balance between
pumping rate at the top of the borehole and filter cake volumeease is not maintained,
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Figure 6.16: Filter cake formation during the first groutstgge for refined mesh.
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Figure 6.17: Radial flow velocity in m/s at beginning of griogtlength.
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as the discharge of water from the borehole is disregardédihot directed into the main
flow direction. In reality the suspension would drain due liodiion against the main flow
direction, but would then be flushed downwards by the curfot to the gradual increase
of filter cake thickness with depth, the radial deformationsthe borehole cavity are less
uniform than for the regular model (Appendtx FigureC.7).
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Figure 6.18: Filter cake formation for filtration in main fladirection only.

6.6.7 Summary

Inthe models ‘G_LM_A and ‘G_LM_B’, the filter cake formedenly at the borehole walls
of the first grouting length resulting in homogeneous defdrams along the grouting length
after grouting. In the second grouting stage, the radiabmiedtions after grouting were
much smaller in model ‘G_LM_A than in model ‘G_LM_B’, wheeformations in both
grouting lengths were almost identical. Filtration instie borehole casing is only likely
to occur at the bottom because the liquid grout flows insi@ad would flush any existing
filter cake down. Considering this effect, model ‘G_LM_Bpresents the grouting process
better than model ‘G_LM_A'. Calculations with the modifietlréition model, which takes
into account filtration in the main flow direction only, shaiva more gradient filter cake
formation with increasing filter cake thickness along theebole towards the bottom. The
filtration time was much longer in this model because therwadaf inflow of liquid grout
and filter cake formation is not maintained. Therefore, thaal filtration model, taking
into account filtration in all directions, gives a betterimsttion of the filtration time. The
shape of the filter cake is likely to lie between the initialdeband the modified model

126
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with filtration in main flow direction only. Corresponding tioe filter cake shape, the radial
deformations along the borehole casing are more equallsiliged in the regular model,
whereas it increases with depth in the modified model.

6.7 Parametric study - Radial flow

The influences of different soil and grout properties wewestigated in parametric studies,
using the model shown in Figu@19 This model is a 20 cm thick horizontal section of
the 3D-filtration model presented in Sectiéré. As in the original model, a cavity of 2.5

cm was left out in the borehole centre to represent the argtkel bar and to apply a radial
pore-fluid velocity to the model.

6.7.1 Model definition

The boundary conditions of the wedge were similar to theimaignodel, with tangential
constraints at the sides and radial constrains at the cantt@uter diameter of the model.
Vertical deformations were constrained at the top and bottoundaries to achieve plane-
strain conditions. To achieve plane flow conditions, the aod bottom boundaries were
defined impermeable and also the tangential sides were defimqermeable. In this sim-
plified model, gravity loading was disregarded and the segeassumed uniform with depth.
The in-situ pore pressure was applied as uniform boundamngiton on the outer model
radius. The assumed in-situ, before-drilling, effectitresses and pore pressures at a depth
of 1 m above the anchor end were assigned as uniform initegsffield to the elements.
Zero effective stress was assigned to the grout elementsthEentire model, 8-node cu-
bic elements with reduced integration (C3D8RP) were usdtk mesh and applied loads
are presented in Figui@19 Similar to the previous models, the material propertieghef
cement grout were defined field variable dependent to disishgoetween liquid and solid
properties. The filtration model with Mohr-Coulomb failuzeterion was used for the grout,
whereas the Hardening Soil model with small-strain stggi@HSsmall) was chosen for the
soil.
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Figure 6.19: Plane strain filtration model.

The parametric studies were based on a reference parareétgven in Tables.2. For
the sand two reference parameter sets were used: One m&prgseloose packing (‘loose
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sand’) and one representing a dense packing (‘dense sdr)material parameters were
determined using empirical formula for quartz sands toatate relative density (RD) to soil
parameters as proposed Byinkgreve et al(2010.

All parametric studies were carried out with both paramségs for the sand, results for
the ‘loose sand’ parameter set are, however, partly predenthe appendix.

Table 6.2: Material parameters used for the parametrig/stud

HSsmall model Mohr-Coulomb model
Parameter Loose sand Dense sgrndarameter Liquid grout  Solid grout
EXS [MPa 20 45 Gref [MPa] 1 11
E') [MPa] 20 45
El [MPa) 60 135
m [-] 0.6 0.5 m [-] 0.75 0.75
p¢l [kPad 100 100 pel [kPd 100 100
vor -] 0.2 0.2 v [] 0.489 0.24
d [kPal 0.01 0.01 d [kPal 0 30
o ] 32.2 374 || ¢ °] 38 38
v 2.2 7.4 Y [°] 8 8
Ry [-] 0.96 0.91
Oten  |kPal 0.01 0.01
Gy  [MPal 80 110 CVR [] 0.323
Yo.7 [-] 1.7x10~* 1.3x1074
k [m/s] 50x107* 5.0x107* | k [m/s] 1.0 7.5 %1078

6.7.2 Calculation steps

The model section covers a horizontal slice of the model hod,tonly one grouting stage
was modelled.

STEP 1: Grouting

In the first calculation step, grouting was simulated by gingl a constant pore-fluid velocity

7gmut in radial direction to the cavity in the borehole centreresponding to the desired
pumping rate of liquid grout at top of the borehole. Similathe previous full 3D borehole

model a pumping rate of 30 I/min with a limiting grouting psese of 30 bar was applied,

unless different parameters are stated. The calculatepvsas terminated once the limit
grouting pressure was exceeded or the filtration front reéi¢he borehole centre (all grout
elements changed from liquid to filter cake state).

STEP 2: Unloading

In the second calculation step unloading of the soil afteuting was simulated. The pore-
fluid velocity at the borehole centre was set to zero, defittiegsurface impermeable at the
same time.
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6.7.3 Radial stresses and deformations using HSsmall niadisle soil

(a) Radial stresses.
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Figure 6.20: Results for grouting in ‘loose sand’ with 30ikirand a limiting grouting pres-
sure of 30 bar.

The radial stress distribution after grouting and unlogdiras calculated with the refer-
ence parameter set for the grout and the two material setisd@oil (‘loose sand’ and ‘dense
sand’), as given in Tablé.2. The simulation results for different grouting duratioms pre-
sented in Figure§.20and6.21 For both material sets, full filtration was achieved betbe
limiting grouting pressure of 30 bar was reached. Taking adcount plastic soil behaviour,
the grouting pressures and radial stresses during andgafteting are much lower than for
linear-elastic soil. When the borehole is expanded durhogiting, radial stresses increase
but the tangential stresses reduce until failure. A plastice forms around the borehole
and radial stresses do not increase further. Also the rattieéses reduce significantly af-
ter unloading compared to the stresses during groutingomtrast to the calculations with
linear-elastic soil, where radial stresses were almost fetained after unloading. In the
‘dense sand’ larger radial stresses are retained aftetiggothan in the ‘loose sand’. Due
to the larger stiffness the borehole deformation was smtikn for the ‘loose sand’ and
therefore larger grouting pressures were achieved.
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(a) Radial stresses.
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Figure 6.21: Results for grouting in ‘dense sand’ with 30itYiand a limiting grouting pres-
sure of 30 bar.
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6.7.4 Variation of grouting parameters

The influence of the pumping rate and the limiting groutinggsure was investigated in a
parametric study: For limiting grouting pressures of 10a8@ 30 bar the pumping rate was
varied from 10 I/min to 130 I/min (33.33 to 43.33 I/min per nogting length respectively),
using the reference material parameter sets given in TaBleA constant pore fluid veloc-
ity corresponding to the pumping rate was applied at theHmeecentre until the limiting
grouting pressure was reached in the liquid grout or thafitin was completed and all grout
elements switched to filter cake material.
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Figure 6.22: Grouting pressure development for differemhping rates in ‘dense sand’.

The pore pressure build-up at the borehole centre is predént different pumping rates
in Figures6.22andC.8for the dense and loose sand respectively. The pumpinglestdyc
influences the achieved grouting pressures in the liquidtgithe higher the pumping rate,
the higher the achieved pressures. For the simulation idéhee sand maximum grouting
pressures up to 27 bar were reached at a pumping rate of 180 IRnessures exceeding
20 bar were reached for pumping rates larger than 60 I/minl&nbar grouting pressure
was reached for all pumping rates. In cases where the sgklifig grout pressure was not
reached during grouting, the calculation was stopped whHaraut elements were filtered
out. In reality the filter cake would progress inside the mgsand the grouting pressure
would therefore increase at top of the casing anyway.

The resulting radial stresses at the borehole walls aftautgrg and unloading are pre-
sented in Figure$.23and C.9. The filled symbols represent simulations where the limit
grouting pressure was reached and open symbols indicate edere the grouting process
was stopped because filtration was completed.

For the cases where full filtration occurred before the lgnituting pressure was reached,
the radial stresses at the borehole walls after groutingase with increasing pumping rate
because higher grouting pressures were achieved. In casedive limit grout pressure was
reached, stresses after grouting increase slightly wdieasing pumping rates but remain at
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a constant level at higher pumping rates. After unloadiagidual radial stresses increased
with increasing pumping rate if full filtration had been amhed before the limiting pressure
was reached, whereas the pumping rate is insignificant wieelinit grouting pressure was
reached.

(a) Radial stresses at maximum grouting pressure.
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Figure 6.23: Radial stresses at borehole walls after grguh ‘dense sand’ with varying
grouting pressures and pumping rates.

6.7.5 Variation of filter cake stiffness

The influence of the filter cake stiffnegs;. on the simulation results was investigated by
varying G;. from 3 to 11 MPa, where the stress exponent 0.6 was taken fotz;. = 3
MPa and 5 MPa angh = 0.75 forG ;. = 7 MPa, 9 MPa and 11 MPa to meet the ranges of the
virgin and reloading stress-strain curve from oedometsisteespectively. The remaining
parameters for grout and soil were taken from the refereacanpeter set.

During all calculations full filtration of the cement growtaurred before the limit grouting
pressure of 30 bar was reached. FigusestandC.10show that the filter cakes’ stiffness
does not influence the radial stresses during grouting. r Afitdoading, however, slightly
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6.7 Parametric study - Radial flow

higher pressures are retained for a stiffer filter cake, defter retains the soil’'s back-
deformation. The variation of residual radial stressegasiad 150 kPa for the loose and
200 kPa for the dense sand. This effect of larger radial s#es only apparent in a thin
zone around the grout body.

(a) Radial stresses at maximum grouting pressure.
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(c) Radial stresses at borehole walls at maximum groutiegqure and after unloading.
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Figure 6.24: Parameter variation of filter cake stiffnéss in ‘dense sand’.
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Chapter 6: Modelling cement grout filtration with FEM

6.7.6 Variation of filter cake permeability

The filter cake permeability was varied from 2.8~ m/s to 1.2510~7 m/s. The remain-
ing parameters for grout and soil were again taken from tfegerce parameter set.

