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Vorwort des Herausgebers

Zur Frage der Fliissigkeitsstiitzung von Erdwénden sind am Lehr- und Forschungsgebiet Geotech-
nik bereits unter der Leitung von Herrn Prof. Dr.-Ing. Bernhard Walz in den 1980er Jahren
mehrere Veroffentlichungen entstanden. In dieser Tradition ist die vorliegende Arbeit von Frau
Dr.-Ing. Rowena Verst zu sehen, die sich mit der Fliissigkeitsstiitzung von Erdwénden mit Hilfe
von Polymerldsungen aus wasserldslichen Polymeren befasst hat. Die Verwendung dieser sowohl
aus natiirlichen, modifizierten Zellulosepolymeren als auch aus synthetischem Polyacrylamid-
Polymeren herzustellenden Stiitzfliissigkeiten ist in Deutschland im Gegensatz zu Bentonitsus-
pensionen noch nicht sehr weit verbreitet, wird jedoch im englisch- und franzoésischsprachigen
Ausland bereits hdufiger sowohl in der Schlitzwandtechnik als auch beim Tunnelbau im Schild-
vortrieb praktiziert. Allerdings fehlt es bisher noch an einem wissenschaftlich begriindeten Nach-
weisformat zur Prognose der Stiitzwirkung, die sich bei Polymerlésungen grundsitzlich von der
Stiitzwirkung von Bentonitsuspensionen unterscheidet, da sie im Gegensatz zu den Letztgenan-
nten keine ausgeprigte Flielgrenze aufweisen.

Frau Verst hat es sich daher zur Aufgabe gemacht, die Eindringung von Polymerlésungen in
unterschiedliche Bodenarten in Abhéngigkeit von der Art des Polymers und seiner Konzentra-
tion in der Lésung in Laborversuchen systematisch zu untersuchen. Sie konnte dabei zeigen,
dass das Eindringverhalten der reinen Polymerlosung in den Boden als Vorgang eines viskosen
Fliefsens mathematisch beschrieben werden kann, indem das sog. Kapillarbiindelmodell mit
geeigneten Anpassungsfaktoren modifiziert wird. Damit kann das etablierte Nachweiskonzept
fiir die Fliissigkeitsstiitzung mit Bentonitsuspension zeitabhéngig formuliert werden, so dass
sich eine maximal zulédssige Standzeit der fliissigkeitsgestiitzten Erdwand ermitteln ldsst. Bei
Beriicksichtigung einer Aufladung der Stiitzfliissigkeit mit Schwebstoffen wie Quarzmehl bzw.
bei gezielter Beladung der Stiitzfliissigkeit mit Bentonitflocken bzw. Grobgranulat aus quellfahi-
gen Polymeren konnte in den Laborversuchen eine Kolmation der Porenkanéle auch in groben
Boden nachgewiesen werden, so dass die Ubertragung des Fliissigkeitsdrucks auf das Korngeriist
iiber eine Art inneren Filterkuchen im Boden gewihrleistet werden kann. Dabei ist zu beriick-
sichtigen, dass die Feststoffe bzw. gequollenen Granulatkérner ausreichend lang in Schwebe
gehalten werden und ein ausreichender Materialvorrat zur effektiven Kolmation der Porenkanile
zur Verfiigung steht. Im Ergebnis ist fiir beladene Polymerlésungen ein Standsicherheitsnachweis
fiir fliissigkeitsgestiitzte Erdwénde nach dem Ansatz der DIN 4126:2013 auch unabhéngig von
der Standzeit der Erdwand moglich, obwohl die Stiitzfliissigkeit keine regelgerechte Fliefgrenze
aufweist.

Mit den Erkenntnissen aus der Arbeit von Frau Verst ist ein groffer Schritt in Richtung auf
die realistische Prognose der Stiitzwirkung von Polymerfliissigkeiten auch fiir praktische An-
wendungen in der Schlitzwandtechnik und im Tunnelbau mit fliissigkeitsgestiitzter Ortsbrust
gelungen. Es ist zu hoffen, dass sich die Anwendung von Polymerlésungen anstelle von Bentonit-
suspensionen auch in Deutschland in Zukunft mehr verbreitet, da die natiirlichen Ressourcen
an Bentonitvorkommen endlich sind und im Sinne der Nachhaltigkeit Alternativen zu deren
Verwendung angebracht erscheinen.

Matthias Pulsfort Wuppertal, im Dezember 2021






Abstract

Water-soluble polymers, mostly of modified natural cellulosic polymers or synthetic polyacry-
lamide, are being used more and more frequently around the world as fluid support for pile
drilling and diaphragm walling as well as for tunnel construction including pipe jacking. Ade-
quate parameters for quality control on site and reliable precalculations, for safety, environmental
and economic reasons, are still the subject of research. With respect to analytical design meth-
ods, the stability concept underlying DIN 4126:2013 can be utilized to assess micro and macro
stability. However, knowledge on pressure-penetration relationships was found to be lacking for
polymer support fluids as a basis for the definition of worst-case scenarios for each failure mech-
anism and to quantify pressure mobilization within the critical failure body (Appep) and locally
(fs0,war) at the earth wall. In this regard, a broad theoretical and experimental investigation was
conducted within the scope of this work in order to improve the understanding of the polymer
category with respect to its impact on penetration behaviour and support mobilization during
temporary earth-wall stabilization.

Primarily, it was demonstrated that categorization into viscous flow behaviour vs. colmation
provides a reasonable basis for the analysis of pressure-penetration relationships, related interac-
tion mechanisms and subsequent classification by means of laboratory experiments. A laboratory
concept was developed based on four soil penetration testing devices and prior material classifi-
cation with focus on bulk rheology and fluid stability of the viscous base products and granular
additive characterization for pore blocking.

The laboratory investigations further established that the flow behaviour of viscous polymer
solutions in non-cohesive soil, the so-called in-situ viscosity, is governed by interactions between
the specific structure of each polymer type and the porous matrix. These can be associated
with characteristic moderately non-linear pressure drop curvatures along progressing penetration
depths, which can be considered regardless of the pressure level. It was further found that bulk
rheological characterisation at high shear rates (around 100-500 1/s) can provide a useful basis
for the assessment of in-situ rheology for numerical analysis — e.g. based on capillary bundle
models — in combination with characteristic correction factors to account for the specific soil-
polymer interaction. This mainly comprises a vertical shift, i.e. dilution, and more pronounced
Newtonian plateaus than are found with bulk rheology. These could be implemented within
stability formulations as a basis to calculate temporary stability based on maximum stand-up
times.

With respect to colmation behaviour, it was shown that the polymers of natural origin CMC
and xanthan gum function considerably well with quartz mineral grain addition if amount and
grain size distribution of the granular additives are adequately chosen with respect to the char-
acteristic grain diameter dsg of the ground to be stabilized. Thin stable filter cakes with full
pressure transfer at the earth wall were observed in soils ranging from medium sand to gravel.
However, filter cake evaluation indicates that this favourable colmation process should be taken
into account for stability mainly with sand, as only the filter cakes in sand seem internally stable
against easy removal (sticky, dense, cohesive), while the thin filter cakes formed in gravel may
be more easily removed by agitation.

With high-molecular weight synthetic polymers, the laboratory results revealed bentonite
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flocks created by adding bentonite suspensions at low concentration to the prepared polymer
solutions to be the optimal colmation material. The formation of these flocks was found to
be highly dependent on the molecular weight of the polymer. Filter cake evaluation based on
horizontal penetration tests before and after concreting revealed that these filter cakes based
on bentonite flocks create a gum-like, but thin filter cake similar to that for polymer-modified
bentonite, which is not entirely removed by rising fresh concrete. Aqueous polymeric grains
(hydrogels) as a possible choice for all types of viscous base polymers for coarser subsoils were
found to work moderately well in comparison, but also raised questions concerning the resulting
quality of the contact zone.

With respect to the classification of colmation mechanisms for stability regardless of the type
of granular additive, it was observed that the colmation process can be described by two char-
acteristic penetration depths. At these levels, the penetration velocity deviates clearly, which
coincides with changes in pressure transfer from viscous penetration to full membrane formation,
visible within velocity plots as a significant decrease in penetration velocity of several decimal
powers. In this regard, small-scale soil penetration tests were found to be suitable for the deter-
mination of these characteristic values with reference soil material chosen related to the effective
diameters dso (natural polymers) or dso (synthetic polymers) of the targeted ground conditions.

A compact stability approach was derived based on these findings which can be formulated
independently of time based on critical states derived from these characteristic values. Further-
more, suitability matrices were derived as a basis for recommendations on the choice of granular
additive types depending on the type of polymer and the related effective grain diameter of the
soil.

Moreover, a range of simple testing devices were found suitable to assure the functionality of
polymer support fluids to provide their stabilizing qualities. These comprise Marsh funnel in
combination with filter testing for the control of viscous flow behaviour and a combination of
sieving, areometer testing and/or mud balance testing for quartz mineral material and aqueous
polymeric grains. Additionally, small-scale soil penetration tests, e.g. by means of a filter press,
are proposed for the assessment of bentonite flocks.

The findings from these experimental investigations can be considered to have identified the
main components of polymer-based support fluids and subsoil which control their contact be-
haviour and explain the interaction mechanisms with regard to temporary stability. The derived
calculative stability concepts can therefore be assumed to reflect the polymer-soil behaviour
more realistically and are recommended as a useful tool for pre-calculations for a more realistic
assessment of safety levels.
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Zusammenfassung

Wasserlosliche Polymere, im Besonderen natiirlich modifizierte Zellulosepolymere oder synthetis-
ches Polyacrylamid, werden weltweit immer héufiger zur Fliissigkeitsstiitzung bei der Pfahl-
oder Schlitzwandherstellung und auch im Tunnelbau angewendet. In Bezug auf sinnvolle Pa-
rameter zur Qualititskontrolle auf der Baustelle sowie verldsslichen Vorkalkulationen besteht
noch Forschungsbedarf. Auf Basis von DIN 4126:2013 ist es theoretisch mdoglich, die innere und
dufere Standsicherheit zu quantifizieren. Jedoch mangelt es hinsichtlich polymerer Stiitzfliis-
sigkeiten an gesicherten Informationen beziiglich Uberdruck-Eindring-Beziehungen, auf Basis
derer worst-case-Szenarios fiir jeden Versagensfall formuliert werden und eine Stiitzkraftmobil-
isierung quantifiziert werden kann. Vor diesem Hintergrund wurde innerhalb dieser Arbeit eine
breite theoretische und experimentelle Untersuchung durchgefiihrt, um das Verstdndnis im Hin-
blick auf die Polymerkategorie und das zugehérige Eindringverhalten zu verbessern.

Es konnte dargestellt werden, dass das Verhalten der polymeren Stiitzfliissigkeiten in zwei
Kategorien eingeteilt werden kann: viskoses Fliefsen und Kolmation. Ein laborgestiitztes Unter-
suchungskonzept wurde entwickelt, das vier Versuchsstédnde sowie eine vorherige Klassifizierung
der verwendeten Materialien mit Fokus auf das rheologische Verhalten und die Stabilitit der
Stiitzfliissigkeit und eine Charakterisierung der granularen Zuschlige zum Verstopfen der Bo-
denporen umfasst.

Aus den Versuchsergebnissen ldsst sich schlussfolgern, dass das Fliefverhalten von viskosen
Polymerlosungen in kohésionslosen Boden von Interaktionsmechanismen zwischen der spezifis-
chen Polymerstruktur eines Polymertyps und der pordsen Bodenmatrix gesteuert wird. Dies
kann in Verbindung zu einem leicht nichtlinearen Spannungsabfall entlang der Eindringzone ge-
bracht werden, der unabhiingig vom Uberdruckniveau beriicksichtigt werden kann. Dariiber hin-
aus zeigte sich, dass das Fliefverhalten bei hohen Scherraten (gemessen im Rheometer) mithilfe
von analytisch-numerisch-kombinierten Konzepten auf das Flieftverhalten im Boden iibertragen
werden kann, wenn charakteristische Korrekturfaktoren beriicksichtigt werden, die diese spezi-
fische Interaktion reflektieren (Kapillarbiindelmodelle). Dies betrifft vor allem eine Vertikalver-
schiebung (Verdiinnungseffect) sowie ausgeprigte Newton-Plateaus in der rheologischen Darstel-
lung. Diese Erkenntnisse wurden in ein bestehendes Stabilitdtskonzept implementiert, als Basis
fiir eine Quantifizierung der temporédren Standsicherheit mit Fokus auf maximale Standzeiten
einer ’offenen’ Erdwand.

Im Hinblick auf Kolmationseffekte konnte aufgezeigt werden, dass Polymere natiirlicher Her-
kunft (CMC, Xanthangummi) besonders gut mit Addition von Quarzkérnern funktionieren, wenn
Menge und Korngrokenverteilung auf den zu stiitzenden Boden angepasst werden. Diinne, sta-
bile Filterkuchen mit voller Druckiibertragung unmittelbar an der Erdwand wurden in B6den
von Mittelsand bis zu Kies festgestellt. Allerdings wurde durch visuelle Auswertung der Fil-
terkuchenbeschaffenheit der Schluss gezogen, dass auf der sicheren Seite liegend eine solche Fil-
terkuchenbildung nur im Sand anzusetzen ist. Im Sand scheint der Filterkuchen intern stabil
(dicht, klebrig, kohésiv) zu sein, d.h. nicht leicht von Aushubwerkzeugen entfernt werden zu
kénnen; Filterkuchen in Kies dagegen sind leichter durch Bewegung zu l6sen.

Hochmolekulare synthetische Polymere dagegen zeigten optimale Kolmationseffekte in Kombi-
nation mit Bentonitflocken, die erzeugt werden, indem Bentonitsuspensionen in geringer Konzen-



tration einer fertigen Polymerlosung zugeschiittet werden. Ob sich Bentonitflocken formieren
oder sich die Bentonitkérner — ohne sichtbaren Flockungseffekt — perfekt in der Polymerlosung
verteilen ist eng verkniipft mit dem Molekulargewicht des Polymers (Kettenlange). Eine Auswer-
tung von Filterkuchen vor und nach dem Einbringen des Betons (erzeugt durch horizontale Ein-
dringversuche) konnte zeigen, dass die Bentonitflocken einen gummiartigen diinnen Filterfilm
erzeugen, der einem Filterkuchen einer polymermodifizierten Bentonitsuspension dhnelt. Dieser
Filterkuchen ist durch den aufsteigenden Beton bei der Betonage nicht leicht zu entfernen. Wéss-
rige Polymerkorner (Hydrogele) als eine Alternative fiir grobere Boden erzielten ebenfalls gute
Ergebnisse, jedoch konnte auch hier eine klare Ablagerung als verbleibender Filterkuchen ermit-
telt werden, welche die Qualitdt der Kontaktzone beeinflussen kénnte.

Insgesamt haben die Eindringversuche mit Kolmationseffekten ergeben, dass sich die zu-
grundeliegenden Prozesse unabhingig vom Zuschlagstyp fiir Stabilitdtsbetrachtungen iiber zwei
charakteristische Eindringtiefen klassifizieren lassen. Auf Basis dieser charakteristischen Grofen
konnte ein kompaktes Standsicherheitskonzept hergeleitet werden, das zeitunabhingig, d.h. an-
hand eines mafsgebenden Falls, formuliert werden kann. Die notwendigen charakteristischen Pa-
rameter konnen iiber kleinmafsstibliche Eindringversuche ermittelt werden, da aufgezeigt werden
konnte, dass Verdnderungen im Eindringverhalten mit Verdnderungen in der Stiitzdruckiibertra-
gung korrelieren. Aufterdem konnte das Kolmationsverhalten im Hinblick auf einen kritischen Ko-
rndurchmesser dsg oder dso (je nach Polymertyp) klassifiziert werden, auf Basis dessen geeignete
Additive ermittelt werden konnen.

Schlieflich wurden Baustellenversuche im Hinblick auf Thre Aussagekraft beziiglich der Stiitz-
fahigkeit von Polymerlosungen analysiert. Iis konnten geeignete Versuchsgeréte gefunden werden,
mithilfe derer Qualitdtskontrollen auf der Baustelle im Hinblick auf Standsicherheitsanforderung
durchfiihrbar sind. Die Ergebnisse der experimentellen Untersuchungen konnten die Hauptkom-
ponenten der Interaktion zwischen Stiitzmedium und zu stiitzendem Boden ermitteln und im
Hinblick auf ihre Relevanz fiir die Standsicherheit klassifizieren. Es kann daher davon ausge-
gangen werden, dass daraus abgeleitete Standsicherheitsberechnungsmethoden aussagekréftige
Ergebnisse liefern und daher als ein sinnvolles Medium fiir Vorkalkulationen und fiir eine realis-
tischere Einschétzung von Sicherheitsniveaus beziiglich Stabilitdt angesehen werden konnen.

vi



Contents

1. Introduction
1.1. Research demand and objectives . . . . . . .. .. ... Lo
1.2. Methodology . . . . . . . . e

il
[l
4
2. Theoretical background 5l
2.1. Requirements for support fluids in deep foundations and tunnelling . . . . . . . .
2.1.1. General requirements . . . . . . . ... Lo

2.1.2. Stability conditions of fluid-supported earth walls . . . . . . . .. .. ... 6]

2.1.3. Swelling-related stability . . . . . .. . ... oo 1|

2.2. Polymer solutions . . . . . . . . . .. e 21l
2.2.1. Polymer products and classification . . . . . . . .. ... ... ... .... 21

2.2.2. Rheology of viscous polymer solutions . . . . . ... . ... ... ... .. 30]
2.2.3. Transport behaviour and sedimentation of suspended material . . . . . . . B3l
2.2.4. Physicochemical and mechanical stability . . . .. ... ... ... ... .. 36]
2.2.5. Environmental relevance . . . . . . . . ... oL 37

2.3. Penetration behaviour of polymer solutions into soil . . . . . ... .. ... ... [zl
2.3.1. Interaction parameters . . . . . . . . . ... .o (41
2.3.2.  Analytical-empirical approaches for viscous fluids . . . . . . .. ... ... 43
2.3.3. Influence of suspended material . . . . . . . . . ... ... L. [48

2.4. Conclusions and open questions . . . . . . . . .. . L Lo 501
3. Laboratory experiments B1]
3.1. Experimental methods for preparation and testing . . . .. ... ... ... ... 531
3.1.1. Setup for fluid penetration . . . . . . . .. ... L I
3.1.2. Setup for fluid preparation . . . . . . ... ..o 58]
3.1.3. Setup for fluid classification . . . . . . .. ... .. ... ... ... ... . 6]

3.2, Material characterization . . . . . . . . .. .. L L [63]
3.2.1. Soil characteristics . . . . . . . . ... 63]
3.2.2. Viscosifier properties and bulk rheology . . . . .. .. ... ... ... . [65]
3.23. Base fluid stability . . . . .. ... [76]
3.2.4. Granular additive characteristics . . . . . . . . . ... ... L. 78

3.3. Results: vertical penetration — large scale (V-L) . . . . .. .. ... ... ... 5]
3.3. 1. General . . ... [85]
3.3.2. Viscous base polymer solutions — no additives . . . . . . ... ... . ... ¥
3.3.3. Discussion on the applicability of capillary bundle approximations . . . . [100
3.3.4. Addition of quartz mineral grains . . . . . ... ... 105
3.3.5. Addition of bentonite suspension . . . . . ... ... L. 18]
3.3.6. Addition of polymeric grains . . . . . . ... Lo 22

3.4. Results: vertical penetration — small scale (V-S) . . . . .. .. ... ... ... .. 124]
3.4.1. General . . .. ..
3.4.2. Soil classification for viscous flow . . . . . . . ... oL 24

vil



Contents

3.4.3. Viscous flow and micro-colmation at soil fractions . . . . . . . ... .. ..

3.4.4. Colmation with quartz grains or bentonite suspension at soil fractions

3.4.5. Soil and polymer classification for colmation . . . . . . .. ... ... ...
3.5. Results: horizontal penetration — plane (H-P) . . . . ... ... ... ... ... ..
3.6. Results: horizontal penetration — radial (H-R) . . . . . ... ... ... ... ...
3.7. Conclusions from soil penetration testing . . . . . . ... ... ... ... ... ..

4. Stability conclusions
4.1. Stability concept . . . ...
4.1.1. Viscousflow . . . . . . ..
4.1.2. Colmation . . . . . . . . . .. .
4.2. Exemplary calculation . . . . . . . . ... ...
4.3. Safety levels . . . . . . .
4.4. Discussion on testing methods for quality control on site . . . . . . . . . . .. ..

5. Overall concluding remarks
5.1. Summary and interpretation . . . . . . ... oL o
5.2. Related topics . . . . . . . . L

Bibliography
Appendix
A. Basic equations at capillary and soil level

B. Materials
B.1. Polymers . . . . . .. e
B.2. Fluid mixing devices . . . . . . . . .. L
B.3. Concrete mix design . . . . . . . ...

C. Bulk rheology
C.1. Rheometer properties . . . . . . . . . . . . L
C.2. Rheometer interpretation . . . . . . . . .. ... Lo
C.3. Bulk rheological characterization — boundary effects. . . . . . . .. .. ... ...
C.4. Influence of polymer granule size . . . . . . . . .. ... ... L.
C.5. Bingham approximation . . . . . . . . . . . ...
C.6. Power-law parameter determination . . . . . . . . . .. ... oL

D. V-L
D.1. Device . . . . . o e
D.2. Start of polymer penetration . . . . .. .. ...
D.3. Pressure sensor development . . . . . . . . ... o
D.4. Pressure drop curvatures normalized along s — no additives. . . . . . . .. . ...
D.5. Capillary bundle approximation . . . . . . . . . ... ... o
D.5.1. Determination of Newtonian plateaus . . . . .. .. .. ... ... ....

D.5.2. Examplary display of the influence of individual approximation parameters
D.5.3. Results . . o L 0o

E. V-S/H-P/H-R

viii

1%
158
109

[166]
167

179l

1K5]

139
1901
196
197]
199



List

2.1.
2.2.
2.3.
24.

3.1.
3.2.
3.3.
3.4.
3.5.

3.6.
3.7.

3.8.
3.9.
3.10.
3.11.
3.12.
3.13.

3.14.
3.15.

4.1.

4.2.
4.3.

B.1.

of Tables

Polymer structural and functional elements . . . . . . .. ... ... ... ....
Characteristic property variety of selected polymer types used as viscosifiers . . .
Terminal sinking velocity of spheres in viscous fluids . . . . .. ... .. .. ...
Parameter sets for capillary bundle models . . . . . . . .. ... ... ... ....

Comparison of testing devices for fluid penetration . . . . .. .. ... ... ...
Soil fraction properties . . . . . . . . . L
Soil test material properties . . . . . . ..o oL
Characteristic properties of the used viscosifiers . . . . . . .. . ... ... ....
no additives — Pressure gradient and filter velocity ranges at higher overpressure
levels . . . . o L e
Power law and capillary bundle approximation parameters . . . . . . .. . .. ..
Characteristic values for pressure-penetration relationships with quartz mineral
grain addition and full membrane formation . . . . .. ... o000
Characteristic values for pressure-penetration relationships with bentonite suspen-
sion addition and membrane formation . . . . . . .. ..o
Characteristic values for pressure-penetration relationships with polymeric grain
addition and membrane formation . . . . . ... ..o
CMC-H/XAN: characteristic values for penetration with stagnation with quartz
mineral or bentonite suspension addition (V-Stest) . . . . .. .. ... ... ...
AN range: characteristic values for penetration with stagnation with quartz min-
eral or bentonite suspension addition (V-Stest) . . . . . ... ... .. ... ...
Quartz additive matrix - CMC-H / XAN . . ... ... .. ... ... ...
H-P vs. V-L: Maximum penetration depths with mineral additives . . . . . . ..
H-P vs. V-L: Maximum penetration depths with aqueous grains . . . . . . . . ..
Radial model penetration tests — overview . . . . . . . ... . ... ...

Increase factor fponiin = fs0,walltin/ fs0waitjin for micro stability for fine and
medium sand . . . ... L L L e
Additive matrix - CMC-H/XAN . . . .. ... . o
Additive matrix — AN-S/-M/-H . . . ... ... oo

Mix design of the concrete used for H-R . . . . . . .. ... ... ...

X






List of Figures

2.1. Earth wall geometries . . . . . . . . ...
2.2. Geometry and variables . . . . . ... L L
2.3. Micro stability: influence of pressure drop curvature at time step ¢; at a given
depth z; on the pressure transfer at the earth wall . . . . . . .. ... ... ... ..
2.4. Pressure gradient fso — influence of curvature . . . . . . .. ...
2.5. Quantification of the required earth wall pressure gradient fsowaitreqa - - - - - -
2.6. Penetration and support pressure mobilization — influence of time . . . . . . . . .
2.7. Visualization of the penetration behaviour . . . . .. ... ... ... ... ..
2.8. Geometry and variables — macro stability . . . . ... .. ... 0000
2.9. Analytical approaches for spatial earth pressure and penetration . . . .. .. ..
2.10. Plane earth pressure model for pipes and penetration . . . . . . . . .. .. .. ..
2.11. Penetration and support pressure mobilization — influence of curvature . . . . . .
2.12. Monomer examples . . . . . . .. L
2.13. Repeat unit examples . . . . . . . oL
2.14. Polymer molecular structure . . . . . . . . . . . ... ...
2.15. Viscosifying effect: short-chain vs. long-chain polymers . . . . . . . ... ... ..
2.16. Characteristic structure of selected polymeric viscosifiers . . . . . . . .. . .. ..
2.17. Polymeric grains . . . . . .. .o
2.18. Polymer surface adsorption . . . . . . . . ... o L
2.19. Exemplary free swelling tests . . . . . . . . . ... Lo
2.20. Swelling-related testing methods . . . . . . . .. .. ..o
2.21. Exemplary bulk flow behaviour testing devices . . . . . .. .. ... ... ...
2.22. Typical bulk rheological models for polymer solutions . . . . . .. ... ... ...
2.23. Thixotropic hardening at rest according to DIN 4127:2014 . . . . . . ... .. ..
2.24. Direction of movement of a particle at the earth wall . . . . . .. ... ... ...
2.25. Sinking velocity of spheres in viscous fluids . . . . . . .. ... .00
2.26. Interaction mechanisms in the context of support fluid penetration into soil
2.27. Visualization of penetration and adsorption mechanisms of dissolved polymer
chains in porous media . . . . . . . ...
2.28. Capillary bundle idealization . . . . . . . . ... . L L
2.29. Effect of 4.+ on rheology and capillary bundle velocity . . . . . . . . .. .. ...
2.30. Effect of x - o on rheology and capillary bundle velocity with o* <1 . . . . . ..
2.31. Visualization of the colmation process . . . . . . .. .. ... .. ... .. .. ..

3.1. Vertical fluid penetration test with pore pressure measurement (V-L) . . . . . . .
3.2. Small-scale vertical fluid penetration test (V-S) . . . . ... ... ... ... ...
3.3. Horizontal plane fluid penetration test (H-P) . . ... .. .. ... ... ...,
3.4. Horizontal radial fluid penetration test (H-R) . . . . . ... ... ... .. ....
3.5. Fluid mixing device for larger volumes . . . . . . .. . .. ... ..
3.6. Influence of mixing of quartz grains (0.125/0.25 mm) with AN-H at 0.75 g/1 . . .
3.7. Rheometer equilibrium criterion with CR measurement . . . . . . . . .. ... ..



List of Figures

xii

3.8.
3.9.

3.10.
3.11.
3.12.

3.13.

3.14.
3.15.