During all calculations the filtration of the liquid grout w@ompleted before the limit
grouting pressure of 30 bar was reached. The results pessenfiguress.25andC.11
show that for a less permeable filter cake higher radial stsesvolved during grouting, due
to the higher hydraulic resistance of the filter cake. Treadrremains after unloading. The
variations of residual radial stresses range from 200 kPthé‘loose sand’ to 300 kPa for
the ‘dense sand’ for filter cake permeabilities in the raniggeoved during laboratory tests
(3.5x1078 m/s to 1.25¢10~" m/s).
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6.7 Parametric study - Radial flow

(a) Radial stresses at maximum grouting pressure.
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(c) Radial stresses at borehole walls at maximum groutiegqure and after unloading.
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Figure 6.25: Parameter variation of filter cake permeahiljt in ‘dense sand’.
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Chapter 6: Modelling cement grout filtration with FEM

6.7.7 Variation of soil permeability

The soil permeability was varied betwekp;; = 1 x 10~2 m/s andl x 10~° m/s representing
coarse to fine sands andk 10~° m/s representing silt.
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Figure 6.26: Grouting pressure development in ‘loose sand’
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Figure 6.27: Grouting pressure development in ‘dense sand’

The grouting pressure build-up is presented in FigGr@§and6.27. The filtration time
was identical for permeabilities betweén< 1073 and1 x 10~* m/s, fork,,; = 1 x 107°
m/s the filtration time is slightly longer and for a permeipibf 1 x 105 m/s, the filtration
time increased significantly. Yet at all tests the same gngyiressure was reached.

The radial stress distribution after grouting and unlogdsmpresented in Figurés28and
C.12 As for the grouting pressure build-up the radial stressegi@ntical for permeabilities
in the range of sands. For permeabilities representirg e radial stresses at the borehole
walls were slightly lower than for sands due to higher poespures in the soil.
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6.7 Parametric study - Radial flow

(a) Radial stresses at maximum grouting pressure.
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(b) Radial stresses after unloading.
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(c) Radial stresses at borehole walls at maximum groutiegqure and after unloading.
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Figure 6.28: Parameter variation of soil permeabitity; in ‘dense sand’.
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Chapter 6: Modelling cement grout filtration with FEM

6.8 Chapter summary

The two-phase filtration model was implemented into a finkenent model to simulate ce-
ment grout filtration inside the borehole. Validations fereedimensional and radial flow
showed the applicability of the model. The flow of the liquitage was approximated by
assigning high permeability and low stiffness to the ‘ldjgrout’ elements. This approxima-
tion simulates the flow of the suspension, with the partiolgcentration remaining constant.
In cases where filtration against the main flow direction egcthe transport of suspension
with higher particle concentration can therefore not beusated and the filter cake builds
up at the location of drainage. A variation of the model wasoithuced, where only filtration
in main flow direction is considered. This model gives a moregular filter cake shape
than the initial model, it does, however, not fully complythvihe two-phase filtration model
because the balance of discharge and filter cake build-uplested. This leads to unrealis-
tic filtration time. The real filter cake shape is assumedddbtween both versions of the
filtration model.

The filter cake formation calculated with both models wasfbtelatively homogeneous
along the grouting length, what allowed for the use of a plstnan vertical section of the
model to determine stresses in the soil and carry out parenséidies.

The properties of the surrounding soil influence the pressachieved during grouting as
well as the radial stresses retained thereafter. For tliséeand’ material set with lower
stiffness and friction angle, lower grouting pressures i@uil stresses were achieved than
for the ‘dense sand'.

Variations of the grouting parameters showed that the vafuadial effective stresses
on the borehole walls after grouting directly relates to gheuting pressure that could be
achieved. The maximum grouting pressure that is reachadglgrouting depends on the
soil stiffness, permeability and pumping rate. With highamping rates, higher grouting
pressures are obtained before all grout in the boreholatéir For very high pumping rates,
however, the grouting pressure is reached with only a tter fdake which then in turn does
not resist the back-deformation of the soil and less stsemiseretained.

Parameter variations of the filter cake permeability shoe@tsiderable variations of the
achieved grouting pressure and residual radial stressgefmeabilities in the range of the
laboratory tests. The filter cake permeability directly de$ the grouting pressure which
can be achieved for a certain pumping rate. The radial stvasshen a percentage of the
grouting pressure.

The soil permeability also influences the filtration procéss permeabilities in the range
of coarse to fine sand the results were almost identical, dutnfuch lower permeabili-
ties a significant different filtration behaviour and strdsgribution was determined. This
confirms the general experience that applying groutingspresin semi-permeable or im-
permeable soils does not have the same positive effect thagrimeable soils.

It was also found that the value of the applied grouting presslirectly influences the
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6.8 Chapter summary

radial effective stresses on the borehole walls remainted afloading and thus the pull-out
capacity of the grout body. The parametric study showedfthahe range of parameters
likely to occur during real anchor installation, a liquidogting pressure of 30 bar in the
borehole centre is rarely obtainable. The achievementaitgrg pressures around 10 bar
to 15 bar seems more likely. Any larger grouting pressureslavbe the result of filtration
inside the drill casing. This complies with the results ofiwas anchor tests reported by
Ostermaye(1979, who stated that for grouting pressures above 10 bar neaserin anchor
capacity was achieved. During their studies the highertgrgypressures might only have
occurred within the casing and therefore not increasedftbetwe stresses on the borehole
walls.
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Chapter 7

Concluding remarks

7.1 Summary

The effects of pressure grouting during installation oigea ground anchors in non-cohesive
soils were investigated. It shed light on the process of ceémeut filtration and the mate-
rial properties of cement grout filter cake were determiattitionally the grouting process
was observed in-situ and based on the findings, finally, nhedleumerically.

Reviewing previous studies revealed that different cotscepthe processes taking place
during anchor installation exist. This is probably becatieobservations were made on
studies with varying installation conditions, which midtave influenced the processes tak-
ing place. For anchor installation in sand, the majorityairses state that during grouting
excess water is filtered from the grout suspension in thehodeeand no injection into the
soil takes place. It is assumed that a filter cake builds ughvtriansfers the grouting pres-
sure to the soil. This concept complies with theoreticalstderations on groutability and
excavations of grout anchors in sand, which showed a clstindiion between anchor body
and soil. In literature it was, however, not clarified whetbely a thin filter cake builds up
actioning like a membrane on the soil or if the entire growerd inside the borehole. The
amount of grouting pressure being transferred to the sdilramaining after grouting was
also unknown.

Excavations of anchors revealed that a straight shaft d¢pauly is created in sand. Anchors
where hydro-fracturing of the soil was reported are propabtated with bentonite added
to the grout. Referring to studies on hydro-fracturing inds it, however, seems unlikely
that the soil fractures during conventional anchor inatadh in sand. No reports exist where
fracturing during installation of grouted ground anchoeswonfirmed by excavations.

Even though there is consensus in literature that applyregsuire to the cement grout
increases the anchor capacity, the significance of the ratgmof the applied pressure re-
mained unclear.

To analytically describe the cement grout filtration pracé®o approaches were mainly
used in literature: the two-phase filtration model and atat€onsolidation theory. Those
require the void ratio and permeability of the filter cake lue toefficient of consolidation
and a mean permeability of the grout respectively.
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In the presented study a series of filtration tests with vayyvater contents and grouting
pressures were carried out to investigate the filtratiorrgse of cement grouts and to de-
termine sufficient calculation parameters. It was found the grout filtrates quickly and a
stiff filter cake builds up with a clear phase change fromitiggrout to filter cake. The filter
cake then consolidates further due to the applied load. Tinatitbtn process was found to
be a combination of filtration and consolidation: In a firsapé water is expelled from the
liquid grout until the cement particles contact each othnet a filter cake builds up, which
then consolidates. Immediately after filtration, the medte properties of the filter cake
material were investigated in triaxial, oedometer and @ity tests.

From the laboratory filtration tests it was found that

cement grout does not infiltrate sand

with higher grouting pressures the filtration time reduces

with higher grouting pressures the void ratio of the filtekecaeduces
with lower initial water content the void ratio of the filteake reduces

The scatter of results within the tests were however largan the influence of grouting

pressure and water content and no correlations could bendoatween those factors and
the filter cake properties. But using mean values for allstelsoth approaches, the two-
phase filtration model and consolidation theory were foypatapriate to back-calculate the
filtration tests and estimate the filter cake thickness vinitiet A filter cake water content of

w/cs. = 0.3 and a permeability df;. = 7.5 x 10~® m/s were determined from the filtration
tests and fitted well for back-calculations with the two-gpdéltration model.

The two-phase filtration model directly yields the filter eathickness, whereas when
using consolidation theory the degree of consolidationtdtivthe grout is considered fil-
ter cake needs to be defined. While one set of paramétersufdw/c;.) is sufficient to
back-calculate all tests of the series with the two-phatatiibn model, for the consolida-
tion model the coefficient of consolidatief needed to be adjusted to the applied grouting
pressure in order to receive appropriate results and igfitver not generally applicable,
especially for varying grouting pressures.

Additional in-situ measurements of the grouting pressurgisle the borehole proved that
filtration takes place during grouting and that the entiugiin the grouting length filtrates.
Soundings confirmed that grouting increases the radiads#sein the soil adjacent to the
grout body.

Even though the soil conditions were similar at the diff¢test sites, the measured grout-
ing pressures and filtration times varied significantly.slisiascribed to the different instal-
lation techniques (drilling method and grouting pressamlied. However, full filtration of
the cement grout was achieved at all sites. Measuremertte giouting pressure inside the
borehole showed that

e initially the grout acts as liquid and suspension pressudssitributed hydrostatically
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7.1 Summary

e the grout in the grouting length filtrates and becomes aidrctaterial causing an
anisotropic stress distribution

e Wwhereas the grout inside the casing is still liquid

o full filtration of the grout in the grouting length was acheglregardless installation
technique

¢ the grout filters even without applied grouting pressure
e increased radial stresses remain after grouting

e filtration leads to low water contents of the grout which cbohuse swelling of the
grout body during setting and therefore lead to an increbssdial stresses

DMT and CPT soundings in the soil showed that radial stresseto the grouting length
increased significantly during and after grouting. Howeteo little data was available to
determine correlations between grouting pressure andlrstiésses after grouting.