3.16.
3.17.

3.18.
3.19.
3.20.
3.21.
3.22.

3.23.
3.24.

3.25.
3.26.
3.27.
3.28.
3.29.

3.30.
3.31.

3.32.

3.33.

3.34.

3.35.

3.36.

3.37.

3.38.

3.39.

Areometer test . . . ... L
Adapted filter test . . . . . . L
Grain size distribution of soil test material . . . . . . . ... ... 0L
Bulk rheology: mixing influence — rheometer vs. Marsh funnel . . . . . . . . . ..
Bulk rheology: rheometer viscosity results — CMC-H and XAN influence of con-
CENtration ON . . . . . .« . v vttt e e e e
Bulk rheology: rheometer rheometer shear stress development — CMC-H and XAN
influence of concentration . . . . . . .. ..o
Bulk rheology: rheometer viscosity results — AN range property variation . . . . .
Bulk rheology: overview rheometer shear stress development — AN range property
variatlon . . . . . ... Lo e e e
Bulk rheology: rheometer results — influence of granular additives: quartz grains .
Bulk rheology: rheometer results — influence of granular additives: bentonite sus-
PENSION . . . . . o L e e e e e
Evaluation of filter saturation propagation over time: AN range . . . . . . . . ..
Evaluation of filter saturation propagation over time: CMC-H/XAN . . . .. ..
Quartz (top), bentonite suspension (center) and polymeric (bottom) grains. . . .
Hydrogels: swollen diameter median . . . . . . . . ... .. ... ... ...
Areometer tests: polymer solution (low concentration) + 40 g/1 mineral (quartz)
fines —fine . . . . . ..
Areometer tests: polymer solution + 40 g/l mineral (quartz) fines — coarse . . . .
Areometer tests: polymer solution + 40 g/l mineral (quartz) fines 0.125/0.25—
effect of mixing time . . . . . .. Lo
Suspendability after short mixing time (30 sec) AN-Svs. AN-H . . . ... .. ..
Estimated settling velocity of quartz fines with CMC-H/XAN . . . . ... .. ..
V-L: Variables . . . . . .« . .
0/2 mm — no additives: penetration behaviour at Ap ~ 0.15 bar — polymer type
(Aw) o
0/2 mm — no additives: penetration behaviour at Ap ~ 0.15 bar — polymer mix
(AwW)
0/2 mm — no additives: development of filter velocity with decreasing gradient . .
0/2 mm - no additives - CMC-H/XAN/AN-S/AN-MH/AN-H: development of
p — pw along soil depth at Ap ~ 0.15 bar (normalised) . . . . . . . . .. ... ..
0/2 mm — no additives - CMC-H/XAN/AN-S/AN-MH/AN-H: normalized pres-
sure drop curvature along the penetration depth s, . . . . . ... ... ... ...
0/2 mm — no additives — ANmix: normalized pressure drop curvature along the
penetration depth sp: 0/2 . . . . ..o o000
0/2 mm — no additives — ANmix: Development of p — py along the soil depth at
Ap=0.d5bar . . . . . . L
0/2 mm — no additives: penetration-dependency of pressure gradient at Ap =
0.15 bar . . . . . .
0/2 mm — no additives: time-dependency of pressure gradient at Ap ~ 0.15 bar .

0.1/0.4 mm — no additives: development of penetration behaviour at Ap ~ 0.15 bar

0.1/0.4 mm — no additives — CMC-H/AN-H: development of p — py along the soil
depth at Ap~0.15bar . . . . . . . . . .
0.1/0.4 mm — no additives - CMC-H/AN-H: normalized pressure drop curvature
along the penetration depth s,: 0/2. . . . . ... ... Lo L oL

S0l



List of Figures

3.40

3.41.

3.42.
3.43.
3.44.
3.45.
3.46.
3.47.
3.48.
3.49.
3.50.
3.51.

3.52.

3.53.

3.54.

3.55.
3.56.
3.57.
3.58.
3.59.
3.60.

3.61.
3.62.
3.63.
3.64.
3.65.

3.66.
3.67.

3.68.
3.69.

3.70.
3.71.

3.72.

.0.125/0.355 mm — no additives: penetration- and time-dependency of pressure
gradient at Ap~0.15bar . . . . . . . . ... L 98]
0/2 mm — no additives — normalized pressure drop curvature at higher pressure
levels . . . o 9]
Capillary bundle approximation for the penetration depth at Ap ~ 0.15 bar . . . [I0]
Rheology and filter velocity approximation: 0/2 mm — CMC-H 5.00 dw . . . . . 102
Bulk rheology and filter velocity approximation: 0/2 mm — ;AN-H 1.50 dw . . . [[02
Bulk rheology and filter velocity approximation: 0/2 mm — fluid rheology . . . . [03l
Bulk rheology and filter velocity approximation: 0/2 mm — fluid rheology . . . . [03l
Bulk rheology and filter velocity approximation: 0.1/0.4 mm — fluid rheology . . [04
0/2 mm - variation of additive concentration — :CMC-H tw: penetration behaviour{I06l
0/2 mm — quartz addition — CMC-H/XAN: penetration behaviour (dw) . .. . .
0/2 mm - quartz addition — AN-S/AN-H/ANmix: penetration behaviour (dw) . [I07
Quartz sequence addition in 0.5/1.2 (CMC-H) and 3/5 (XAN): penetration be-
haviour (bw) . . . . . . L 108
Variation of soil, polymer type and quartz additives: filter velocity with decreasing
gradient (1) . . . . . . . L [108]
Variation of soil, polymer type and quartz additives: filter velocity with decreasing
gradient (2) . . . . . 1091
0/2 mm - quartz addition - CMC-H/XAN: development of (p — pw)/Ap along
the soil depth . . . . . . . . . 10l
Development of (p — py) /Ap along the soil depth at Ap ~ 0.15 bar (tw) (2) . . [IIl
0/2 — quartz addition — time dependency of pressure-gradient at Ap = 0.15 bar (1)[I12l
Time dependency of pressure-gradient at Ap =0.15 bar (2) . . . . ... ... .. 13
0/2 — quartz addition — CMC-H/XAN: Appobwail VS- UDarey at Ap = 0.15 bar . . [14]
0/2-0.5/1.2 - 3/5: Apmobwail V8- vparcy at Ap=0.15bar . . . . ... ... .. 115
Quartz mineral additives — normalized pressure drop curvature at higher pressure
levels —examples . . . . . . . .. 1716l
Filter cakes with quartz mineral additives . . . . . . . . ... . ... ... .... 17
Filter cakes with bentonite suspension addition . . . . .. ... .. ... ... .. INE]
Bentonite suspension as additive — penetration behaviour . . . .. ... ... .. 18]
0/2 - 0.5/1.1 — addition of bentonite suspension- CMC-H/AN-H: development of
p — pw along the soil depth at Ap ~ 0.15 bar (tw) . . ... ... ... ... ... 119]
Addition of bentonite suspension — CMC-H/AN-H/ANmix: time dependency of
the earth wall pressure gradient at Ap=0.15bar . . . . . . . .. ... ... ... 119

Bentonite suspension and hydrogel addition — Apy,ob,wail VS- VDarey at Ap = 0.15 bar{I20]

Bentonite suspension addition with AN — normalized pressure drop curvature at
higher pressure levels . . . . . . . . . . . L =211
Hydrogels as additive — penetration behaviour . . . . . . ... ... ... .. ... 122
0/2 - 0.5/1.2 — 5/8 — addition o polymeric grains: time dependency of the earth
wall pressure gradient at Ap=0.15bar . . .. . ... ... L. 23

AN-H 0.75 + Ps 1 — normalized pressure drop curvature at higher pressure levels [23]

CMC-H/XAN: V-S filter velocity along GSD at ca. 5 cm penetration depth with
V-L classification . . . . . . . . . ..
AN-S/AN-H: V-8 filter velocity along GSD at ca. 5 cm penetration depth with
V-L classification . . . . . . . . . ..

xiii



List of Figures

xiv

3.73. Development of the filter velocity with progressing penetration at Ap = 0.15 bar

for differing soil fractions . . . . . . . ... o [126]
3.74. Penetration development of sCMC-H tw with quartz mineral or bentonite suspen-

sion addition . . . . ... oL [129]
3.75. Penetration development of oXAN tw with quartz mineral addition . . . . . . .. 1301
3.76. Penetration development of AN range and ANmix (tw) with quartz mineral additionI32]
3.77. Penetration development of AN range / ANmix (tw) with bentonite suspension

addition . . . . .. 133
3.78. Horizontal penetration plane model: cumulated outflow over time . . . . . . . .. 136]
3.79. Plane model penetration test with SAP load (tw) . . . . . ... ... ... .... 138]
3.80. H-P filter cake CMC-H with quartz powder (left) and quartz powder and fine sand

(right) . . . 1401
3.81. H-P filter cake CMC-H with quartz sequence in gravel . . . . .. .. ... .... 141
3.82. H-P filter cake AN-H/Anmix with quartz powder . . . . . .. ... . ... .... 41
3.83. Filter cake with bentonite flocks (AN-H/ANmix) . . .. ... ... .. .. ..., 142
3.84. Filter cake with polymeric grains (AN-H/CMC-H) . ... ... ... ... .... 1421
3.85. Skin and filter cake: 0.5/1.2 -CMC-H/AN-H with Pg 1 (tw) . . . ... ... ... 144]
3.86. Skin and filter cake: 5/8 ~JANmix 1 + Pps 1 (bw) . . . . . . . . ..o L. [[45]
3.87. Skin and filter cake: 0.5/1.2 |ANmix 0.75 + B5 (tw) . . . . . . ... ... ... 146l
4.1. Macro stability: determination of Apmop - - -« -« o 0 oo oo 1501
4.2. ldealized pressure drop curvatures and mobilized pressure: medium sand . . . . . 51
4.3. Idealized pressure drop curvatures and mobilized pressure: fine sand . . . . . . . 152
4.4. Filter cake and membrane formation during colmation and critical penetration

PATAMELErS . . . . . L o o e e 153
4.5. Stability concept —example . . . . . ... Lo L
4.6. Stability concept: example — parameter variation . . . . .. ... ... ... ... 157
A.1. Force balance at pipe level . . . . . . . . ... 8T
B.1. Polymer granules — viscosifier (top) and superabsorber (bottom) . . . . . . .. .. 183
B.2. Influence of method of insertion of quartz powder (Sxs) . . . . . .. .. .. ... 184
B.3. Polymer fluid mixing devices for larger quantities . . . . . . . ... ... ... ..
C.1. RS 600 rheometer with double-gap geometry . . . . . . . . . . ... .. ... .. 87
C.2. Measurement range (Manufacturer info) . . . . .. ... ... ... ... . ... 1R8]
C.3. Rheometer interpretation . . . . . . . . .. . Lo
C.4. Bulk rheology: viscosity results — influence of environmental conditions . . . . . . 1901
C.5. Bulk rheology: degradation of solution viscosity . . . . . . . . .. ... ... ... o1
C.6. Bulk rheology: rheometer vs. Marsh — degradation in solution . . . . . . . .. .. 193
C.7. Bulk rheology: shear history, repeatability and thixotropy — AN . . . . . . . ... 94
C.8. Bulk rheology: shear history, repeatability and thixotropy — XAN & CMC-H . . [195
C.9. Effect of polymer granule size on rheometer viscosity curve of AN polymer . . . . [106]
C.10.Bulk rheology of bentonite suspension . . . . . . . ... ... .. oL 198
C.11.Rheometer interpretation: power-law parameters . . . . . . . .. .. .. ... .. 199
D.1. Testing device with three elements . . . . . . ... ... ... ... ... ... 20Tl
D.2. Test initiation: even inflow conditions {AN-M 0.75 + Sxg 20 . . . .. . ... .. 202
D.3. Test initiation: even inflow conditions {AN-H 0.75 + Sxg¢ 20. . . . . . . . .. .. 2021



List of Figures

D.4. V-L: filter cake formation with XAN/CMC-H . . . .. ... ... ... ... ...
D.5. 0/2 — no additives: ‘raw’ penetration depth including water penetration (CMC-H,
XAN, AN-S;AN-MH) . . . . .o
D.6. 0/2 — no additives: ‘raw’ penetration depth including water penetration (AN-H,
ANImIX) .o o
D.7. 0/2 — no additives: ‘raw’ pressure-penetration relationships including water pen-
etration for oCMC-H 2.5 / oAN-H 0.75 (dw) . . . . . .. ... ... ... ...
D.8. 0/2 — no additives: ‘raw’ development of popwai = Pr — Ps1 including water
penetration . . . .. ... L L e e
D.9. Pressure transfer pyop(s): 0.125/0.355 mm —AN-H . . . .. ... ... ... ..
D.10.Pressure transfer pop(s): 0.125/0.355 mm — oCMC-Htw . . ... ... ... ..
D.11.Pressure transfer pyop(s): 0/2 mm — ;CMC-H5.00 . . . ... ... ... .....
D.12.Pressure transfer ppep(s): 0/2 mm - 1 XAN 250 . . . . .. .. .. Lo
D.13.Pressure transfer pyop(s): 0/2 mm — ;AN-H 1.50 . . . .. .. ... ... ... ..
D.14.Pressure transfer ppep(s): 0/2 mm - jAN-S 1.50 . . . .. .. .. Lo
D.15.Pressure transfer pyop(s): 0/2 mm - jAN-MH 1.50 . . .. .. ... ... ... ..
(s): 0/2mm — ;AN-H 150 . ... ... ... ........
D.17 Pressure transfer pyop(s): 0/2 mm - jAN-HO.75 . .. . ... ... ... ...
D.18.Pressure transfer pop(s): 0/2 mm — ;ANmix 1.50 . . . . .. ... ... ... ..
D.19.Pressure transfer pyep(s): 0/2 mm - jANmix 0.75 . . . . .. .. ...
D.20.V-L: normalized pressure drop curvature along the penetration depth: 0/2 — CMC-
H, XAN, AN-S, AN-MH . . . . .. . . e
D.21.V-L: normalized pressure drop curvature along the penetration depth: 0/2 — AN-
MIX . o o e e e e e e e
D.22.Determination of points of intersection at v — ¢ (blue: power law, red: Newtonian
plateaus) . . . .. L L
D.23.Composition of s(T): superposition . . . . . . . . ... ...
D.24 Examplary display of the influence of individual approximation parameters for
IXAN250dwin 0/2mm . . . .. oo
D.25.Rheology and filter velocity approximation: 0/2 mm — 1 XAN 2.50dw . . . . . . .
D.26.Bulk rheology and filter velocity approximation: 0/2 mm — 1AN-H 0.75 dw
D.27.Bulk rheology and filter velocity approximation: 0/2 mm — ;AN-MH 1.50 dw
D.28.Bulk rheology and filter velocity approximation: 0/2 mm — ;AN-S 1.50 dw . . . .
D.29.Bulk rheology and filter velocity approximation: 0.1/0.4 mm — 9oCMC-H 2.50 tw .
D.30.Bulk rheology and filter velocity approximation: 0.1/0.4 mm — 3AN-H 0.75 tw . .

D.16.Pressure transfer p,,p

E.1. V-S: filter cake formation with XANinsand . . . . ... ... ... ... ... ..
E.2. V-S: filter cake formation with CMC-H insand . . .. ... .. ... ... ....
E.3. V-S: filter cake formation with CMC-H/XAN in gravel . . . . ... ... ... ..
E.4. V-S: filter cake formation with AN-M/AN-Hinsand . ... ... ... .. ....
E.5. V-S:testing device . . . . . . ..
E.6. H-R: testing device . . . . . . . . .. e
E.7. H-R: testing device at penetration stage . . . . . .. .. ... ... L.
E.8. I-R: testing device at concreting stage . . . . . . . . . ...

. 1219

2191
220
2200

XV






List of Abbreviations and Symbols

Latin symbols

aw
b

C

Cpoly

D

d107 d15,
dref

Ean

fcorr

st

st,wall

9
AH

Water activity [-]

Depth of differential soil element at the earth wall [m]
Cohesion |[kPa|

Polymer concentration in solution [g/1]

Average grain diameter [m]

Effective grain diameters at 10/15/...% sieve passage |mm)|
Filter cake reference depth [m)]

Lateral earth pressure force [kN]

Correction factor [-|
Pressure gradient [kN /m3]

Pressure gradient at the earth wall [kN/m?]
Gravitational acceleration [m /s?]

Pressure difference [m]

Gradient Af(i/t“)/F [-]

Intrinsic permeability [m?] / [m3/m]

Permeability coefficient (water: k,, = Kn L) [m/s]

Permeated length |m]|

Weight-average molecular weight [Da]

Number-average molecular weight [Dal

Power-law parameter |-|

Porosity [-] (related to void ratio e by n = %)

Pressure difference [bar| or normalised pressure difference [-] (along penetra-
tion depth)

Pressure [bar| / [Pa]

Compressed air pressure |[bar|

Hydrostatic pressure of the support fluid [bar]

Support pressure mobilized immediately at the earth wall (within depth b)
[bar]

Hydrostatic groundwater pressure [bar|

Particle Reynolds number

Equivalent hydraulic radius (Eq. [m]

Hydraulic radius (View/S) [m]

Specific surface (= wetted pore surface) [m?| (for spheres: § = =)

sphere

Pressure force from support fluid [kN]
Penetration depth based on volumetric calculation [m)]

xvil



List of Figures

As Penetration depth correction factor |m]|

Serit,2 Characteristic penetration depth for full membrane behaviour [m]
Smaz Stagnation or maximum penetration depth [m|

Seq Equivalent penetration depth calculated from V-S testing [m]
Sp Penetration depth based on start of pressure transfer |m]|

t/) T Time / time step |hr] OR tortuosity |-|

At Time difference [bar]

0 Vectorial representation of movement

Vv Volume (of differential soil element) [m?]

v Flow velocity / sinking velocity [m/s]

Vcapillary Capillary velocity [m/s]

UDarcy Filter velocity (= n - Veapitiary) [m/s]

Viiow Volume available for flow [m?]

x Position along penetration depth [m]

z Depth below ground level |m]

IS

Depth below top of penetrated zone [m)]

Greek symbols

o Correction (shift) factor for fluid-soil interaction [-|
v Specific weight [kN/m?]

VG VG, stbs - Partial safety factors |-

v Buoyant specific weight (under water) [kN/m?|

~" Buoyant specific weight (under support fluid) [kN/m?]
0 Shear rate [1/s]

’.Ycrit Newton plateau limit [1/S] (;Ycrit,max at TNmin, '.Ycrit,min at nma:p)
A Difference

n (Dynamic) viscosity [Pa-s|

n Kinematic viscosity [m?/s]

nF Correction factor DIN 4126:2013 |-]

Nmaz, Mmin Newtonian plateaus [Pa-s]

i Inherent viscosity (= Inn,/cpoy) [1/8]

[7] Intrinsic viscosity (= cp(l)gr; . %) [1/g]

My Relative viscosity [-]

Mred Reduced viscosity (= nsp/cpoiy) [1/8]

Nsp Specific viscosity (=n, — 1) []

Nw (Dynamic) viscosity of water [Pa-s]

0 Slip surface angle [°|

K Power-law parameter |Pa-s]

! Viscosity constant [Pa-s]

! Kinematic viscosity constant [m?/s]

p Specific density [g/cm3]

T Shear stress |Pa]

XViil



List of Figures

F

/

2

Abbreviations

AN

B
CMC
COD
DDL
DFI
DLVO
DS

dw
EFFC
ETA
FSR
GSD
H-P, H-R
IUPAC
Pxs, Pg, ...
PAM
PAC

PE
PHPA

pPvC
RH

SAP
SFG

Sxs, Ss, ..

TOC

tw

V-S, V-L
WGK
XAN

Shear strength according to DIN 4126:2013 [Pa| (best approximated by a ball
harp test or a pendulum test according to DIN 4127:2014 (after 1 min rest). It
is most closely related to the gel strength G1g,, according to API RP 13D:2017
measured with a viscometer/rheometer after 10 min rest. In contrast, the
API RP 13D:2017 yield point equals the Bingham intersect extrapolated from
dynamic shear measurements (appendix [C.5]))

Friction angle [°|

Synthetic anionic copolymer of acrylamide and acrylate with varying molecu-
lar weight and charge density

Bentonite suspension / bentonite flocks

Carboxymethylcellulose

Chemical oxygen demand

Diffuse double layer (theory)

Deep Foundations Institute

Derjaguin, Landau, Verwey, Overbeek (theory)

Degree of substitution (number of substituted hydroxyl groups per repeat unit,
e.g., for CMC)

Deionised water

European Federation of Foundation Contractors

Environmental impact assessment

Free swell ratio according to Prakash and Sridharan (2004

Grain size distribution

Plane (P) and radial (R) penetration tests with horizontal (H) penetration
International Union of Pure and Applied Chemistry

Polymeric granular additive (hydrogel) (grain diameters 0.25 — 21.5 mm)
Polyacrylamide

Polyanionic cellulose (high-viscosity CMC)

Polyethylene

Partially hydrolysed polyacrylamide (also used for high-viscosity AN regard-
less of the way of production)

Poly(vinyl chloride)

Relative humidity [%)]

Superabsorbing polymer

Support Fluid Guide

Mineral granular additive (grain diameters [mm|: XS 0/0.125,5 0.125/0.25, M
0.4/0.5, G 0.71/1)

Total organic carbon

Tap water

Vertical small-scale (S) and large-scale (L) penetration tests

German Water Hazard Class

Xanthan (gum)

Xix






1. Introduction

Water-soluble polymers, mostly of modified natural cellulosic polymers or synthetic polyacry-
lamide, are being used more and more frequently around the world as a support fluid for pile
drilling, diaphragm walling and for tunnel construction, including pipe jacking. Adequate pa-
rameters for quality control on site and reliable precalculations, for safety, environmental and
economic reasons, are still the subject of research. The application of polymer support fluids
therefore currently faces the challenges of weighing possible advantages over uncertainties. In
this regard, the presented study aims at improving the understanding of support mechanisms of
polymer solutions with a focus on requirements for temporary polymer fluid support.

1.1. Research demand and objectives

Outside of Germany, polymers in aqueous solutions are increasing in popularity on projects with
temporary fluid-supported earth walls, replacing the commonly used clay suspensions (SFG:2019;
Borghi, 2006; Lam and Jefferis, 2018). Within Germany, polymers are mostly established as an
additive for clay-based support and lubrication fluids only (Heinz, |2006; Praetorius and Schofer,
2017).

Until nowﬂ only one project with pure polymer-fluid support (Lesemann, |2010) has been re-
alised in Germany. This is explained by uncertainties concerning possible environmental impacts
and adequate control parameters. Internationally, however, a considerable number of projects
are reported where polymer solutions are favoured over bentonite suspensions for environmental
concerns towards bentonite, among other reasons (Lam and Jefferis, 2018). However, gener-
ally, the reasons to choose polymer solutions over bentonite suspensions are diverse; they vary
depending on the specific boundary conditions of each project; and polymer solutions are not
always applied with success (Berkovitz and Long, |1995; Wheeler, 2003; Lesemann, 2010; Jefferis
and Lam, 2013; Lam and Jefferis, 2014; Lam and Jefferis, 2015b)).

The implementation of polymers in geotechnical engineering is linked to developments within
the oil and gas industry. Aqueous polymer solutions have been used in this field as drilling
fluids for oil and gas exploration or for polymer flooding in enhanced oil recovery (EOR) at least
since the 1960s, i.a. for favourable flowing patternﬂ for environmental and economic reasons,
for salt stability of the fluid, improved lubrication and for clay swelling inhibition towards the
surrounding ground (Sorbie, |1991; Patel et al., 2007; Anderson et al., 2010; Wilson and Wilson,
2014; Xiong et al., 2018; Murtaza et al., 2020).

Similar reasons can be found regarding the application of polymer solutions for temporary
fluid support in geotechnical engineering and tunnelling, where the implementation process is
advancing more rapidly (Lam and Jefferis, 2018; Borghi, 2006, FHWA-NHI-10-016:2010; Zum-
steg, Puzrin, and Anagnostou, 2016; Mielenz and Mielenz, 2016)).

In Thailand, (synthetic) acrylate-acrylamide-based polymer solutions were applied with success
as a lubricating fluid for pipe-jacking in swelling/clogging ground where a bentonite suspension

1to the knowledge of the author
2g00d sweep efficiency



1. Introduction

had failed (Alexanderson, 2001). Operational and economic advantages, e.g. concerning space
requirement, mixing time, fluid treatment and disposal costs, were observed with a more re-
cent example in London, where a similar polymer solution was applied for the construction of
bored piles, which could be compared directly to piles drilled under bentonite-slurry support
on the same construction site (Ouyang, Jefferis, and Wiltcher, 2018). As for (modified) natural
polymers, cellulosic ethers have been used successfully in aqueous solutions for temporary fluid
support at another construction site in London for diaphragm walling due to their considerably
lower sensitivity towards salt in ground conditions critical for bentonite suspensions. Moreover,
laboratory and on-site tests suggest that piles constructed under polymer-fluid-support give bet-
ter fresh concrete displacement (Mobley, Costello, and Mullins, 2018) and higher shaft friction
(Lam, Jefferis, and Martin, 2014a; Lam et al., [2015; Yoo and Han, [2019).

Fluid-supported geotechnical excavation techniques comprise tunnel excavation from micro-
tunnelling to large diameters, both vertical and horizontal (VSMEI), as well as diaphragm walling
and pile drilling. Even though the specific circumstances such as pressure levels and geometries
may differ with the type of technique, they generally share the concept of relatively large tem-
porarily open soil or rock segments, which need to be supported by a fluid until the support fluid
is replaced by concrete or mortar. Additionally, in each case, the support fluid may have other
functions, such as debris transport or lubrication, which will not be the focus of this study.

In terms of standardised stability assessment, requirements cannot eagily be transferred from
oil and gas exploration to classical geotechnical excavation techniques as boundary conditions
and therefore research focus and appropriate design differ distinctly in some aspects. Over 75%
of drilled formations encountered in the context of oil and gas exploration can be assigned to
low-permeability clay-bearing rock: shale. The percentage of shale in wellbore-stability-related
problems is estimated at 90 % (Steiger and Leung, 1992), often related to swelling or clogging
(Sorbie, 1991; Anderson et al., [2010; Wilson and Wilson, 2014; Farrokhrouz and Asef, 2013;
Caenn, Darley, and Gray, 2017; Gholami et al., 2018). Fluid-supported geotechnical excavation
techniques concern soil and especially non-cohesive material with higher permeability to a much
larger fraction. Besides subsoil properties, oil and gas wells are typically drilled at relatively small
diameters compared to e.g. drilled piles of 0.3 m < d < 3.2 m (Pulsfort, Walz, and Faes, |1988,
EA-P:2013), i.e. with more favourable cross section in terms of arching around the excavated
hole. With considerably smaller exposed cross sections in relation to the drilling depth, local
instabilities in terms of serviceability will most likely be more significant than macro stability.
Moreover, diaphragm walling, deep foundations and tunnelling works are often carried out closer
to built-up areas at comparably low pressure with direct impact on the nearby ground surface.
This implies soil-fluid interaction at preferably low to zero flow velocity of the support fluid. In
oil and gas exploration, the majority of published research focusses not on well drilling fluids, but
on fluids for enhanced oil recovery, i.e. polymer flooding, with oil displacement at high injection
rate and subsequently differing required fluid properties (Sorbie, |1991)).