Based on previous findings, the process of cement grouttifitravas simulated by ap-
plying the finite element method. Filtration during grogtiwas accounted for by switching
the material properties of the grout from ‘liquid grout’ fdter cake’, using a filter criterion
adapted from the two-phase filtration model. In a coupledfi@formation analysis, the
phase change of the grout due to filtration as well as coresadid of the created filter cake
was taken into account. The filter cake formation was siredlatside the borehole by ap-
plying a constant pumping rate rather than a constant pres$he calculations showed that
a relatively homogeneous filter cake builds up along thehmmeswalls in the free grouting
length and that the filter cake reaches the borehole cenéresedhort grouting period. In the
range of sands, the permeability of the soil does not inflaghe filtration process signifi-
cantly. With a constant pumping rate the grouting pressuabtained due to the hydraulic
resistance of the filter cake and therefore depends on itsgadyility and the pumping rate.
But also the soil properties affect the grouting pressuoe weaker soils larger borehole de-
formations occur, releasing the established grout presdure radial stresses on the anchor
body/soil interface directly relate to the reached graypnessure, but the residual stresses
after grouting depend on the thickness of the filter cakeclwinetains the soil from mov-
ing back inwards after grouting. The achieved grouting suess were very sensitive to
the filter cake permeability and showed considerable scattepermeabilities in the range
determined in laboratory tests.

Even though the anchor geometry and reached grouting pessgaried between the test
in Venhaus and Dérverden, the radial stress increase nebhsubDMT and DMTA sound-
ings in Venhaus were in the range of the simulated valuesul@ted and measured radial
stresses at a distance of 40 cm from the anchor axis incréaslee range of 100 and 300
kPa for grouting pressures between 20 and 30 bar.
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7.2 Conclusions and recommendations for practice

Cement grouting during anchor installation was found to le@raplex process influenced
by various interacting factors. The effect of cement grogiton the residual stresses on the
grout body were identified depending on the

pumping rate

achieved grouting pressure
soil properties

grout properties

applied drilling method
used flushing liquid

Even though in particular the pumping rate significantlyuafices the grouting process,
it was disregarded in previous studies. And if the anchadallaion was considered at all,
only the applied grouting pressure was taken into account.

Considering grouting in permeable soils, it was found thatgrouting pressure is a result
of the pumping rate and filter cake permeability. The pressuthe liquid grout increases
once the filter cake builds up, due to its increasing hydcardsistance. The soil itself
does not provide sufficient hydraulic resistance to geeregabuting pressures of several
bars without the filter cake and pumping rates possible wativentional grout pumps. The
grouting pressure increases gradually during in-situ anatstallation, as the filter cake
builds up. The higher the pumping rate, the higher are theeaeti grouting pressures. If
a limit grouting pressure is defined at which the groutingcpss is stopped, the grouting
pressure might be reached at a thin filter cake only, whicliin tesults in lower residual
stresses after grouting.

Figure7.1 presents schematic results of the FEM simulations of gngut dense sands.
The maximum grouting pressure that is achieved in the béeetentre before full filtra-
tion of the grout directly correlates to the pumping rateg(ffe 7.19. The remaining ra-
dial stresses on the grout body also increase with pumpiteg &s long as full filtration
Is reached. If grouting is stopped at a specific limiting puee level before full filtration
is achieved, the residual stresses reduce with increasingping rates, because a thinner
filter cake is achieved compared to lower pumping rates (€iguLb. In addition to the
presented FEM model comparison calculations with varyoigmsessures were carried out.
The shaded areas in Figufel indicate the range of results of simulations with soil puess
varying fromo’;, = 50 kPato o), = 100 kPa. The comparison calculations showed that
the initial soil pressure has only little influence on theutess especially if the limiting grout-
ing pressure was reached. But for full filtration, higherghog pressures were achieved in
calculations with higher initial soil pressures. This effeas also observed at the remaining
radial stresses on the grout body. Larger radial stressesaghieved with higher initial soll
pressures, possibly due to the larger soil stiffness.
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Figure 7.1: Schematic presentation of grouting pressurdsadial effective stresses on the
grout body surface after unloading. FEM simulation withddarle diameter 20
cm, steel bar diameter 5 cm and 3m grouting length.
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To increase the radial effective stresses as much as psssibpractice full filtration
should be anticipated with a preferably high grouting puessaiming optimal balance be-
tween pumping rate and limit grouting pressure. If necgsta grouting length can be
reduced in order to obtain larger pumping rates per m grguéngth.

To detect the time of full filtration in the grouting lengtmeshould monitor the grouting
pressure development. When grouting is continued beyang@aimt of full filtration in the
grouting length, the filter cake progresses into the driflimg. At this point the grouting
pressure increases exponentially and the casing shouldtbdrawn further. A too long
grouting duration bears the risk of grout filtration in thevita between casing and soil,
which can get the casing stuck. This applies especially éoeloles drilled with outward
flushing, since the cavity between casing and soll is lafggn for inward flushing.

It is recommended to previously determine the maximum gngyiressure which can be
reached inside the borehole without filtration inside thgireg@ This would provide max-
imum effect of grouting and minimize the risk of casing bestgck during the grouting
process.

The presented study shows that the filtration of cement gtoatto water expulsion is
critical during anchor installation, which explains thdfelience between grouting in non-
cohesive (permeable) soils and cohesive (impermeabls) sopermeable soils the filtration
of cement grout plays the major role, whereas in impermesdils the grouting pressure
is only transferred as excess pore pressure without signtfidtration. Therefore the ra-
dial stresses reduce as soon as grouting is stopped bebausailtcan move back into the
borehole without being restrained by a stiff filter cake. sTéxplains why post grouting is
successful in cohesive soils: First of all, it is only po$sito fracture the initial grout body,
because the water content remained relatively high resutia lower strength, and then the
expansion of the grout body increases the radial stresaésdhld not be achieved during
grouting.

Observations during in-situ anchor installation showed tbr drilling with external flush-
ing only low grouting pressures could be achieved becawsgrbut was pressed upwards
between casing and soll. If a filter cake builds up at thistpmsiit might cause the casing to
be stuck in the borehole. Drilling with external flushingangles the grout body and creates
a more irregular anchor surface, which might be favourablattoduce anchor loads, but it
also disturbs the surrounding soil. To minimise these &fetrilling with internal flushing
should be preferred.

The use of packers might be useful to separate the groutimggfHerom the remaining
borehole and prevent grout being pressed upwards betwdenading and borehole and
could help to reach the desired grouting pressure. HowéwFems unnecessary with re-
spect to maintain the grouting pressure for a period of tigeahse in non-cohesive soils the
grouting pressure will reduce immediately after pumpingtgpped due to water draining
from the grout. In impermeable soils it might however be fdlpecause no filtration takes
place and the liquid grout pressure is maintained by thegraalntil the grout cures.
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If bentonite is added to the drilling or grouting liquid, iecreases the permeability of
the filter cake. In view of the presented study, adding beateda the flushing liquid is not
advisable because it could hinder the filtration of the gourtng grouting and support that
the grout is flushed upwards between casing and soil.

7.3 Recommendation for further work

The presented field tests aimed to investigate anchor liastal, as it is carried out in prac-
tice, and therefore, no specifications were made regardiagnstallation technique. In
the light of the presented study it would be interesting toycaut field tests under more
controlled conditions, where the pumping rate, amount oftigand grouting pressures are
recorded precisely. This would allow to back-calculatetésts and to validate the presented
FEM model.

The sensors used to measure total stresses in the borehioig giouting were calibrated
in water. The test results indicate that as soon as the gtwatds some arching around the
sensors could have reduced the measured total stressdsirtRer in-situ measurements it
would be recommended to calibrate the sensors in cement gnoucement grout filtrate
in order to evaluate these effects. Also the durability & sensors and casings could be
improved in order to achieve reliable long term measurement

Time dependent changes of radial stresses on the grout Inoldyras, changes of anchor
capacity some time after anchor installation were not ifngated within this study. Field
observation and literature suggests that the radial stsessrease during curing of the grout
due to a swelling process. It would be very interesting t@gtigate this volume increase of
cement grouts with low water contents due to swelling. Alseetdependent relaxation of
the effective stresses created during grouting would batefest.

The numerical simulations showed that the filter cake pebifisainfluences the grouting
pressure that can be achieved. Adding small amounts of bé&to the grout decreases the
permeability of the filter cake and might support the effdgpr@ssure grouting. However,
reducing the permeability too much by adding too much beatearould hinder the grout
filtration, so that only a thin filter cake builds up by the tithe desired grouting pressure
is achieved. In that case, the grouting pressure would nottaeed and the quality of the
grout body would be reduced. Further work is required towata the benefits and risks
of using bentonite during anchor installation and to find ptimal amount of bentonite to
support the benefits of grouting.

Further, the influence of drilling methods and grout typegl@¢de investigated in more
detail.

The presented PhD study represents a foundation for furéiserarch on the installation
effects of grouted ground anchors. Knowing the processesroént grouting during anchor
installation and the effects on the stress state in thespikrequisite to determine the anchor
pull-out capacity numerically. For a realistic simulatiohthe load bearing mechanisms
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following items should be investigated further and incldid®o the FEM model:

e The effects of grouting on the soil properties due to stressige and compaction, for
example by applying a material model with state dependelpa@ameters (void-ratio
dependenp andy)).

e The interlocking of the grout and soil surface.
e The volume increase due to swelling.

e Progressive failure/debonding of the anchor body.
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Appendix A: Laboratory test results

Table A.1: Test parameters and results from test series Ng. Aindw/c. calculated from
hinis w/Cini’ andéfin-

Test w/cini hzm Dini 6mam €ini €fc w/cfc

[] [mm] [kPa] [mm] [] [ []

1.1 045 0.45 80 92 139 142 1.00 0.32
1.2 045 0.45 80 92 141 142 0.99 0.31
1.3 045 0.45 80 197 148 142 0.97 0.31
2_1 045 0.45 80 201 145 142 0.98 0.31
2_2_045 0.45 80 190 134 142 1.01 0.32
2_3_045 0.45 80 101 133 142 1.02 0.32
4 1 045 0.45 80 494 155 142 0.95 0.30
4 2 045 0.45 80 494 161 142 0.93 0.30
4 3 045 0.45 80 491 153 142 0.95 0.30
5_1_045 0.45 80 994 16.2 142 0.93 0.29
5 2 045 0.45 80 1003 16.1 142 0.93 0.30
5_3_045 0.45 80 996 15.0 142 0.96 0.31
6_2_045 0.45 80 466 145 142 0.98 0.31
7_1_060 0.60 80 482 25.7 189 0.96 0.31
7_2_060 0.60 80 500 274 189 0.90 0.29
8_1_060 0.60 80 996 254 189 0.97 0.31
8_2_ 060 0.60 80 1004 26.2 1.89 0.94 0.30
9 1 050 0.50 80 503 239 158 0.81 0.26
9 2 050 0.50 80 497 21.7 158 0.88 0.28
10_1 050 0.50 80 1015 23.8 158 0.81 0.26
10_2_050 0.50 80 1024 23.7 158 0.81 0.26
10_3 050 0.50 80 494 221 158 0.86 0.27
11_1 040 0.40 80 196 105 1.26 0.96 0.31
11_2 040 0.40 80 197 108 1.26 0.96 0.30
12_1 050 0.50 80 1422 259 158 0.74 0.24
12_2 050 0.50 80 1453 21.7 158 0.88 0.28
12_3 050 0.50 80 1434 191 158 0.96 0.30
13_1 045 0.45 80 1476 17.2 1.42 0.90 0.29
13 45 0.45 80 1501 184 142 0.86 0.27