For fluid-supported geotechnical excavation techniques, internationally, DIN 4126:2013 (Ger-
man standard for the calculative stability assessment of diaphragm walls) represents the only
standardised concept for a calculative stability assessment of fluid-supported earth walls. How-
ever, it was specifically designed for clay suspensions, which are chemically and mechanically
different to polymer solutions. Moreover, the great variability of the polymer category, com-
prising all macromolecules consisting of several molecular repeat units, complicates a direct
comparison. Calculative concepts for fluid-supported tunnel faces, e.g. from Anagnostou and
Kovari (1994), generally adapt the concept from DIN 4126:2013 and Horn (1961).

3vertical shaft sinking machines as, e.g., developed by Herrenknecht (Frey and Schmaeh, 2019)



1.1. Research demand and objectives

Based on the failure mechanisms of the stability concept for clay suspensions, Steinhoff (1993))
developed an analytical approach for viscous polymer solutions with focus on diaphragm walls
and bored piles, which was further evaluated by Lesemann (2010). However, besides being
mathematically complex, the concept proved to be too conservative as it assumes an infinite
penetration of polymer solutions into the ground over time without ever stagnating which is
not found in practice, possibly due to the evolution of new base polymers and additives. E.g.,
Ouyang, Jefferis, and Wiltcher (2018) do not report any measurable fluid losses into the ground
with application of a synthetic polymer mix for the construction of bored piles.

Internationally, field trials and on-site fluid testing prevail as the common methods to avoid in-
stabilities, in addition to minimum requirements for the excess head of the support fluid towards
the piezometric groundwater level varying between the standards: FHWA-NHI-10-016:2010
(USA, bored piles) 3 m (10 ft), ICE-SPEARWall:2016 (UK, bored piles and retaining walls)
2 m, EN 1538:2015 (EU, diaphragm walls) 1 m, EN 1536:2015 (EU, bored piles) 2.5 m, all with-
out specification concerning the origin of these values. Yet, according to European guidelines EN
1536:2015 and EN 1538:2015, full-scale tests are only named third as suitable procedures to en-
sure stability after comparable experience and a calculative assessment and need to be executed
with guarantee of a certain safety level.

Unsuccessful projects, with application of polymer solutions among others, have lead to the
formation of an international working groupﬁ within the European Federation of Foundation
Contractors (EFFC) and the American Deep Foundations Institute (DFI) aiming at developing
recommendations/specifications for operations with support fluids. A first edition has been pub-
lished in 2019 under the name ‘Guide to Support Fluids for Deep Foundations’, hereafter referred
to as SFG:2019 (2019), with acceptance values from American and European execution guide-
lines for polymer solutions adapted from clay suspensions; they are based on practical experience
mostly with test equipment designed for clay suspensions. A systematic field research study has
been initiated by this Support Fluid Task Group underlining that the information available until
now is not sufficient in quantity and quality to provide a solid basis for either of the three allowed
safety assessments according to EN 1536:2015 and EN 1538:2015. Even trials cannot guarantee
sufficient safety levels as long as the parameters which govern the failure mechanisms are not
sufficiently understood to be implemented in related pre-calculations. A refined basis both for
design (safety level) and execution (quality control) is needed which considers the functionality
of polymer fluid support more realistically.

So far, some polymer producers, contractors and guidelines explain the good stabilizing per-
formance of specific polymer mixtures with an uptake of fines from finer layers of the subsoil
with continuous excavation methods as in-situ filtrate reducing material (a), especially with
cellulose-based polymer solutions (e.g. diaphragm wall Earl Pumping Station, London), through
formation of a polymer membrane at the earth wall (b) with synthetic polymer mixtures sim-
ilar to an external or thin internal filter cake build-up or by colmation of synthetic polymeric
additives as filtrate reducers (c¢) in high permeable ground (Goodhue and Holmes, [1997; FHWA-
NHI-10-016:2010; DIN 4126:2013; Lesemann and Schwab, 2015 ICE-SPEARWall:2016; Lam and
Jefferis, 2018)).

Colmation effects from mineral fines (a) and other types of filler have been studied for bentonite
suspensions by Heinz (2006|) and Thienert (2011). It may be presumed that the mode of action
will be similar for polymer solutions. (b)-(c¢) have not been metrologically proven until now.
Moreover, it is not evident how the three aspects may affect stability considerations and how
their effect can be guaranteed. The testing methods transferred from clay suspensions may not

4Support Fluid Task Group’
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be able to capture all of these specific functionalities.

This discrepancy between the performance of existing research approaches and practical ex-
perience shows that interaction mechanisms between the components of polymer-based support
fluids and the subsoil need to be studied in more detail. The objectives of this study can therefore
be summarised as follows:

(1) identify the relevant components of polymer-based support fluids and subsoil which control
their contact behaviour and explain the interaction mechanisms,

(2) derive a compact calculative stability approach for fluid-supported earth walls similar to
DIN 4126:2013, preferably formulated independently of time to be safely representative for
the construction stage, which enables a more realistic assessment of the supporting effect
of polymer solutions with regard to the design of diaphragm walls, piles, tunnel faces or
lubrication in pipe jacking,

(3) develop a matrix or matrices as a basis to assess/evaluate the applicability of different
polymer types and additives depending on respective soil characteristics of the subsoil, e.g.
grain size distribution and

(4) discuss current testing methods and possible alternatives or supplements for quality control
of polymer support fluids on site with focus on stability issues.

1.2. Methodology

Empirical laboratory studies are considered best suited to analyse the aforementioned aspects. A
numerical model is not regarded to prove successful at this point. The physical and mechanical
processes which determine the penetration behaviour of polymer solutions are not sufficiently
understood to provide a model law with the accuracy needed to significantly improve the current
approaches.

In order for suitable variation parameters to be chosen for the laboratory study, a theoret-
ical basis will be laid out in chapter [2] by constituting a framework concerning required fluid
functions in the context of fluid-supported geotechnical excavation techniques. On this basis,
polymers and polymer solutions are analysed and classified. In the first instance, they are ad-
dressed separately with focus on the properties of the products themselves including rheology.
Subsequently, analysis and classification of the individual products are complemented with a
discussion on approaches for physical interaction mechanisms, in particular with regard to the
transfer of support pressure, with penetration of polymer solutions into the ground.

In the context of an empirical study presented in chapter [3| four specially designed devices
for the analysis of the penetration behaviour of the support fluid into the soil and a related
pore pressure distribution are subsequently applied to address the open questions raised before
and to identify options for improvement. These fluid penetration tests are complemented by
standardized and adapted support fluid testing equipment for classification. This combination
aims at enabling substantiated conclusions for a more compact stability assessment and for the
choice of suitable methods for quality control summarized in chapter
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The subject of polymer fluid support combines several fields of expertise: soil mechanics and mod-
elling, polymer physics and chemistry, environmental processes and operational and economical
aspects related to the construction site. This chapter provides insights into these viewpoints with
differing degree of in-depth analysis as required both for an understanding of support mechanisms
and related open questions and as a theoretical basis for the laboratory experiments.

The vocabulary used to describe interactions of these fields may differ from the wording used
in literature of the respective field as the focus is set on the geotechnical viewpoint.

2.1. Requirements for support fluids in deep foundations and
tunnelling

2.1.1. General requirements

Requirements for support fluids in deep foundations and tunnelling concern a variety of aspects,
which can differ with the type of application, environmental conditions, excavation techniques,
construction stages and global economical and operational restrictions. The objective of the
following paragraphs is to give a general overview.

Clearly, the main requirement is the guarantee of a stable open trench, borehole, tunnel face
or annular gap during the excavation process in terms of temporary stability. The required time
to guarantee the stability of the respective earth wall support varies with the type application.

For tunnel face support, temporary stability needs to be guaranteed for each revelation of the
cutting wheel, i.e. stability may have to be reformed with every revelation. The annular gap
area immediately behind the tunnel shield should be held stable until placement and hardening
of the final grout mortar. In pipe jacking, the pipe segments are continuously added from the
starting pit and the previously placed segments are pressed further into the ground from there.
The annular gap needs to be lubricated and stabilized continuously along the whole pipe length
to ensure stability and limited jacking forces. The annular gap section closest to the starting
pit can be considered critical in terms of the longest open standing time, which may often mean
several weeks.

For panel trenches or boreholes, earth wall support is necessary until full excavation to the
total depth, which will probably range within a number of days at maximum. For diaphragm
walling, this can comprise several excavation segments before concrete placement. In this context,
stability is influenced by the excavation method and related excavation stages (continuous or
stepwise with temporary stand-still times). Furthermore, the movement of the excavation tools
and subsequent placement of reinforcement cages within the excavated panels or holes can affect
the stabilizing behaviour and generate additional requirements for stability in these conditions.
Calculative concepts to assess temporary earth wall stability and related requirements for support
fluids will be addressed in section

The second main requirement concerns the effect of the support fluid on the final stability of the
construction, which is related to successful concrete (or grout) placement after excavation without
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debris inclusions and good bond properties between the filling and the ground and possibly
reinforcement. For bored piles and diaphragm walls, the related standards and guidelines (EN
1536:2015; EN 1538:2015; ICE-SPEARWall:2016; FHWA-NHI-10-016:2010; SFG:2019) therefore
demand particular measures for base cleaning and formulate control parameters for support fluid
quality before concreting. The respective values are summarized in SFG:2019 as ‘acceptance
values’. On this matter, the solids content is considered a decisive parameter to be reduced
in order to guarantee successful concrete placement. Internationally, limiting parameters differ
between 1 % and 4 % for different types of polymer solutions (SFG:2019).

In addition to stability requirements, environmental and economical factors generally limit
the range of applicable material properties and operational methods. This can be quantified in
terms of environmental impacts and material, operational and disposal costs. In this respect,
the operational footprint comprises the required material transport and necessary site equipment
and space for fluid preparation, transport, recycling, reuse, treatment and disposal. Long fluid
preparation times combined with a low recycling ratio require more space and material consump-
tion. If necessary, settling plants or complex fluid treatment plants to separate fluid and fines
during recycling before the concreting stage or for disposal create additional space requirements.
Disposal requirements may comprise additional chemical treatment before discharge.

Aside from general requirements and stability functionality, support fluids may also be required
to fulfil other fluid functions depending on the excavation method as discussed in Praetorius and
Schofer (2017), Lam and Jefferis (2018]) and SFG:2019. These can comprise

m good pumpability (sufficiently low shear resistance at higher shear rates), especially for
tunnelling which requires pumping along large differences,

a sufficient carrying capacity during flow for debris transport (tunnelling, reverse circulation
drilling, e.g. hydromill),

lubrication and cooling of the drilling tools (anti-clogging),

lubrication of the annular gap (pipe jacking) and

easy fluid/solids separation, e.g. a good encapsulation of soil colloids for quick settlement
(bucket /grab).

These fluid functionalities need to be provided throughout the excavation process, which addi-
tionally requires a sufficient degree of mechanical stability depending on the type of application
and chemical stability against environmental influences (e.g. salts). In this context, especially
circulation drilling requires a high resistance against shear, which cannot be provided by all types
of polymers. Pumping can also affect these properties and has to be chosen adequately (Lam
and Jefferis, 2018; SFG:2019). Polymer physicochemical and mechanical stability is addressed
in section 2.2.41

It is evident that the requirements from different viewpoints need to be evaluated with focus
on specific applications and excavation stages to find the best-fit option, e.g. between easy han-
dling, environmental impact, low cost and sufficient temporary and final stability. The following
chapters will focus on requirements for stability during fluid support and bear in mind their
effects on other demands.

2.1.2. Stability conditions of fluid-supported earth walls

Temporary stability by fluid support is associated with the ultimate limit states (ULS) HYD /UPL
and GEO-3 according to EN 1997-1:2014 (DIN 4126:2013), with fluid pressure (stabilizing) bal-
ancing hydrostatic groundwater pressure and earth pressure (destabilizing). In this regard, the
considered geotechnical excavation techniques can be primarily differentiated with respect to the
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geometry of the supported earth walls, i.e. the cut face (Fig. . While the concept of mobilisa-
tion of fluid support is similar in all cases due to similar interaction mechanisms between support
fluid and the ground matrix (Fig. , the actual amount of mobilised support can be a function
of time and thus differ in each case. Furthermore, the relevant earth pressure varies significantly
due to the influence of arching for each single excavation depth and differing geometries.

Generally, analytical stability assessment for diaphragm walls and bored piles (DIN 4126:2013;
Stocker and Walz, 2003; Haugwitz and Pulsfort, 2018)) as well as tunnel faces (Kirsch, 2010},
Broere, 2015; Sterling, [2020) with fluid support essentially considers the same critical stability
fields described by mechanical failure mechanisms:

(1) Inflow of groundwater
(2) Internal /micro/local stability
(3) External/macro/overall stability

This section will focus on these fields mainly by means of analytical calculative concepts for
differentiation of the underlying mechanisms. Physico-chemical stability between soil and support
fluid (section is considered ensured in this context. The applicability of numerical modelling
for the analysis of these states, e.g. with the possibility to study more complex geometries, is
considered a subsequent step and will therefore be discussed separately in section [2.3.2]

The German standard DIN 4126:2013, designed for diaphragm walls with ‘cleanﬂ clay sus-
pensions for fluid support, currently represents the only established standardised concept with
a discrete calculative formulation for the three failure mechanisms for fluid-supported earth
walls in non-cohesive soil yet. Since its first version in 1986, it includes the interaction mecha-
nisms between support fluid and ground from the basic concepts developed by Weifs (1967) and
Miiller-Kirchenbauer (1977)), on which many of the above mentioned stability considerations for
the different fields of application are based, in some cases without specifying fixed formulas, e.g.
by the practical guideline SFG:2019.

horizontal
cross section

vertical cross section . .
vertical cross section

critical
earth wall o
longitudinal and
transverse vertical
exemplary cross sections
7777777 horizontal i HEH
"""" cross
section
(a) Panel trench (b) Borehole (c) Tunnel face and annular gap

Figure 2.1.: Earth wall geometries

¢clean’, as named by the author, is referring to a suspension for which favourable effects of fines or other additives
on the penetration behaviour can be neglected
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Figure 2.2.: Geometry and variables

On the basis of generalized fluid-independent formulations of the failure mechanisms given by
DIN 4126:1986, Steinhoff (1993) developed an analytical approach for viscous polymer solutions
with focus on diaphragm walls and bored piles, which was outlined in more detail by Lesemann
(2010) and Lesemann, Vogt, and Pulsfort (2016)).