[EEN
IS
N
o

0.40 80 508 150 126 0.84 0.27

WNPFPWNRPWNRPFPWONRPEPENRPONMRPNPONPEPENREOWODNPRP

OOOOOOOOOOOOOEOOOOOOOOOOOOO
o

14 2. 040 040 80 491 122 126 0.92 0.29
14 3 040 040 80 485 134 126 0.88 0.28
15 1_ 040 80 1019 13.8 1.26 0.87 0.28
152 040 040 80 982 142 126 0.86 0.27
16_1 060 0.60 80 1437 27.4 1.89 090 0.29
16_2 060 0.60 80 1437 245 1.89 1.00 0.32
163 060 0.60 80 1455 242 1.89 101 0.32
17 1 050 050 80 190 165 1.58 1.05 0.33
17 2050 050 80 197 165 158 1.04 0.33
173050 050 80 203 165 158 1.05 0.33
18 1. 040 040 80 1439 167 1.26 079 0.25
18 2. 040 040 80 1480 162 1.26 0.80 0.25
18 3 040 040 80 1472 154 126 083 0.26
191 060 0.60 80 194 231 189 105 0.33
19 2 060 0.60 80 186 24.2 1.89 1.02 0.32
190 3 060 0.60 80 195 225 189 1.08 0.34
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Table A.2: Test parameters and results from test series Mitt additional sand layee .
andw/cy,. calculated fromh;,,;, w/c;yi, andd g;y,.

Test w/cini hzm Dini 6mam €ini €fc w/cfc

[] [mm] [kPa] [mm] [] [ []

31045S 045 80 191 116 142 1.07 0.34
32045S 045 80 470 116 1.42 107 0.34
33045S 045 80 483 169 142 091 0.29

Table A.3: Test parameters and results from test series Ng. 2ndw/c;. calculated from
Rinis W/ Cini, andd;y,.

Test w/cini hini Pini 5max €ini €fc w/cfc

[] [mm] [kPa] [mm] [] [] [-]
2-2-1 040 0.40 127 506 16 1.26 0.98 0.31
2-2-2_040 0.40 140 489 16 1.26 1.00 0.32
2-3-1_040 0.40 140 518 20 1.26 0.94 0.30
2-3-2_040 0.40 140 509 20 1.26 0.94 0.30
2-4-1 040 0.40 138 512 21 1.26 0.92 0.29
2-4-2_040 0.40 140 503 20 1.26 0.94 0.30
2-5-1 040 0.40 141 489 20 1.26 0.94 0.30
2-5-2_040 0.40 138 508 21 1.26 091 0.29
2-6-1_040 0.40 140 514 15 126 101 0.32
2-6-2_040 0.40 140 512 15 1.26 1.02 0.32
2-7-1_040 0.40 140 975 21 1.26 0.92 0.29
2-7-2_040 0.40 140 1073 21 1.26 0.93 0.29
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Figure A.1: Particle size distribution of Norcem standacdtRnd cement and sand used as
filter material in filtration tests.
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Figure A.3: Discharge rate measured during permeabilgste
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Figure A.4: Permeability during permeability tests.
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Figure B.3: Grouting pressure measured during instalatfcAnchor 7 in Horstwalde.
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Figure B.4: Grouting pressure measured during instatiagioAnchor 10 in Horstwalde.
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Figure B.5: Grouting pressure measured during instatiagicAnchor 19 in Horstwalde.
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Figure B.6: Grouting pressure measured during instalatfoAnchor 8 in Horstwalde.
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Appendix C

Numerical simulations

C.1 Constitutive laws

In the following section a short description of the congivel laws that were used in the
FEM simulations is given.

C.1.1 The Linear Elastic model

The Linear Elastic model was used for the cement grout aridnsealidation calculations.
The required model parameters are presented in TaldleThe used Linear Elastic model
assumes an elastic stress-strain relationship after Holdie stiffness matrix is defined by
two independent constants, for example the Young’s modkilaad Poisson’s ratio.

Table C.1: Material parameters for the Linear Elastic model

Parameter Description
E [kPa] Young’'s modulus
v [-] Poisson’s ratio

C.1.2 The Mohr-Coulomb model

The Mohr-Coulomb model was used to model the cement groittariee borehole. Itis a
elastic-perfect plastic constitutive model, featuringrass dependent stiffness formulation.
TableC.2 shows the material parameters required for the model:
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Appendix C: Numerical simulations

Table C.2: Material parameters for the Mohr-Coulomb model.

Parameter description
ELT [kPa] Secant modulus for primary triaxial loading
m [-] Exponent of the Ohde/Janbu law
pret [kPa] Reference stress for stiffness parameters
v [-] Poisson’s ratio
d [kPa] Cohesion
¢’ [°] Friction angle
P [°] Dilatancy angle
[

kPa] Tensile strength

Strength parameters

The Mohr-Coulomb model employs the Mohr-Coulomb yield aoef which is defined by
the friction angley’ and cohesion’ (FigureC.1). The parameter,.,, defines the maximum
tensile strength of the material. The dilatancy angl#escribes the volumetric behaviour of
the soil under deviatoric loading. In simple shéarorresponds to the angle of the deviation
of the grain movement to the direction of shearing. In a tabktest the dilatancy angle can
be determined as shown in Figues.

— 6 sing’
T t A% = 3 sing’
q
b = ¢’ cosg’ I @,
tan o = sing’
o
3 o = 6 ¢’ cosgy’
b 3 1 3-sing’ o
3 r & s
¢’ colp’ ¢ ¢’ coly’ ¢’ cote’

Figure C.1: Visualisation of the Mohr-Coulomb failure eribn.

Stiffness parameters

The elastic stiffness matrix of the used Mohr-Coulomb maslélased on the parameters
and £7¢/. The stiffness is defined dependent on the isotropic meassprer,, = %(0'1 +
o3 + 03) using the exponential law after Ohde/Janbu as

E=pg <U—m)m , (C.1)

pref
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C.1 Constitutive laws

wherep”/ is the reference mean isotropic stress (usually 100 kPa)athe stress exponent.
In the Mohr-Coulomb model, elastic stresses are assumdédthumtmaterial fails and the
stress path reaches the yield surface. In this model it iscmiunted for material hardening
or softening.

C.1.3 The Hardening Soil model with small-strain stiffness

The Hardening Soil model with small-strain stiffness (H&#jrwas used to model the soil

in the parametric study. It is a double hardening model, ragitivo yield surfaces to the

Mohr-Coulomb failure criterion. Therefore, irreversilfiastic shear strains due to primary
deviatoric loading as well as irreversible volumetric stsadue to primary isotropic loading

are taken into account. Further, a stress dependent strags+elationship and a distinction
between primary loading and reloading/unloading is caveFellowing material parameters
are required for the model:

Table C.3: Material parameters for the HSsmall model.

Parameter Description

Bt [kPa] Secant modulus for primary triaxial loading
E;”;{ [kPa] Tangent modulus for oedometric loading
E) [kPa] Secant modulus fo run- and reloading

m [-] Exponent of the Ohde/Janbu law

pret [kPa] Reference stress for stiffness parameters
VUR [] Poisson’s ratio unloading-reloading

kPa] Cohesion (Mohr-Coulomb)

[
¢’ [°] Friction angle (Mohr-Coulomb)
P [°] Dilatancy angle
Ry [—] Failure ratio
Oten [kPa] Tensile strength
Go [kPa] Shear modulus for small strains
V0.7 [-] Shear strain folG = 0.7Gy

Strength parameters and dilatancy angle

In the HSsmall model the Mohr-Coulomb failure criterion mmoyed which is defined by
the friction anglep and the cohesionas explained in Sectio@.1.2 During virgin loading
(no plastic strains) the yield surface expands until theimarm value is reached, but does
not shrink during unloading. The parametgy,, defines the maximum tensile strength of
the material. The dilatancy angle describes the volumetric behaviour of the soil under
deviatoric loading (se€.1.2.
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Appendix C: Numerical simulations

Figure C.2: Yield surface of the HSsmall model in principaéss space.

Y= W

Figure C.3: Determination af in a drained, triaxial test.

Stiffness parameters

The elastic stiffness matrix of the Hardening Soil modeluamtified using the parameters
ver and E'¢7 . 1f no plastic straining occurs (stresses inside the yialfeges) these elastic
parameters in combination with the parameteand the small-strain formulation described
below identify the stress strain behaviour of the model. &lastic Poisson’s ratio,, and
the elastic stiffnes#:"¢/ can be determined in a triaxial test. The secant stiffigiss is
determined in an un-/reloading loop. The stress dependénesses are defined with the
exponential law after Ohde/Janbu as

o3+ ccote’ \" vef [ 03+ ccotg’ \™
Eyp=E | Eso=E) | —————) and
v “r ( pef +ccotp) 0\ pref 4 ¢ cot

Foeq = EreCch qte coty’ \™
ot \ pref + ¢ cotp

(C.2)

wherep™/ is the reference stress (usually 100 kPa) anthe stress exponent.
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C.1 Constitutive laws

As shown in FigureC.4 Ex, represents the secant modulus in primary triaxial loading
reaching 50 percent of the ultimate deviatoric strgss The ultimate deviatoric stresg
is defined by the shear strength. The ratiogpfand ¢, is given by the failure ratia?;.
When assuming?; = 1.0 an asymptotic approach of the stress strain curve to th@aik
deviatoric stressgf = g,) is given. Smaller values a&; yield non-asymptotic stress strain
curves, similar to the one shown in Figute4. E.¢/ corresponds to 100 kPa cell pressure
(for p¢/ =100 kPa)Egjj represents the tangent modulus in an oedometer tegtfor o,
= 100 kPa.

q q
q‘(l

asymptote

asymptote

qﬂ

Figure C.4: Definition ofF,, and E5, in a drained triaxial test.