In this respect, the following paragraphs will summarize the failure mechanisms (1)-(3) firstly
based on the generalized DIN formulas with complementation for bored piles and tunnels, but
without relation to fluid specifications. Soil swelling will be addressed separately for the specific
case of cohesive ground. Subsequently, the existing specifications for ’clean’ bentonite support
fluids are presented and compared to the state-of-the-art approaches for polymer solutions to
reveal differences and possible connecting points for experimental investigations on polymer
solutions.

The generalized formulations based on DIN 4126:2013 for each failure mechanism in non-
cohesive ground expressed independently of the type of fluid and of the failure geometries are
given by Eq. The index ‘d’ always refers to the design value according to the partial
safety factor concepﬂ.

Pw,dst,d (2) < DEsth,d (2) (2.1)
/!
fs0,wall,d > tandgoii = fso,wall,req,d (2.2)
E h
i ( ah,dst,d( )) <1 (2.3)
Sstb,d

The first critical stability state refers to failure induced by inflow of groundwater (Eq. [2.1). It
is considered averted if the stabilizing fluid pressure pr qp equals or surpasses the destabilizing
hydrostatic groundwater pressure p,, 45 along the full height of the earth wall to be stabilized.
For diaphragm walls and bored piles, pp 3 is given by the hydrostatic pressure of the support

?Classification according to DIN 4126:2013 and EN 1997-1:2014: groundwater inflow (HYD/UPL): accidental
situation (‘BS-A’): y¢,ast = 1.00, va,st6 = 0.95; internal stability (GEO-3): transient situation (‘BS-T): vg¢ =
1.00, v, = 1.15; external stability (HYD/UPL) transient=permanent situation (‘BS-P=T"): vg,qs: = 1.05,
Ya,stv = 0.95
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fluid pr s at depth z;. For tunnelling, pr s, may be supplemented by an additive pressure
component from compressed air pgr sp- In all cases, this term can be formulated independently
of time as the hydrostatic terms defined by the specific weight of the respective fluid can be
determined accordingly.

Internal failure as the second failure mechanism describes the successive falling of single grains
or small groups of grains initiated at the earth wall as a local form of failure. Immediately
at the earth wall, for cohesionless soil, it can be assumed that cutting forces (from gravitation
and friction) between the vertically adjacent elements cannot yet be taken into account with a
sufficient degree of security and, if so, would cancel each other out anyway (F,, ~ Fy,; ~0). An
individual (plane) differential soil element of volume V' (represented at cross section by b and
h) can then be stabilized by friction mobilized by the normal pressure Apy,obwai- This pressure
represents the amount transferred to the soil matrix within the described soil volume (Fig.
& Fig. . It can be summarized by the normal force Nap (Eq. :

Ty = Nap - tan (@) = (Apmobwau - dh) - tan (¢') (2.4)

with ¢’ being the soil friction angle and assuming that the pressure level Ap is approximately
constant over the differential height A of the soil element at depth z; and cohesion ¢ = 0. The
destabilizing force can then be described by the gravitational force G = " - b - h with buoyant
specific weight 7”. Force balance at element level gives:

7

Tcp/ >G o Apmzb,wall > tar?((p,) _ fs[],wall,req (2.5)
The amount of pressure mobilized within V' (Appebwair) depends on the course of pressure

transfer to the soil matrix. As illustrated in Fig. it can be significantly higher in the case of

a non-linear pressure drop as compared to the linear case. The curvature of the pressure drop is

described by the pressure gradient fso at any distance x from the earth wall for a given point in

time, i.e. (Eq.

op

fso(w) = o

(2.6)

As visualized in Fig. 2.4 fs0 is constant in the case of a linear pressure drop as assumed in

DIN 4126:2013 (Fig. & Fig. [2.44) or dependent upon z otherwise (Fig. & Fig. [2.4b)).
Fig. represents a limiting case. (secant modulus) (Eq. for the differential soil

y 4
Pri(z:) pr(zi)
Pw.i () pw(z:) -
(a) Linear pressure drop (b) Non-linear pressure drop

Figure 2.3.: Influence of the pressure drop curvature at time step ¢; at a given depth z; on the
pressure transfer at the earth wall



2. Theoretical background
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Figure 2.5.: Quantification of the required earth wall pressure gradient fs0.wail,req,d
element reflects the pressure gradient at the earth wall
Aprmob wall
% = st,wall = st(m — O) (27)

Therefore, Eq. leads to the formulation from Eq. . The ratio 7"/ tan ¢/, can be named the
required pressure gradient fso req- Fig. visualizes the magnitude range of the design value of
the required pressure gradient for a range of 4" and ¢f}|

Fig. compares the development of the pressure drop over time for three different fluid
penetration cases according to Haugwitz and Pulsfort (2018) (Fig. 2.7):

m viscous penetration with pressure transferred to the ground through flow resistance, i.e.
mobilization of shear stresses during inflow along the pore walls,

m (internal) colmation, i.e. the successive filtration of finer particles within the pores and

m an external filter cake formation with negligible penetration.

10
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In the case of no or negligible penetration, full overpressure is transferred immediately at
the fluid-soil interface. This case will be referred to as ideal ‘membrane’ behaviour, i.e. full
pressure transfer with fqo e — 00 and guaranteed internal stability (Fig. & . In the
case of ideally viscous penetration (Fig. , the pressure curvature is governed by the fluid
flow behavioulﬁ. Thereby, overpressure Ap = pp — py will drop linearly along the penetration
depth under 1D flow conditions if the dependency between shear rate and mobilised friction
(shear stress between fluid and soil) is approximately linear (constant viscosity approaches, e.g.
Newton, Bingham), resulting in a constant pressure gradient fsowairiin(t) = fs0,in(t) along
the penetration depth for a given time step (Eq. (Fig. 2.4a)). A non-linear pressure drop
(Fig. can be the result of a geometric increase of circumference (e.g. pile: radial flow) or
non-linear shear-rate/shear-stress relationships (e.g. power law).

With purely viscous penetration, fs wau decreases over time as long as the penetration depth
advances, though to a lesser degree for a non-linear pressure drop than for the linear case
(Fig. & . The penetration can stagnate if the viscous support fluid possesses the
ability to mobilise sufficient shear strength at rest (‘yield strength’ 77) along the penetration
depth to balance the hydraulic pressure difference (cf. p. on bentonite suspensions). With
a linear pressure drop along the penetration depth, the pressure gradient can be simplified as

follows (Eq. [2.8):

Ap
s0.wall lin(t) = [s0.1in(t) =
fs0waltiin(t) = fs0,in(t) 5(t)

In contrast, colmation or other soil pore blocking effects induced by filtration or adsorption
processes (Fig. ideally reduce the permeability by successively reducing the pore diameter,
which increases the flow resistance and yields a full penetration stop. Consequently, fso must
yield Fig. This effect is illustrated in Fig. The related degree of pressure drop depends
upon the effectiveness of the colmation or absorption material.

(2.8)

Even an external filter cake can grow as long as material is available and filtration progresses.
The earth wall pressure gradient can then be derived from the amount of pressure absorbed
at the earth wall App,opwai(t) over time (Eq. and is likely to increase with progressing
colmation /absorption.

Apmob,wall (t)
dref(t)

The reference depth dycf(t) for Apmebwan(t) is likely to decrease with progressing permeability

st,wall(t) = (29)

A
prz)

he

Pr(2) g

pw(z;) | pw(z:)
sz, t1) =x —s(zi t1) T X s (zi, ta) TX
4'4F“Z"m Ets) s(ety) ——a TR slenty) e sCenty)
1 1 1
(a) Viscous flow: (b) Viscous flow: (¢c) Membrane formation
linear pressure drop non-linear pressure drop

Figure 2.6.: Penetration and support pressure mobilization — influence of time

3determination of design parameters v/ = vy - 1.00 and tan ¢}, = tan ¢},/1.15 according to DIN 4126:2013
“The bulk flow behaviour of polymer solutions will be addressed in more detail in section m

11
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Figure 2.7.: Visualization of the penetration behaviour from Haugwitz and Pulsfort (2018)

reduction growing towards the earth wall (internal colmation); an external filter cake build-
up could lead to a slight decrease of fs0 wai(t) if ApPmobwaii(t) = const. combined with a slight
increase in dycf(t). In this case, f0,wau is linked to, but not directly controlled by the penetration
depth but rather governed by the colmating or adsorbing material and its concentration and
effectiveness. With respect to internal stability considerations, two decisive (critical) points in
time, i.e. with the lowest possible fs0au values, can be distinguished:

(1) Penetration dependency (Fig. or Fig. 2.6b)): stagnation or maximum

penetration time (Fig. [2.7al)
(2) Advancing filter cake formation towards membrane functionality (Fig. [2.4a] {2.4b[ — [2.6¢)):

first cake-initiating step (Fig. [2.7b))

The third failure mechanism (Eq. describes the shear failure of a more or less monolithic
soil body (Fig. , where the destabilizing lateral earth pressure force E,j, opposes the stabilizing
pressure force Si. For the formulation of the destabilizing earth pressure (E,p), a variety of
analytical approaches for spatial lateral earth pressure for fluid supported excavation can be found
in literature. For diaphragm walls, detailed discussions on differences between earth pressure
approaches in terms of suitability for the respective geometry are given by e.g. Walz and Hock
(1987), Stocker and Walz (2003), Klein and Moormann (2015)), Haugwitz and Pulsfort (2018),
and Lei et al. (2019). Stocker and Walz (2003), EAB:2013 and EA-P:2013 summarize earth
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-
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9

Figure 2.8.: Geometry and variables — macro stability
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pressure approaches for bored piles or shafts (e.g. VSM). Kirsch (2010), Broere (2015), and
Sterling (2020) review earth pressure models for tunnels.

The approaches can be mostly divided into kinematic and static methods. The kinematic
models are based on force balance at the level of a monolithic failure body following Coulomb
(1773). They consider spatiality either through geometric limitations or in terms of additional
friction and/or cohesion forces at the edges with pseudo-spatial models. These forces are mainly
based on von Terzaghi’s (1943) trapdoor (or otherwise named arching or silo) theory following
the silo theory by Janssen (1895). Static methods start from stress balance at soil element level
following Rankine (1857, von Terzaghi (1936al), and von Terzaghi (1936b) (named ‘element slice
theory’ by Walz and Hock, [1987).

Fig.[2.912.10]show typical analytical earth pressure models for all considered fields as a basis for
visualisation of the influence of the earth pressure model on the determination of the necessary
support force. Fig. shows the pseudo-spatial kinematic wedge approach as proposed by
DIN 4126:2013 for diaphragm wall elements, which involves a triangular prism as a monolithic
soil body with shear forces T integrated over the triangular edges to account for the influence
of friction and cohesion based on Terzaghi’s trapdoor theory. The combination of a truncated
cone (Walz, |1978) and a cylinder shown in Fig. represents a static earth pressure model
for axisymmetric problems such as bored piles or VSM developed by Walz and Hock (1987)
(element slice theory). Fig. shows the model employed by Anagnostou and Kovari (1994)
for tunnel faces adapted from Horn (1961), which essentially adds an overburden pressure p
(trapdoor theory) to the monolithic wedge with a rectangular face area A equal to the square of
the outside tunnel diameter D with D = Heqge-

In pipe jacking with lubrication, macro stability needs to be considered for the annular gap in
addition to face stability, i.e. ppsw + Dair,stp > op. Fig. shows an exemplary approach for
earth pressure according to DWA-A 161:2014 (trapdoor theory).

e
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(a) D-wall (b) Bored pile (¢) Tunnel face

(DIN 4126:2013) (Walz and Hock, 1987) (Horn, [1961)

Figure 2.9.: Analytical approaches for spatial earth pressure and penetration
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hlV

Figure 2.10.: Plane earth pressure model for pipes (DWA-A 161:2014) and penetration

The stabilizing force Sy represents the flow force transmitted to the granular structure of the
soil body to be supported. In the case of a filter cake formation, e.g. via internal colmation or
external filter cake formation, a certain amount of the overpressure can be transferred directly
to the soil skeleton by normal stresses acting on the cake, which can then be considered as a
pressure transferring membrane.

If the support fluid penetrates into the ground to a significant depth, a stabilizing force can
be integrated from the shear resistance of the fluid mobilised along the penetration depth within
the failure body as illustrated in Fig. As long as the respective length of the failure body
equals or surpasses the penetration depth, i.e. [ > s (at level z; in Fig. , full pressure
Ap = pr — pw is mobilizable for support regardless of the pressure drop curvature (Fig.
[2.11D). However, when s > [ (level z; in Fig. 2.8), only the pressure transferred within the
failure body takes effect for support of the failure body (Fig. . Despite showing the same
penetration depth, Apobitizabie can then significantly differ due to differences in pressure drop
curvature (fs0). DIN 4126:2013 considers only the two extremes of full filter cake formation with

A A A

pF(Zi) | I PF(ZL')' pF,i{Zi)\ 7777777

Pw,i(Z) - l

pw) Pw(z:) |
us(zl t)) > x s(zi,tj) > x s(z; tj) X
| 1(z;) } | I(z;) } l(z)
A A A
pr(z) - pr(z) | Pr(z:) 1
pwlz) b 1L pw(z;) | Pw(z;)
WS(Za'Ej) > x s(zit;) > x s(zit) > x
(a) s=0 (b) I > s (x1) (c)l < s (%)

Figure 2.11.: Penetration and support pressure mobilization — influence of curvature at time step
tj: linear pressure drop (top) vs. non-linear pressure drop (bottom)
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2.1. Requirements for support fluids in deep foundations and tunnelling

full pressure adsorption immediately at the earth wall (Fig. or full penetration to a limited
depth without cake (Fig. . However, hybrid cases are possible.