Small-strain stiffness

The Hardening Soil model with small-strain stiffness takes account that for small-strains
a manifold larger soil stiffness is observed than for largfesins. In addition to the secant
stiffness E i for un- and reloading for large strains, the shear moddiyss defined for
very small strains. The Poisson’s ratigr, is, however, used for all strain ranges. The small-
strain shear modulus can be determined from special ladrgrégsts, but using empirical
values usually gives appropriate results. Figr®shows a stiffness reduction curve. The
parametety, ; defines the shear strain at which the actual shear moduladsgeje= 0.7 G,.
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A
1 l4- - f&—>| Retaining walls
& l¢- - +—>| Foundations
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2 & - - - - +——{ Tunnels
= Very
2 small ol 1> )
S strains e lllstrains Conventional soil testing
8 :
<
2 Larger strains
0 T T — Shear strain yq [-]
1e° 1e” 1e* 1e” 1e? le

A

Local gauges

Figure C.5: Definition of small strains.
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C.2 Implementation of the two-phase filtration model intdWrE

C.2 Implementation of the two-phase filtration model intddFE

C.2.1 Element connectivity

The algorithm'ele_con’ reads the list of elements and corresponding nodes frormfhe i
file and compares each node of one element to each node of tile model. The number
of common nodes of two elements defines the element conitgcttubic elements with
8 nodes and 6 faces have a common face with 4 common nodes,maroedge with 2
common nodes or only a common corner with 1 common node.

Box C.1: Algorithm ‘ele_con’ for element connectivity

read input file List of elements and their nodes
loop Elementl = 1..N
loop Element2 = 1..N
number of common nodes =0
loop NodeFEll = 1..8
loop NodeFEI2 = 1..8
if NodeEll = NodeFEI2 and Elementl # Element2 then
number of common nodes = number of common nodes + 1
end if
end loop
end loop
write Common bock ‘neighbour’
end loop
end loop

The element connectivity is stored in a three-dimensionairaon block named ‘neigh-
bour’. For each element number, the element number of thghheuring elements are
stored. Then, for each combination the number of commong)dtle contact surface area
A and the normal vector of this surfagg, are stored. In a three-dimensional model one
element has between 7 and 26 neighbours.

Box C.2: Connectivity of Element 1 stored in common blockigmour’

Element No 1

Neighbouring Number of Contact surface properties

ElementNo common nodes A nx ny nz
2 4 1.000 0.000 -1.000 0.000
6 4 1.000 0.000 0.000 -1.000
7 2 0.000 0.000 0.000 0.000
26 4 1.000 -1.000 0.000 0.000
27 2 0.000 0.000 0.000 0.000
31 2 0.000 0.000 0.000 0.000
32 1 0.000 0.000 0.000 0.000
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Figure C.6: Definition of normal vector and element face &#¢B,C,D).

Flow of one element to a neighbouring element occurs thrauglommon face. The
discharge through this face is calculated from the poreHfugilocity vector?’, which is
provided for each material point as a result of the previ@lsutation step. To calculate the
discharge though an element face, the area and orientdtiba tace is now determined.
The normal vectoi?, of the element face is determined with the cross producte¥éttors
between three nodes on the surf@, @) with

— BX@

This normal vector is perpendicular to the element face, dejpending on the order of the
nodes ABC, it could point inwards or outwards of the elem@&atdetermine the direction of

the normal vector, a reference vector is constructed peipelar to the subjected element
face, starting from a Node P on the opposite face of the elemen

ey
PA

If the normal vector points in the same direction than thister it points outwards of the
element. Otherwise it needs to be reversed.

The area of the quadrilateral element surface is deternbgetividing it into two trian-
gles, as shown in Figui€.6. The triangle areas are then calculated using the vectdupto

AAABD:0.5|EXE|AAACDZO.5|@XE| . (C5)
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C.2 Implementation of the two-phase filtration model intdWrE

To avoid overlapping triangles, the positions of nodes &,B, around the element face
needs to be known. The node order is assessed by an algoriioh wentifies the node
diagonal to node A by comparing the angles between veoﬁj&@ and@ and then
defines which nodes form the triangles for calculation (Bo3).

Box C.3: Calculate area of quadrilateral element surfad& @D

1. Calculate cosine angles between vectors AB,AC,AD

cos/ B ﬁ W

COSZ(E,@) %%

cosé(@,ﬁ) %%

2. Calculate triangular area

if cos/ E E (cos/ ﬁ @ ) and cos/ /@ ﬁ then
AABC_05|E><@|+05\A x AD|

else if (cosZ ﬁ E and cos/ ﬁ ﬁ ) < cos/ ﬁ 1@ then
AABC_05|ﬁxﬁ\+o5|ﬁxﬁ

else

Aupe = 0.5|AB x AC| + 0.5/ AB x AD|

end if

C.2.2 Calculating the filtration front

Two versions of the filtration model were used to calculataest grout filtration. In the
standard model, the discharge into all neighbouring fileecelements was taken into ac-
count. For the modified model, only filtration in the main flowedtion of the liquid grout
was allowed. To achieve this, only discharge of water froenglout is taken into account,

if the main flow direction is directed towards the filtratioomt. Both options are presented
in BoxesC.4 andC.5, respectively. For the considered surface between twoesl&srthe
velocity vector perpendicular to the surfagg is determined and the discharge is calculated
taking into account the surface area and integrating owee.tiThis procedure is repeated
for all neighbouring elements. Once the filter criterion istpthe material properties are
changed.
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Appendix C: Numerical simulations

For the modified version with filtration in main flow directionly, the relative flow direc-
tion is evaluated from the angle between the flow velocitymee and the normal vector
ng. For an angle belows5° the discharge is considered valid and taken into accourdlto ¢
culate the filtration. The adjusted code to access cemeunt Ghoation is presented in Box
C5h

Box C.4: Algorithm to calculate filtration front - standardudel

Require: : List of neighbour elements(Element No., Surf. area A, Nalnrectorr;), Ele-
ment volumeé/x;, pore fluid velocity vector/
if Elementis groutf’/ELD1 = 0) then
loopNeighbobour=1..N
if Neighbour is filter cake{/ELD1 = 1) then

Uty = (V #700) *
_>
Qact :Qact+Vn0*A*5t
end if
end loop
Q:Q+Qact

Qmaz = filterit x Vi
if Q> Qe then
Element changes to filter cake material
FIELD1 =1
end if
end if
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C.2 Implementation of the two-phase filtration model intdWrE

Box C.5: Algorithm to calculate filtration front in main flowrréction - modified model

Require: List of neighbour elements (Element No., Surf. area A, Ndweator i§)), Ele-

ment volumée/x;, pore fluid velocity vecto
if Elementis groutk’/ELD1 = 0) then
loopNeighbobour=1..N

if Neighbour is filter cake{/ELD1 = 1) then

*TTO)

/(V. 7)) =
( ) V] [}
it £(V,73) < 45° then
Vio = (V #7172}
Qact :Qact_‘_‘zg*A*ét
end if
end if
end loop
Q = Q + Qact
Qmaz = filterit x Vi
if Q> Qnae then
Element changes to filter cake material
FIELD1 =1
end if
end if
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Appendix C: Numerical simulations

C.3 ABAQUS Model

C.3.1 General information

ABAQUS is a comprehensive program package for finite-eléraealysis for a wide va-
riety of engineering problems. For geotechnical engimggrfor example, it covers total
and effective stress analyses for stress-strain calonr fully coupled pore fluid flow
analyses to calculate consolidation problems or steadsansient groundwater flow. Also
heat transfer, mass diffusion and many other applicatiande applied. The material mod-
els available for soils are linear-elastic behaviour, astit-plastic behaviour with classical
‘Mohr-Coulomb’, ‘Drucker-Prager’, or critical state 'Ca@lay’ failure criterion. Other con-
stitutive models can be implemented as user defined mateFal all calculations presented
in this work, the analysis product ABAQUS/Standard verssohl was used, a FEM tool
which solves a system of equations implicitly at each calwoh increment. For conve-
nience it is only referred to as ‘ABAQUS’, as other tools suashABAQUS/Explicit and
ABAQUS/DCF analysis, are not considered within this worknt brief information about
the program limited to aspects concerning the work pregeméee is given in the follow-
ing sections. A comprehensive documentation of the capiabiand implementation of the
code is given imMBAQUS 6.11(2011H.

Conventions

The units used in an ABAQUS simulation can be freely chosethbyuser, as long as they
are self consistent. No units are built in into the code. &foe, the calculation parameters
have to be defined with special care in order to achieve selistent results for derived
units. Within this work following Sl units were chosen:

length [m]

force [kN]

mass [kg]

time [s]

The ABAQUS analysis is divided in calculation steps, forteaew step, boundary condi-
tions and loads might be changed. One calculation stepvwedah step increments, which
sizes depend on the nonlinearity of the analysis or the maximprescribed value.

The stress convention within ABAQUS is defined accordingdmmon structural me-
chanics: pressure is negative and tension is positive. pfessures are positive.
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C.3 ABAQUS Model

ABAQUS element types

ABAQUS provides an extensive variety of element types, Whie described iABAQUS 6.11
(20118 in detail. For the grout,3D-continuum brick elements wtimnodes and reduced
integration were chosen (C3D8RP). These elements have ateriah point (integration
point) in the centre. For the soil also C3D8RP and in some i8dd8D8P elements were
used. The C3D8P elements are fully integrated and providat@nmal points. For all stress-
displacement element types, the degrees of freedom agnaddio the same number:

e 1: x-displacement

2: y-displacement

3: z-displacement

8: Pore pressure, hydrostatic fluid pressure

Usually, the displacements in x-, y-, and z-direction caecwith the global coordinate
system, except if a lokal transformation is defined at a ntuks the local 1-, 2-, and 3-
directions are used.

ABAQUS field and state variables

ABAQUS distinguishes between state and field variables.y Hne used to store data for
output purposes or to store and change values and re-useltiverg the calculation. In the
user defined subroutines both variable types can be usedaquavalent way, only that not
all subroutines can read or update both variable types.Xamnple, the user defined material
subroutine (UMAT) can only access state variables, but et uefined field variables.
Therefore, in the presented code the variable defining therrabproperties of the grout is
assigned to the field variable FIELD(1) and the state vagi&IIATEV(2) accordingly.

ABAQUS input file

An ABAQUS simulation consists of three parts: preprocagssimulation and postprocess-
ing. In the preprocessing stage the model parameters sugbaasetry, mesh, material
properties, initial and boundary conditions, loads andwdation variables are defined in an
input file. This input file can be generated with a preprocepsagram, or simply by creat-
ing a text file in an text editor. The input file.¢np) is used to create the model from which
the calculation is carried out.

If user subroutines are used to increase the program’siunatity they have to be referred
to in the input file. This applies for user defined material mlsdboundary conditions,
solution dependent material properties or many more.
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Appendix C: Numerical simulations

C.3.2 ABAQUS Subroutines

A variety of user subroutines are available in the ABAQUSKa@e. They enable the user to
customise the code and implement non-standard featuresusér subroutines are written in
the program language FORTRAN and compiled automaticaligrbehe calculation of the
ABAQUS job is started. A comprehensive description of thailable subroutines is given
in the ABAQUS user manuaRBAQUS 6.11(20113). The subroutines utilised within this
work are now covered briefly:

User defined material model (UMAT)

The subroutine UMAT is applied to implement user defined metéehaviour. The user
defined material models Hardening Soil with small-straiffretss (HSsmall) and a classical
Mohr-Coulomb approach (MC) are implemented to simulatesthieand grout behaviour
respectively. The material properties are assigned depermh state variables, so that it is
possible to change the material properties during calicudty changing the state variables.

User defined boundary conditions (DISP)

The subroutine DISP is used to change the magnitude of argreddoundary condition
at all nodes listed in a user-subroutine-defined boundangition. This option is used to
define changing pore pressure boundary conditions witthdept

User defined amplitude (UAMP)

User defined amplitudes are used, where a boundary conditiaero effective stress is
needed. This is the case for the validation of seepage fordese a constant flow is applied
to a boundary, and free deformation is allowed. In ABAQUSyotéformation or total
stress boundary conditions (loads) can be applied. In dodeshieve a ‘zero-effective-stress
boundary’, a load with the magnitude of the pore pressur@pdied, to cancel each other
out with respect to effective stresses. In the input filelihasl is defined with a magnitude of
one and assigned to the user defined amplitude, which is @itrerbf the load magnitude.
This amplitude is supposed to have the same value as the pEsgupe at the considered
surface. Therefore, the pore pressure is written in a semgput, which is defined in the
input file. This sensor output is then enquired by the sulmeldAMP and used to define the
amplitude value. This method only gives approximately zffective stresses, depending
on the pore pressure change in one increment, because thar s@tue is written in the
previous step. The larger the pore pressure change witldnrmmement, the larger is the
effective stress at the boundary.
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C.3.3 Calculating field variables and updating state vésgJSDFLD)

In this subroutine material point data can be accessedIfetegthents of which the material

properties are dependent on user defined field variablean be used to calculate solution-
dependent material properties and to update state vasiaflbis subroutine can also be
used to include any code features which are to be conductggkatfic time points, steps,

elements or material points, because the subroutine itledcat each calculation increment
and for each material point.

This subroutine is used to change the material propertiéseofrout when it filters. The
filter criterion is checked for each material point, and ifsitmet, the state variable which
defines the material properties is updated. Also the fieldbbes are changed, which define
the permeability.

C.4 Implementation of filtration in ABAQUS

To simulate the filtration process in ABAQUS, following agfments were made to the pro-
gram:

¢ Idenfification of neighbouring elements

Identification of filtration front

Assessing filter criterion

Changing mechanical properties when cement filters

Changing permeability when cement filters

The principles behind the code implemented to accompliskehiasks is explained in sec-
tion 6.2 In this section it is explained how the code can be impleegirito the ABAQUS
context. First of all, the element connectivity is deterednn the subroutine ‘get_ele con’,
which is called from the subroutine USDFLD at the materiainp@nd first time incre-
ment. The element connectivity is written in a common blook available for all other
subroutines. With this information now the neighbours affealement are known. In the
subroutine USDFLD it is now checked whether the current elers located at the filtration
front and if the filter criterion is met. State and field vategbare then changed accordingly.
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C.4.1 Change of material properties due to filtration

Once the grout filtrates, its state changes from a viscoud ftuia solid filter cake with
significant strength and stiffness. The permeability deses due to the denser packing of
particles. Assuming the two-phase filtration theory, timarege of material properties occurs
instantaneously when filtration takes place. To model thenge of material behaviour in
ABAQUS, the material properties are assigned dependertatmand field variables, which
in turn change if the material state changes due to filtration

In ABAQUS defining a solution dependent permeability isigtiaforward: the perme-
ability can be directly defined as a function of the desireld fi@riable (here: FIELD(1)) in
the input file.

The material properties for the user defined soil model cabaalefined field-variable
dependent in the input file. In the user subroutine UAMT onétesvariables are available
and therefore the material properties need to be definechdepeon state variables. The
material model was then adapted to calculate the actuaéwaiuhe material properties,
dependent on the current value of the state variable. Witlenmaterial model the state
variable is accessed before calculation and the statablardependent material properties
determined.

C.4.2 Prescribed pore-fluid velocity and zero effectivesdrboundaries

In some validation models a zero effective stress, constlotity boundary condition is
required. ABAQUS however, only provides deformation oatatress (load) boundary con-
ditions. If neither the deformation is restrained nor a pues applied to a boundary, zero
total stress is assumed, meaning that if pore pressuregeatehis boundary, also effective
stresses occur to maintain zero total stresses. Theretoashieve zero effective stress at
that boundary, a (total) pressure load equal to the porespress applied. The pore pres-
sure, however, is unknown, as it is a result of the calcutediod varying with time, in case of
constant pore-fluid velocity boundary. The filter cake thiegs changes during calculation
and consequently the pore pressure changes due to thesimgydgydraulic resistance. To
solve that problem, the pore pressure is written in a histotput and assigned tosensoy
which makes the value available for ABAQUS user subroutifidee applied pressure load
is defined amplitude dependent, with an unity value. Usingea defined amplitude UAMP,
where the amplitude value is set equal to the actual porespregsensor) value, the value
of the load is updated to the sensor value. This is howevexglicé solution as the sensor
value is taken from the previous calculation step and toeeethe applied load will vary
from the actual pore pressure. For that reason it is impbttelimit the step size to reduce
the pore pressure change in one increment and achieve ajgpeagsults.
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C.4.3 Assigning initial field variable values

The properties of the user defined material model for thetgnohich is specified in the
subroutine UMAT, are defined dependent on field- and statalas which are assigned to
the material points (material points). However the initialues of the field variables can
only be assigned to element nodes in the input file. They ae iterpolated from the
element nodes to the material points prior the first calautegtep. This interpolation results
in unintended field variable values at material points lyiegween areas of different values
(materials). In order to obtain the desired field variablezllamaterial points, the material
points with incorrect field variable values are identifiedtve first time increment in the
subroutine USDFLD and assigned to the desired values. afteecting the field variables,
the state variable defining the material propéd§" AT £V (2)) are assigned accordingly.

C.4.4 State variables

Various state variables are used to extend the ABAQUS fonatity, define solution depen-
dent material properties and provide additional outpuapeaters. Following state variables
are used in the calculation:

e STATEV(1): — Variable already occupied in UMAT —
STATEV(2): Material index£ FIELD(1))
STATEV(3): Relative discharg&..:/ Qmaz)
STATEV(4): Total discharge()

STATEV(5): Identifier for plastic material state
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C.5 Fortran source code

C.5.1 Advancing filtraiton front: USDFLD subroutine

1!
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Implementation of twephase filtration model in ABAQUS

by Xenia Stodieck 2014

Within the ABAQUS subroutine USDFLD the advancing filtian front
is identified and a filter criterion is accessed

Only for Element Type C3D8RP

Calculation is terminated for a defined pore pressure or fffilter
or filter cake reaches a certain element

xNO: Normal vector on element face

xVEL: Porefluid velocity vector

XVNO': Normalized velocity vector

xIntVol: Integration point volume (Element volume for CHRP)
xMatind: Material index O=liquid or 1=filter cake
XNEIGHBOUR: Common block storing connectivity

xPor: Pore pressure

XQ_act: Discharge of element in actual increment
XQ: Cumulative discharge of element

XQ_max: Discharge defining filter criterion
filtel (): Material index actual element

filtelold () : Material index of actual element in previousncrement
filtcheck: Number of specified elements that are filter kea
increment: Previous increment number

elcheck: Index if element is on filtration front

STATEV(2): Material index (0=liquid or 1=filter cake)
STATEV(3): Relative discharge xQ/(xQ_max)
STATEV(4): Total discharge xQ

SUBROUTINE USDFLD(FIELD , STATEV, PNEWDTPIRECT , T, CELENT,
1 TIME, DTIME , CMNAME, ORNAME, NFIELD , NSTATV, NOEL, NPTLAYER,
2 KSPT,KSTEP,KINC, NDI,NSHR, COORD, JMAC, JIMATYP , MATIY®D,

3 LACCFLA)

INCLUDE 'ABA PARAM.INC’

CHARACTER 80 CMNAME, ORNAME
CHARACTER x3 FLGRAY(15)
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45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
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64
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67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82!
83!
84!
85!
86

87

88

89

90

91

92

93!

DIMENSION FIELD (NFIELD) ,STATEV (NSTATV) ,DIRECT (3,3),
1 T(3,3),TIME(2)

DIMENSION ARRAY(15) ,JARRAY (15) ,JMAC() ,JMATYP(x) ,
1 COORD )

real xXVEL(3) ,xNO(3) ,xVNO(3)

real XxNEIGHBOUR(45000,26,6)

real xMatlnd

real filtel (45000),filtelold (45000)

integer m,loop ,ADNO,ADEL, elcheck ,increment
common /KNEIGHBR/ XxNEIGHBOUR

common /kFilt/ filtel

common /kFiltOld/ filtelold

common /klncrement /increment

Terminating analysis when grouting pressure limit is rdexd or
all elements are filtrated
—> definition of elements numbers for exit criterion requide

IF (TIME(1) .NE. O .AND. NOEL .EQ. 963) THEN
CALL GETVRM('POR’ ,ARRAY,JARRAY,FLGRAY,JRCD,JMAC,JMATYP, MTLAYO,
2 LACCFLA)
XPOR=ARRAY (1)
IF (xPOR .GT. 3000.)THEN
CALL XIT ! Exit when grouting pressure is exceeded!
END IF
ELSE IF (TIME(1) .NE. O .AND. NOEL .EQ. 1)THEN
filtcheck=0
DO ele=951,955! Insert centre element numbers
filtcheck=filtcheck+filtelold (ele)
END DO
IF (filtcheck .EQ. 5.) THEN
CALL XIT ! Exit when filter cake reaches centre!
END IF
END IF

Adjust material index for interpolation elements in firsstep
—> values need to be checked for each new model!