In all cases, the critical stability state for macrostability needs to be determined by maximizing
the ratio between FE,p, ¢ and S;. Both variables can be calculated independently of each other
only in the case of no or negligible penetration and the critical earth pressure will then equal the
maximum earth pressure found by variation of the slip surface angle 1. However, in the case of
fluid penetration, the support fluid slightly changes the buoyant specific weight of the soil body
and, additionally, ¥ influences the magnitude of the mobilizable flow force for support of the
failure body (Fig. & [2.11)).

In general, the time-dependency of penetration and pressure mobilisation needs to be consid-
ered, e.g. at the tunnel face, where the revolution rate of the cutting wheel dictates the time
span for possible filter-cake build-up.

Bentonite suspensions

For ’clean’ clay suspensions, empirical investigations have resulted in classification of the slurry-
soil interaction into either full membrane formation by external filter cake build-up, full pene-
tration or colmation.

In the case of penetration, the shear stresses mobilised along the penetrated pore channel
necessary to balance the hydraulic pressure difference can be adequately represented by the yield
strength 7, defined as the value needed to initiate ﬂowﬂ with bentonite suspensions following
the Bingham rheological model with a comparably low viscosity contributionﬁ. In a plane model
with primarily one-dimensional flow, the overpressure Ap will therefore drop linearly along the
penetration depth s(t) with the pressure gradient decreasing with increasing s(t) (Fig. [2.6a)); and
the point of stagnation (S;qz), when force balance is reached, can be considered as the decisive
point in time for both internal and external stability verifications for these clay suspensions with
fs0.min = fsowali = fso (Stocker and Walz, 2003; Haugwitz and Pulsfort, |2018)).

Experimental measurements of fluid penetration into non-cohesive soil based on variations of
TF as the adequate rheological representative and the effective grain diameter djo (diameter at
10 % sieve passage) as a significant measure for the pore size found a proportional factor of
a = 2 — 3.5 (variation depending on the type of bentonite; Ruppert, |1980) between the pressure
gradient Ap/Smaz (Eq. and the ratio of 7p/dio at stagnation. DIN 4126:1986 and DIN
4126:2013 have implemented these results with a safe-side choice of a = 2 for a calculative
determination of fso for internal failure and subsequently for the determination of the maximum
penetration depth spax (Eq. . As a result, all three failure mechanisms can be formulated
independently of time. For internal stability checks according to DIN 4126:2013, a correction
factor nr = 0.6 is applied on fs0,min to cover thixotropic variations as well as fluctuations of 7
due to simplified measurements on site (Stocker and Walz, 2003; Haugwitz and Pulsfort, 2018)).

Ap a-Tp
st,min = =1nFr-
Smax dyo

(2.10)

In relatively fine soils, an external filter cake will form through filtration of hydrated clay
particles at the soil surface creating a nearly impermeable membrane with full pressure adsorption

57r is best approximated by a ball harp test or a pendulum test according to DIN 4127:2014 (after 1 min
rest). It is most closely related to the gel strength Giom according to API RP 13D:2017 measured with a
viscometer /theometer after 10 min rest. In contrast, the API RP 13D:2017 yield point equals the Bingham
intersect extrapolated from dynamic shear measurements (appendix .

SRheometer measurements for a range of bentonite concentrations are shown in Fig. (appendix)
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2. Theoretical background

and low permeability for water filtrating from the suspension. This case is assumed according
to DIN 4126:2013, when fs0,min > 200 kN/m3 is reached along the earth wall over the whole
excavation depth. Following Eq. with 7/ = 20 kPa and nr = 1, this value is reached for
soils described by dig < 0.2 mm.

Currently no established standard considers the contribution of pore blockers such as mineral
grains or other material on a possible internal filter cake formation for coarser soils, even though
especially mineral grains are often found in samples of filter cakes from construction sites (Ar-
wanitaki, 2009) and laboratory studies on penetration depths have shown a significant colmation
effect leading to a hybrid penetration behaviour (Thienert, 2011). Haugwitz and Pulsfort (2018])
suggest not to consider favourable colmation effects from filtration of finer material from pre-
vious excavated soil strata resulting in hybrid pressure transfer for stability calculations due to
sensitive and not easily predictable influencing parameters.

Polymer solutions

Pure polymer solutions for the targeted fields of application differ distinctly chemically and, in
some aspects, mechanically from bentonite suspensions. In particular, they generally do not
show a considerable yield strength and the contained polymer chains are significantly smaller
than clay particles (Jasmund and Lagaly, 1993; Brazel and Rosen, [2012; Lam and Jefferis, 2018)).
The design approaches established for clay suspensions, based on a significant shear strength 7p
at rest or a relation between swollen bentonite particle size and the effective grain diameter of
the soil, cannot, therefore, directly capture the soil-fluid interaction with polymer-fluid support,
especially concerning realistic penetration depths and related pressure gradients.

Under the assumptions of an equally linear pressure drop along the penetration depth and no
filter cake formation in any case due to the small size of the polymer chains, Steinhoff (1993)
formulated a first concept to implement a time-dependent penetration depth into the above
failure calculations (Eq. 2.1}2.3 but with reference to DIN 4126:1986) for diaphragm walls and
bored piles. His method represents polymer solutions as ideal power-law fluids based on the
material law of Ostwald and de Waele (Ostwald, [1929), i.e. fluids described by a shear-rate
dependent viscosity increasing with decreasing shear rate, but adds a viscosity plateau (‘Newton
plateau’) for shear rates 4 < 1.5 1/s as an upper viscosity boundary. A simple bundle model of
parallel capillaries is chosen which represents the soil by porosity n and permeability coefficient
kw. Fluid flow and capillary bundle models will be discussed in more detail in sections [2.2.2]
&

Without any yield strength at rest, polymer solutions, according to this model, cannot stag-
nate; the penetration velocity can only significantly decrease with increasing penetration depth
and a subsequent decrease in the pressure gradient Ap/s inducing the flow, though velocity
drops faster than with a Newtonian fluid as the viscosity increases with decreasing flow velocity.
Consequently, stability based on Eq. can only be guaranteed for a limited time interval
Teriz- Concerning external stability verifications in particular, this method needs extensive effort,
as it requires an iterative calculation of both the critical penetration depth and the critical angle
of the slip surface for every relevant excavation level and time step. Experience from construc-
tion sites suggests that pressure gradient and penetration behaviour are not approximated with
sufficient accuracy with this approach for ‘clean’ polymer solutions, in particular, as regularly
applied fluid additives such as filtrate reducers or other pore blockers (Goodhue and Holmes,
1997, FHWA-NHI-10-016:2010, ICE-SPEARWall:2016, Lam and Jefferis, 2018]), are not consid-
ered. Moreover, the great variability of the polymer category concerning viscosity modification,
adsorption properties, swelling ability etc. (section suggests that the polymer-water-soil
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2.1. Requirements for support fluids in deep foundations and tunnelling

interaction mechanisms at the earth wall are governed by more parameters than are taken into
account in this model.

Similarly to the experimental programme for bentonite suspensions, which resulted in empirical
correlations between fluid (77) and soil (dyo) for the determination of s and fy0, soil penetration
tests with different polymer solutions should enable a detailed analysis on further significant
parameters affecting stability. These could help improve the concept by Steinhoff (1993) to be
applicable as a solid basis for quality control or parameter sensitivity analysis. Of special interest
in this context are the following questions:

(1) Does the pressure difference Ap indeed drop linearly along the penetration depth?

(2) Can bulk rheological parameters for polymer solutions measured with standard rheological
testing equipment adequately reflect their flow behaviour in soil?

(3) Which parameters control the pressure gradient at the earth wall?

(4) In which circumstances does this gradient depend upon the penetration depth and/or in
which cases is this dependence relevant, e.g. concerning colmation effects?

(5) Can a residual filter velocity be defined as a reference value to declare stagnation or a
certain amount of pressure drop at the earth wall?

(6) Can the effective grain diameter dyg also be used as a reference value of the soil pore sizes
for polymer solutions?

2.1.3. Swelling-related stability

Stability issues concerning swelling ground, even though also critical e.g. in diaphragm walling or
piling, have been mostly reported from tunnelling. They can be associated with a considerable
uptake of water in soil or rock combined with a reduction of mobilizable shear strength and
stiffness, a loss of integrity, a change in consistency and extensive convergence, or, when the
uptake is impeded, swelling pressure build-up, and can be related to clogging and accretion
problems. A significant reduction in the mechanical properties of the ground can thereby impact
temporary stability under fluid support, but also the bearing capacity of the finished structure. In
pipe jacking, swelling of the supported ground can cause economical or serviceability problems
(stuck pipe, high jacking forces) or even problems of structural safety (cracking of the pipe).
In shield tunnelling, costly constructional measures are often undertaken to prevent extensive
swelling pressures or floor heave on the final lining (DAUB-SSWG, 2005} Borghi, [2006; Wittke,
2006; Anagnostou, 2007; Burbaum, Béhme, and Sass, 2011; Mielenz and Mielenz, 2016 Lam
and Jefferis, |2018)).

Two fundamental and commonly acknowledged prerequisites for swelling are the availability
of water, e.g. provided by the support fluid (filtrate water), and a predisposition or affinity
of the ground for volumetric water uptake. Water molecules can thereby either be physically
integrated between crystalline structures (e.g. clay minerals) or chemically incorporated during
recrystallization (e.g. sulphatic rocks with gypsum or ettringite precipitation) (Jasmund and
Lagaly, 1993; Pimentel, 2003; Sievert, Wolter, and Singh, [2005)).

This section will focus on clay swelling. The underlying mechanisms of clay swelling and related
inhibiting mechanisms are more broadly studied and are more likely to be positively or negatively
affected by a support fluid. Polymeric interaction with calcium sulphate precipitation is scarcely
discussed, e.g. by Lioliou et al. (2006). Moreover, even in sulphatic rocks with comparably
high swelling pressures or large deformations, it is considered as likely that clay contained in the
rock is a major initiating factor with clay swelling occurring more quickly, thereby facilitating
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2. Theoretical background

water distribution in the otherwise highly impermeable anhydrous rock (Butscher, Mutschler,
and Blum, [2015).

Swelling problems in clay-bearing soil or rock comprige various mechanisms at different scales.
A clay matrix at soil or rock level, at which level total and effective stresses are evaluated, consists
of (compacted) assemblies of aggregated particles with inter-aggregate pores, the particles consist
of stacks of layers with inter-particle and interlayer pores (fabric) creating a specific structure
influenced by mineralogy with the possibility of capillary effects at unsaturated level. Each layer
represents an anionic crystalline structure of two or three aluminosilicate sheets compensated for
by cations permanently embedded within the sheets (central ions) and interlayer cations with
differing exchange capacity depending on how strongly they are bound at or between layers. The
permanent negative charge of the basal surface, for which outside cation compensation is needed,
originates from isomorphic substitution (similar size, lower valence) of central cations. The
electric charge of the layer edges depends upon pH. Attractive and repulsive forces act between
surfaces at all levels, e.g. described by the DLVO theory (Derjaguin, B. V. and Landau, L. D.,
1941; Verwey and Overbeek, [1948). Moreover, each type of cation possesses a specific affinity to
hydrate (in other words dissolve) through ion-dipole bonds with water molecules and possibly
form hydration shells (Jasmund and Lagaly, 1993} Yong, [1999; Baille, [2014). This multi-scale
interaction complicates the differentiation towards main driving mechanisms and is still under
discussion.

From a geotechnical or ‘mechanistic’ point of view, Lam and Jefferis (2018), Bol et al. (1994
and Farrokhrouz and Asef (2013) associate swelling with softening, i.e. a decrease in stiffness,
generated by negative pore pressure from stress relief and low-permeability ground balancing
with hydrostatic overpressure generating pressure penetration. Swelling or swelling pressure in
soil or rock resulting from unloading as differentiation to effects from a physicochemical affinity
is considered by Mesri, Pakbaz, and Cepeda-Diaz (1994) and Kolymbas (2008) as ‘mechanical
swelling’ and to be subordinate.

At mineralogy level, swelling can be differentiated into crystalline swelling and osmotic swelling
(Jasmund and Lagaly, [1993; Baille, 2014). The former essentially describes the hydration of
cations which balance the permanently negative charge of the clay surface. Potential hydration
pressures for crystalline swelling of Na-montmorillonite can reach several hundred Megapascals
(Jasmund and Lagaly, 1993). An osmotic swelling potential, which is considered the main
reason for swelling from mineralogical point of view, is driven by a concentration gradient. The
mechanism is often explained with reference to the diffuse double layer (DDL) theory. Following
DDL theory, the cations at the clay surface are chemically bound or viscously impeded by
the diffuse electric field created between anionic surface layer and the cation compensation layer
forming a semipermeable membrane. The concentration difference can therefore only be balanced
if water molecules diffuse towards these cations. However, diffusion only occurs if the repulsive
forces generated by the concentration difference exceed the attractive forces of two clay layers
around these cations. This is only thought to hold true for smectic clay minerals with monovalent
highly hydratable cations for pressure balance, usually Na™, and a low net negative charge at
interlayer level (Jasmund and Lagaly, [1993; Theng, 2012; Baille, 2014]).

A discussion on different approaches for the implementation of electrochemical forces as well
as suction stresses during semi-saturation for different types of clay minerals within the effective
stress concept by von Terzaghi (1936¢) is given by Baille (2014]).

It is assumed from minimum water content levels in natural ground that crystalline swelling
in the interlayer is usually fully terminated (Jasmund and Lagaly, 1993)). However, hydration
at the larger pore surfaces of particles or aggregates may still be possible. Osmotic swelling of
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2.1. Requirements for support fluids in deep foundations and tunnelling

smectic clays is thought to be a major reason for swelling problems in the oil and gas industry
(Hawkes et al., 2000, Anderson et al., 2010; Farrokhrouz and Asef, 2013; Gholami et al., 2018]).