IF (TIME(1) .EQ. 0) THEN
filtel (NOEL)=FIELD (1)
IF (FIELD(1) .EQ. 1.5 .OR. FIELD(1) .EQ. 1.75)YHEN
filtel (NOEL) =0.
END IF
filtelold=filtel ! filtelold is updated one increment
delayed in case increment fails to converge
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increment=KINC ! Stores the previous increment number
END IF

Get element connectivity in first increment

IF (NOEL .EQ. 1) THEN

IF (TIME(2) .EQ. 0) THEN
CALL get_elem_con

ELSE

IF (KINC .EQ. increment)THEN !Increment is repeated
use previous material index if increment is repeated
filtel=filtelold

ELSE !'New increment

filtelold=filtel l'update filtelold
increment=KINC lupdate increment
END IF
END IF
END IF

Get current velocity

CALL GETVRM( 'FLVEL’ ,ARRAY,JARRAY ,FLGRAY, JRCD ,JMAC, JMATYP,
1 MATLAYO, LACCFLA)
xV = ( ARRAY(3))
XVEL (1) =ARRAY (2)
XVEL (2)=ARRAY (3)
XVEL (3)=ARRAY (4)

Get material point volume

CALL GETVRM('IVOL’ ,ARRAY,JARRAY,FLGRAY,JRCD,JMAC,JMATYP,
1 MATLAYO, LACCFLA)
xIntVol = ARRAY (1)

Access filtration criterion

xMatind=filtel (NOEL) !Material index O=liquid or 1=filter cake
elcheck=0

IF (xMatind .EQ. O0) THEN !Material is grout
xQ_act =0
IFind adjacent elements who are filter cake
DO loop=1,26 !Go through all neighbouring elements
ADEL=xNEIGHBOUR (NOEL, loop ,1) ! Number of neighbour element
ADNO=xNEIGHBOUR (NOEL, loop ,2)! Number of common nodes
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143 IF (ADNO .EQ. 4 .AND. filtel (ADEL) .GE. 1) THEN
144 elcheck=1!Element is filter element

145 XNO (1) =xNEIGHBOUR (NOEL, loop ,4)

146 xNO (2) =xNEIGHBOUR (NOEL, loop ,5)

147 xNO (3) =xNEIGHBOUR (NOEL, loop ,6)

148 xskal=dot_product (XVEL,XxNO)

149 IF (xskal .GT. 0)THEN !Flow outwards

150 DO i=1,3

151! Transpose velocity vector

152 XVNO(i)=dot_product (XVEL,xNO¥xNO(i)
153 END DO

154 xVneu=(dot_product(xVNO,xVN0)9*0.5
155 ELSE

156 xVneu=0

157 END IF

158 xQ_act = xQ_act+ xVnexNEIGHBOUR (NOEL, loop ,3 xDTIME
159 END IF

160 END DO

161 IF (elcheck .EQ. 1)THEN !Element is on filtration front
162 XxQ_max = 0.328xIntVol

163 XQ=STATEV (4)+xQ_act

164 IF (xQ .GE. xQ_max)THEN

165 filtel (NOEL) = 1.

166 STATEV(3) = 1.

167 Else IF (xQ .GT. 0.) THEN

168 STATEV(3) = xQ/(xQ_max)

169 END IF

170 STATEV(4) = xQ

171 END IF

172 End IF

173

174! Write actual material definition in FIELD variable

175 FIELD (1) = filtel (NOEL)

176

177! Store as a solution dependent state variable

178 STATEV(2) = filtel (NOEL)

179

180! IF error, write comment to .DAT file:

181 IF (JRCD.NE.OYHEN

182 WRITE (6 ,%) 'REQUEST_ERROR IN_USDFLD FOR ELEMENT_NUMBER.',
183 1 NOEL, 'INTEGRATION POINT_NUMBER ,’ ,NPT

184 END IF

185 RETURN

186 END

187!
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C.5.2 Element connectivity: get_elem_con subroutine

1!

2123456789012345678901234567890123456789012345673303678901234567890

3!
41
51
6!
7!
8!
9!
10!
11!
12!
13!
141
151
16!
17!
18
19
20
21!
22!
23!
24
25
26
27
28
29
30
31
32
33
34
35!
36!
37!
38
39
40
41
42
43
44
45
46

Identify Neighbouring Elements/ Common nodes
Determination of node connectivity based on ele _con.fovadable at

http ://www.eng-tips.com/viewthread.cfm?qid=269244

ncnt: Number of nodes in the model
nelcnt: Number of elements in the model
num_neighbours: Number of neighbours
XNEIGHBOUR: Common block storing connectivity

nodes: Matrix with node number and coordinates

ele: Matrix with element number (1,...) and nodes (..59)
ab,ac,ad: Vectors between a, b and c

A: Element surface area

W1, W2, W3: Cosine of angle between vectors

subroutine get_elem_con
include 'ABA PARAM.INC’

Declaration of variables

characterx256 jobname, outdir,filename ,input

real XxNEIGHBOUR(45000,26,6)

integer ele(45000,9)

real nodes(46000,4)

real ab(3),ac(3),ad(3),A,W1,W2,W3,xn(3),xn0(3) ,pa(3),BI(
integer com_nodes

real com_nodes_nr(5,3)

integer ele_loopl,ele_loop2,count,ncheck,comncheck
common /kNEIGHBR/ xNEIGHBOUR

common /KELEMENTS/ ele

Open INP file for reading.

CALL getjobname (jobname,lenjobname)
CALL getoutdir(outdir,lenoutdir)
filename=outdir (1:lenoutdir)//’'\"//

1 jobname(1l:lenjobname)//’ .inp’
OPEN(unit=101,file=filename (1:lenoutdir+

1 lenjobname+5)status="old")

ncnt=0
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47
48
49
50!

521
53
54
55
56

58!

60
61
62
63
64
65
66
67
68
69
70
71
72!
73!
74
75
76
77
78
79!
80!
81!
82
83
84
85
86
87
88
89
90
91
92
93
94
95

nelcnt=0
count=0

Skip down to xNode in input File

DO WHILE (index(input, *Node’)==0)
read(101,’(a)’)input

END DO

Read in node coordinates

DO WHILE (.TRUE.)
read(101 ,x)input
IF (index(input,’s’)==0) THEN
backspace(101)
ncnt=ncnt+1
read(101 ,«x)nodes(ncnt,1) ,nodes(ncnt,2),

1 nodes(ncnt,3) ,nodes(ncnt ,4)
ELSE
EXIT
END IF
END DO

Skip down to xElement in input File

DO WHILE (index(input, «Element’)==0)
read(101,’(a)’)input

END DO

Read in element nodal connectivity

DO WHILE (.TRUE.)
read(101 x)input
IF (index(input,’x’)==0) THEN
backspace(101)
nelcnt=nelcnt+1
read(101 x)ele(nelcnt ,1) ,ele(nelcnt,2),

1
2
3
ELSE
EXIT
END IF
END DO

ele(nelcnt ,3) ,ele(nelcnt ,4) ,ele(nelcnt ,5),
ele(nelcnt ,6) ,ele(nelcnt ,7) ,ele(nelcnt ,8),
ele(nelcnt ,9)
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96 !

97! Get element connectivity

98!

99! Loop over all elements (EI1)

100 DO ele_loopl=1,nelcnt

101 num_neighbours=1

102!

103! Compare to all elements (EI2)

104 DO ele_loop2=1,nelcnt

105 elecheck=0

106 com_nodes=0

107 com_nodes_nr=0

108!

109! Compare all nodes of EI1 to all nodes of EI2

110 DO nlp1=2,9

111 ncheck=0

112

113! Ask if node is common

114 IF (ele(ele_loop2,nlp2)==ele(ele_loopl, nlpl)IHEN

115

116! Ask if compared elements are unequal

117 IF (ele_loopl/=ele_loop2)THEN

118 com_nodes=com_nodes+1

119

120! Write coordinates of common nodes

121 com_nodes_nr(com_nodes,l)=nodes(ele(ele_loop@2nl2)

122 com_nodes_nr(com_nodes,2)=nodes(ele(ele_loopR2nl3)

123 com_nodes_nr(com_nodes,3)=nodes(ele(ele_loopR2nl4)

124 elecheck=1 !Elements are neighbours

125 ncheck=1 Inlpl is a common node!

126 XNEIGHBOUR(ele (ele_loopl ,1) ,num_neighbours,1)

127 1 =ele(ele_loop2,1)

128 XNEIGHBOUR( ele (ele_loopl,1) ,num_neighbours,2)

129 1 =com_nodes

130 END IF

131 END IF

132 END DO !nip2

133

134 IF (elecheck .EQ. 1 .AND. ncheck .EQ. OJHEN !One node which is
not common

135 com_nodes_nr(5,1)=nodes(ele(ele_loopl,hnlpl),h2)

136 com_nodes_nr(5,2)=nodes(ele(ele_loopl,nlpl),h3)

137 com_nodes_nr(5,3)=nodes(ele(ele_loopl ,h nlpl) ,4)

138 comncheck=1

139 ELSE IF (elecheck .EQ. 1 .AND. npll .EQ. 9 .AND.

140 1 comncheck .EQ. OYHEN !In case common nodes are npll=6 to
9

141 com_nodes_nr(5,1)=nodes(ele(ele_loopl , h2),2)

142 com_nodes_nr(5,2)=nodes(ele(ele_loopl,2),3)
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144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169

170!

171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191

C.5 Fortran source code

com_nodes_nr(5,3)=nodes(ele(ele_loopl ,h2) ,4)
write (6 ,%) ' xx+*ERROR; Check ,uncommonpnode between’
write (6 ,x) 'Element’,ele_loopl,'andelement’,ele_loop2
END IF
END DO !nip1l
IF (elecheck .EQ. 1)THEN
num_neighbours=num_neighbours+1

Calculation of area between neighbours

IF (com_nodes .EQ. 4)IHEN
DO count=1,3
ab(count)=com_nodes_nr(2,counrtpom_nodes_nr(1,count)
ac(count)=com_nodes_nr(3,countom_nodes nr(1,count)
ad(count)=com_nodes_nr(4,courtom_nodes_nr(1,count)
pa(count)=com_nodes_nr(1,countom_nodes nr(5,count)
END DO

Cosine of angle between vectors
Wl=dot_product(ab,ad)/((dot_product(ab,ab))

1 xx0.5%x(dot_product(ad,ad))%0.5)
W2=dot_product(ad,ac)/(dot_product(ad,ad)
1 xx0.5xdot_product(ac,acd*0.5)
W3=dot_product(ab,ac)/(dot_product(ab,ab)
1 xx0.5xdot_product(ac,acd*0.5)

Calculate Area
IF (W1 .LT. W2 .and. W1 .LT. W3)THEN
A=0.5«(dot_product(ab,abydot_product(ac,ac)
1 —(dot_product(ab,ac)9*2)*x*x0.5+0.5«(dot_product(ad,ad)
2 xdot_product(ac,ac)(dot_product(ad,ac)d*2)*xx0.5
Else If (W3 .LT. W2 .and. W3 .LT. WI1)THEN
A=0.5«(dot_product(ab,abydot _product(ad, ad)
1 —(dot_product(ab,ad)9)*2)*x0.5+0.5«(dot_product(ad,ad)
2 xdot_product(ac,ac)(dot _product(ad,ac)9)*2)*x0.5
Else If (W2 .LT. W1 .and. W2 .LT. W3)THEN
A=0.5¢«(dot_product(ab,abddot_product(ad, ad)
1 —(dot_product(ab,ad)9)*2)*xx0.5+0.5«(dot_product(ab,ab)
2 xdot_product(ac,ac)(dot _product(ab,ac)9)*2)*x0.5
End If
XNEIGHBOUR( ele (ele_loopl,1) ,num_neighbow3,3)=A

Calculation of normal Vector

xn(l)=ab(2¥ac(3)ab(3)xac(2)
xn(2)=ab(3%ac(l)ab(l)xac(3)
xn(3)=ab(1xac(2)>ab(2)xac(1)
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xn0=xn/(dot_product(xn,xnx0.5)

Perpendicular vector from uncommon point to plane
PS=dot_product(pa,xn@¥n0

Check if vector points outward of element

IF (dot_product(PS,xn0) .LT. O)HEN
xn0=-1xxn0

End If

DO count=1,3
XNEIGHBOUR(ele (ele_loopl,1) ,num_neighbouds
1 ,count+3)=xn0(count)
END DO

END IF
END IF
END DO !ele_loop2
END DO lele_loop1l
close(101)

return
END subroutine get_elem_con
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C.6 Results of FEM simulations
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Figure C.7: Development of radial deformations in modellL®1 B _filtdir’.
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C.7 Parameter study results for the material set ‘loose’sand
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Figure C.8: Grouting pressure development for differemhping rates in ‘loose sand’.
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Table C.4: Results of parametric study with varying pumpiaigs in ‘loose sand’ and 10
bar limiting grouting pressure.

Model Pumping Max. grout- Filter oy oL oyL/oa oyL/P

rate ing pressure P cake (STEP1) (STEP2)

thickness

[I/min]  [kPa] [cm] [kPa] [kPa]

I/min kPa cm kPa kPa
W_HS_PAR1 10 974.05 7.5 392.0 264.3 63% 29%
W_HS_PAR2 20 1000.48 6.0 474.7 314.2 57% 31%
W_HS_PAR3 30 1000.02 5.0 525.4 338.7 55% 31%
W_HS PAR4 40 1000.14 4.5 556.5 361.0 54% 32%
W_HS_PAR5 50 1000.16 4.0 537.8 329.4 57% 36%
W_HS_PAR6 60 1000.54 4.0 582.0 366.7 61% 36%
W_HS_PAR7 70 1000.18 35 589.6 351.7 57% 35%
W_HS_PARS8 80 1001.67 35 617.9 383.0 58% 35%
W_HS_PAR9 90 1000.46 3.0 547.1 328.6 59% 35%
W_HS_PAR10 100 1000.22 3.0 549.0 349.9 56% 35%
W_HS_PAR11 110 1002.67 3.0 617.6 411.6 52% 32%
W_HS_PAR12 120 1000.01 3.0 597.6 378.2 55% 33%
W_HS_PAR13 130 1002.44 601.0 361.2 52% 32%

Table C.5: Results of parametric study with varying pumpiaigs in ‘loose sand’ and 20
bar limiting grouting pressure.

Model Pumping Max. grout- Filter oy oL oyL/oa oyL/P

rate ing pressure P cake (STEP1) (STEP2)

thickness

[I/min]  [kPa] [cm] [kPa] [kPa]
W_HS_PAR1 10 974.05 7.5 392.0 264.3 62% 27%
W_HS_PAR2 20 1211.34 7.5 521.0 350.7 62% 29%
W_HS_PAR3 30 1363.60 7.5 576.1 399.2 61% 29%
W_HS PAR4 40 1481.31 7.5 638.8 459.9 62% 29%
W_HS_PAR5 50 1576.24 7.5 700.9 501.3 64% 31%
W_HS_PAR6 60 1662.87 7.5 667.4 465.8 59% 31%
W_HS_PAR7 70 1723.02 7.5 743.8 562.8 62% 33%
W_HS_PARS8 80 1765.42 7.5 750.1 558.8 63% 36%
W_HS_PAR9 90 1829.56 7.5 815.9 605.5 56% 32%
W_HS_PAR10 100 1900.59 7.5 768.7 512.2 60% 36%
W_HS PAR11 110 1991.99 7.5 769.7 572.8 61% 36%
W_HS_PAR12 120 1948.73 7.5 891.7 646.8 57% 34%
W_HS_PAR13 130 1979.39 7.5 770.8 541.0 56% 33%
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Table C.6: Results of parametric study with varying pumpiaigs in ‘loose sand’ and 30
bar limiting grouting pressure.

Model Pumping Max. grout- Filter o oL oyL/oa oyL/P

rate ing pressure P cake (STEP1) (STEP2)

thickness

[/min]  [kPa] [cm] [kPa] [kPa]
W_HS_PAR1 10 974.05 7.5 392.0 264.3 62% 27%
W_HS PAR2 20 1211.34 7.5 521.0 350.7 62% 29%
W_HS_PAR3 30 1363.60 7.5 576.1 399.2 61% 29%
W_HS PAR4 40 1481.31 7.5 638.8 459.9 62% 29%
W_HS_PAR5 50 1576.24 7.5 700.9 501.3 64% 31%
W_HS_PAR6 60 1662.87 7.5 667.4 465.8 65% 33%
W_HS_PAR7 70 1723.02 7.5 743.8 562.8 64% 33%
W_HS_PAR8 80 1765.42 7.5 750.1 558.8 62% 29%
W_HS_PAR9 90 1829.56 7.5 815.9 605.5 65% 32%
W_HS_PAR10 100 1900.59 7.5 768.7 512.2 62% 30%
W_HS_PAR11 110 1991.99 7.5 769.7 572.8 64% 31%
W_HS_PAR12 120 1948.73 7.5 891.7 646.8 62% 31%
W_HS_PAR13 130 1979.39 7.5 770.8 541.0 62% 30%

Table C.7: Results of parametric study with varying pumpiaigs in ‘dense sand’ and 10

bar limiting grouting pressure.

Model Pumping Max. grout- Filter o oL oyL/oa oyL/P

rate ing pressure P cake (STEP1) (STEP2)

thickness

[I/min] [kPa] [cm] [kPa] [kPa]
W_HS_PAR1 10 1000.2 6.50 467.9 292.8 63% 29%
W_HS_PAR2 20 1000.2 4.50 542.4 309.0 57% 31%
W_HS_PAR3 30 1000.3 3.50 571.3 311.9 55% 31%
W_HS_PAR4 40 1000.2 3.00 584.1 315.3 54% 32%
W_HS PAR5 50 1002.6 3.00 635.2 361.4 57% 36%
W_HS_PAR6 60 1000.8 2.50 593.6 361.4 61% 36%
W_HS_PAR7 70 1001.6 2.50 620.8 353.6 57% 35%
W_HS_PARS8 80 1001.3 2.00 600.4 349.8 58% 35%
W_HS_PAR9 90 1000.0 2.00 598.6 351.9 59% 35%
W_HS PAR10 100 1001.5 2.00 631.7 352.7 56% 35%
W_HS_PAR11 110 1000.7 2.00 623.6 323.6 52% 32%
W_HS PAR12 120 1002.4 2.00 608.2 331.7 55% 33%
W_HS_PAR13 130 1000.7 1.50 612.6 320.9 52% 32%
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Table C.8: Results of parametric study with varying pumpiaigs in ‘dense sand’ and 20
bar limiting grouting pressure.

Model Pumping Max. grout- Filter oy oL oyL/oa oyL/P

rate ing pressure P cake (STEP1) (STEP2)

thickness

[I/min]  [kPa] [cm] [kPa] [kPa]
W_HS_PAR1L 10 1114.8 7.50 490.4 303.4 62% 27%
W_HS_PAR2 20 1463.7 7.50 681.8 424.2 62% 29%
W_HS_PAR3 30 1706.0 7.50 795.8 486.3 61% 29%
W_HS_PAR4 40 1885.3 7.50 890.5 555.8 62% 29%
W_HS_PAR5 50 2041.2 7.50 967.9 623.9 64% 31%
W_HS_PARG6 60 2001.3 7.00 1,056.7 621.4 59% 31%
W_HS_PAR7 70 2002.7 6.50 1,075.5 662.4 62% 33%
W_HS_PARS 80 2001.2 6.50 1,147.2 726.7 63% 36%
W_HS_PAR9 90 2000.8 6.50 1,150.1 647.7 56% 32%
W_HS_PAR10 100 2001.6 6.00 1,201.0 719.8 60% 36%
W_HS_PAR11 110 2000.1 5.50 1,190.4 721.8 61% 36%
W_HS_PAR12 120 2001.7 5.00 1,196.3 682.7 57% 34%
W_HS_PAR13 130 2004.7 5.00 1,183.7 665.9 56% 33%
Table C.9: Results of parametric study with varying pumpiaigs in ‘dense sand’ and 30

bar limiting grouting pressure.

Model Pumping Max. grout- Filter oy oL oyLloa ouL/P

rate ing pressure P cake (STEP1) (STEP2)

thickness

[I/min]  [kPa] [cm] [kPa] [kPa]
W_HS_PAR1 10 1114.8 7.50 490.4 303.4 62% 27%
W_HS_PAR2 20 1463.7 7.50 681.8 424.2 62% 29%
W_HS_PAR3 30 1706.0 7.50 795.8 486.3 61% 29%
W_HS_PAR4 40 1885.3 7.50 890.5 555.8 62% 29%
W_HS_PAR5 50 2041.2 7.50 967.9 623.9 64% 31%
W_HS_PAR6 60 2160.1 7.50 1,099.8 716.8 65% 33%
W_HS_PAR7 70 2272.8 7.50 1,150.1 741.8 64% 33%
W_HS_PARS 80 2375.2 7.50 1,122.7 694.7 62% 29%
W_HS_PAR9 90 2451.8 7.50 1,195.7 773.6 65% 32%
W_HS_PAR10 100 2542.3 7.50 1,249.9 774.2 62% 30%
W_HS_PAR11 110 2663.0 7.50 1,269.8 813.1 64% 31%
W_HS_PAR12 120 2613.3 7.50 1,292.7 798.2 62% 31%
W_HS_PAR13 130 2733.9 7.50 1,327.7 818.3 62% 30%
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(a) Radial stresses at maximum grouting pressure.
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Figure C.9: Radial stresses at borehole walls after grgutinloose sand’ with varying
grouting pressures and pumping rates.
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(a) Radial stresses at maximum grouting pressure.
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Figure C.11: Parameter variation of filter cake permeahbiljt in ‘loose sand'.
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Appendix C: Numerical simulations

Effective radial stress at

(a) Radial stresses at maximum grouting pressure.
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(b) Radial stresses after unloading.
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Figure C.12: Parameter variation of soil permeability; in ‘loose sand’.
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