Wilson and Wilson (2014)) suggest that a swelling potential not only for smectites, but also
for kaolinites and illites, can be explained by evaluating the effect of overlapping diffuse double
layers (DDL) of the outer surfaces of two opposing particles in micro- and mesopores (< 50 nm)
according to DLVO theory instead of osmotic swelling. They further argue that the resulting
compression of the DDL causes electrostatic repulsion forces which generate hydration pressures,
with the effect increasing with increasing overburden stress and also differentiating in magnitude
for each mineral type.

Thermodynamically formulated, imbalances are differences in the total energy level. They can
be expressed by potentials or gradients, e.g. a hydraulic gradient (overpressure) or a chemical
gradient (diffusion, osmosis, hydration). However, balance may be reinstated by compensation
of a different element of the equation (Yong, [1999; Farrokhrouz and Asef, |2013; Baille, |2014).
Equally, the effect of a hydro-mechanically imposed gradient or a gradient, evoked e.g. by an
affinity towards hydration, by a concentration imbalance or other attractive and repulsive forces
within the soil structure, may be reduced regardless of the cause.

With regard to influencing parameters during fluid support, the following factors have been
found to be modifiable by the support fluid (Jasmund and Lagaly, 1993; Hawkes et al., 2000;
Anderson et al.,[2010; Theng, [2012; Farrokhrouz and Asef, 2013} Caenn, Darley, and Gray, 2017}
Lam and Jefferis, 2018; Gholami et al., |2018; Quainoo et al., 2020):

(1) decrease the chemical potential for water adsorption within the soil (reduce net repulsion)

(a) increase of the tensile strength between particles by bridging adsorption (encapsula-
tion)

(b) reduction of the thickness of the DDL by increasing the concentration of dissolved
ions in the pore fluid (salts, density, polymer concentration)

(¢) exchange of highly hydratable cations by thermodynamically favoured cations or larger
cationic molecules (polymers) with less hydration potential (may have adverse effect
on mechanical strength)

(d) hydrophobic shielding of the clay surface by large molecules

(2) mechanically minimise penetration and filtration
(3) equalize the chemical potential for water uptake of soil and fluid by choosing a fluid with
similar water activity (or lower to create a reverse potential)

Water activity ayw, i.e. the availability of water for reaction with reference to ‘free’ water, is
related to the water potential, which is proportional to the relative humidity RH. It can therefore
be measured e.g. by adjusting RH until dew point by means of a chilled mirror hygrometer
(Yong, 1999; Baille, [2014). It can also be calculated based on a modified Flory-Huggins equation
if the average molar mass of the polymer, the concentration of the solution and an interaction
coefficient are known (Lieske et al., 2020).

Water activity and the ability for encapsulation for polymer solutions depend upon the chem-
istry and structure of the polymer, cf. section [2.2.4] and can therefore be chosen appropriately
(Farrokhrouz and Asef, 2013; Lam and Jefferis, 2018). Clay suspensions cannot form particle
bridges, their water activity value will exceed that of the native ground, their filtrate is ‘free’
water, consequently, they aggravate the swelling potential.

The effectiveness of polymeric swelling inhibitors or stabilizers in terms of volumetric swelling
reduction is usually tested by means of linear uni-axial swelling tests (swellmeters), e.g. with
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pre-compressed clay samples without surcharge. Additionally, the effect of polymers mixed with
clay on the chemical potential of the clay can be assessed e.g. by means of interlayer space
measurements or by evaluating the residual swelling potential of the mix by means of index
swelling tests such as the hot rolling test or an evaluation of the free swell ratio (FSR) (Prakash
and Sridharan, 2004; Anagnostou, 2007; Xie et al., 2017, Gholami et al., 2018 Theng, 2012}
Sridharan and Prakash, 2016). Buja (2009) and Mielenz and Mielenz (2016]) describe water
release testing with suction induced by filter paper as the method to assess the ability of a
polymer fluid for clay swelling reduction. This method is likely to correlate with the water
activity of the polymer solution, i.e. with its water retention capacity.

The influence of support fluids on swelling ground and physico-related stability in general is
described here for the sake of completeness. An evaluation of the influence of polymer charac-
teristics on the swelling inhibition mechanisms described above will be given in section [2.2.1] as a
brief overview. The laboratory investigations will focus on the influence of (possibly significant)
support fluid penetration on the mechanical failure mechanisms as described in the previous
section [2.1.2) primarily for non-cohesive soils, thereby assuming physico-chemical stability.
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2.2. Polymer solutions

2.2.1. Polymer products and classification

The polymer[] category comprises all macromolecules consisting of a large number of repeating
base elements connected by covalent bonds (shared electrons).

The repeating units consist of basic structural elements provided by single chemical com-
pounds, so-called monomers, with a characteristic skeletal base (backbone) and functional side
(or pendant) groups of different sizes, charges and polarity. Fig. shows exemplary monomers
and Fig. shows their related repeat units. The units are connected to form linear or
branched chains (e.g. with single side chains or star-shaped) or networked (cross-linked) struc-
tures (Fig.[2.14). A summary of common structural and functional elements is given in Tab. 2.1]

The skeletons of the structures most commonly recognized as polymers in geotechnical engi-
neering are carbon-based, i.e. with a C-H-backbone, and consequently categorized as ‘organic’.
Exemplary organic polymers of synthetic origin, mostly made from petroleum oil, are polyacry-
lamide, polyethylene (PE) or poly(vinyl cloride) (PVC), prominent natural organic polymers,
mostly from plants or animals, are cellulose, xanthan gum and starch. However, minerals are
essentially composed of natural inorganic polymeric networks, some forming three-dimensional
structures (quartz), some sheets (clay minerals). Portland cement is a synthetic inorganic poly-
mer.

OH
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H——O
CHy==CHo CHy == CH,
CH CH
C C Ho\gl}—lI CH/éH
/ \ \ |
NH, o - o OH

(a) Acrylamide (b) Acrylic acid (c) Glucose

Figure 2.12.: Monomer examples
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(a) Acrylamide unit

(b) Acrylate unit (¢) Anhydroglucose unit

Figure 2.13.: Repeat unit examples

"Greek ‘poly meros’ translates as ‘many parts’; oligomers containing only 2-10 base elements can be considered a
subgroup of polymers (Carraher Jr.,|2018).
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( ) Linear ) Branched ) Crosslinked /networked

Figure 2.14.: Polymer molecular structure

The functional groups as well as the number, size and arrangement of the repeating units, are
the key factors which dictate the polymer behaviour in different chemical or mechanical boundary
conditions, that is, solubility in different solvents, swelling capacity, elasticity (conformation
change), biodegradability, stability against deformation or degradation, etc. Each functional
group can be associated with a characteristic reactivity (e.g. hydrophobicity, polarity, ionic
function), while the size and number of the repeating units reflect the magnitude and complexity
of the accumulated electrochemical forces and other interacting mechanisms (Brazel and Rosen,
2012; Lechner, Gehrke, and Nordmeier, 2014}, Carraher Jr.,2018; Lam and Jefferis, 2018).

Given the vast variety of these macromolecules, a comprehensive review of all polymers suitable
for use with support fluids would be beyond the scope of this work. The following paragraphs and
chapters will use the term ‘polymer’ primarily in the sense of the polymeric base product and thus
as a separate category to e.g. mineral grains, of which some can be used in colloidal suspensions,
e.g. bentonite. With focus on support fluids, these polymers will be grouped according to their
supportive use as viscosifiers, pore blockers and clay swelling inhibitors. They will be described
by their most prominent representatives used in geotechnical engineering practice, which are
all organic polymers of natural or synthetic origin. Viscosifiers and pore blockers are usually
provided in powder/granulate form, in some cases in the form of inverse (oil) emulsionsﬂ In the
experimental studies presented hereinafter, only polymer powder/granulate is used (appendix
Fig. . Clay swelling inhibitors are usually available as liquids of higher concentration.

Organic polymers are advised to be named based on their structural elements or monomers
according to IUPACﬂ preceded by the term ‘poly’. This nomenclature is mainly applied for

Table 2.1.: Polymer structural and functional elements

C-H compunds -methyl 1 C (e.g. -CHg)
-ethyl/-vinyl 2 C (e.g. -CH»-CH3)
-propyl/-acryl 3 C (e.g. -C-CHy =CHa)
Functional elements Hydroxy -OH
Carbonyl -C=0
Carboxy (carbonyl & hydroxy) -COOH
Carboxymethyl -CH,-COOH
(primary) Amine -NH;
Amide (amine + carboxy) -CONH,

Pyruvic (carbonyl & carboxy) -COCOOH

8In differentiation to oil-in-water emulsions (o/w), water dispersed in oil (w/o) is named ’inversed’. Jouenne,
Klimenko, and Levitt (2016) discuss differences in application between polymer powders and emulsions.
®The International Union of Pure and Applied Chemistry regularly publishes recommendations for chemical
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synthetic polymers. Some synthetic polymers are preferentially described by their composition,
e.g. ‘copolymer’ as formed by more than one repeat unit, their forming process, e.g. ‘partially
hydrolysed’ as a reaction product from hydrolysis or their use and appearance, e.g. ’elastomer’
or ’fiber’. Names for polymers of natural origin, such as polysaccharides and proteins, often
contain the name of the source monomers and important functional groups (Lechner, Gehrke,
and Nordmeier, 2014; Carraher Jr., |[2018).

Viscosifiers

Viscosity 7 is defined as the resistance of a fluid mobilised during flow. Clearly, suitable polymers
with viscosifying properties towards pure water need to be water-soluble and influence the fluid
viscosity towards 1 fyid > Nwater, as visualized examplarily in Fig.

The solubility of molecules (solute) in water depends on the extent to which they are able to
form polar bonds (hydrogen bonds) and disperse in the solvent (solvent quality). Essentially hy-
drophobic (non-polar) molecules do not dissolve in water. Thermodynamically, entropy (affinity
towards disorder / maximum dispersion) is the governing mechanism for solubility. Therefore,
solubility decreases with increasing molecule size and concentration. This can be explained with
the Flory-Huggins lattice model, according to which the polymer components are fixed to certain
positions relative to each other in contrast to the free water molecules with a multitude of config-
urational possibilities. This is associated with high entropy. In addition, polymer dissolution at
higher molecular weights is slower, because water diffusion within the polymer matrix takes more
time (Carraher Jr., 2018). Following the lattice model, crosslinking impedes solubility (Brazel
and Rosen, 2012). Tt can be concluded that only linear or slightly branched macromolecules with
polar groups are water-soluble.

In contrast to clay suspensions, aqueous polymer fluids are generally considered as ‘solutions’
in polymer chemistry and macromolecular physics. ‘Suspensions’ are defined as mixtures of
essentially insoluble components created by introduction of mixing energy (Brazel and Rosen,
2012). In this context, the crystalline structure of clay mineral layers is essentially hydrophobic,
hydrogen bonds can only strongly form at the edges and through hydrophilic cations (hydrophobic
bonds are weaker), clay can therefore be considered essentially water-insoluble, but can form the
solid part of a suspension.

Figure 2.15.: Viscosifying effect: short-chain (left) vs. long-chain (right) AN polymer

nomenclature and terminology in its own IUPAC journal.
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Dissolved polymer chains mobilize resistance against flow through size, chain entanglement
and rigidity. For chain entanglement to occur, a certain minimum polymer concentration level
ce needs to be surpassed. Chain entanglement increases with increasing chain length (oc average
molecular weight) and concentration. Rigidity and size are described by cross-links and/or high
inter-molecular forces. Polymers with electrolyte groups (polyelectrolytes) of the same charge are
forced to take more stretched conformations compared to non-ionic polymers of the same length
due to repulsion between these groups (electroviscous effect), which is linked to a larger effective
hydrodynamic volume. The charge distribution along the chain length can thereby significantly
influence the flexibility of the chain (Larson, |1999; Lam and Jefferis, 2018; Carraher Jr., 2018).
The functionality of the ionic groups can depend upon solution pH and hardness (electrolyte
concentration) of the solvent (section [2.2.4). Further information on viscosity-related rheology
is given in section [2.2.2]

The following Tab.[2.2]and Fig. give an overview of the characteristics of the most common
polymer types used as viscosifiers and their usual product variety. A comprehensive overview of
polymers used as support fluids in geotechnical engineering can be found with Lam and Jefferis
(2018).

Water-soluble sodium carboxymethylcellulose (Na-CMC or just CMC) is derived from cellulose
(insoluble) e.g. by reaction with sodium hydroxide (reaction product alkali cellulose) and subse-
quently sodium monochloroacetate, which essentially results in a replacement of some hydroxyl

Table 2.2.: Characteristic property variety of selected polymer types used as viscosifiers

Polymer Na-Carboxy- Xanthan Acrylamide-acrylate
methylcellulose copolymer

Abbreviation Na-CMC XAN AN

Origin Natural, modified Natural Synthetic

Charge Anionic, Anionic Anionic,
DS=07-12% Anionicty= 5 — 70 % ©

My 0.9—7-10°% 1—50-108Y 3 — 30105 ©

Repeat units  Anhydroglucose Pentasaccharide Acrylamide, acrylate

Electrolyte Carboxy groups Carboxy groups in pyru- Carboxy groups
groups vate & glucuronic groups
Structure Moderately rigid Rigid, complex Flexible, thin
& complex
Stability® Sensitive to pH & Seunsitive to bacterial Sensitive to pH & polyvalent

polyvalent dissolved

cations, slowly bio-
degradable

degradation, readily
biodegradable, sensitive
to mechanical degra-
dation

dissolved cations, non-bio-
degradable, sensitive to
mechanical degradation at
high My,

@) from SigmaAldrich.com, Lam and Jefferis (2018)
b) from Sorbie (1991)
)

¢ from SNF.com & Xiong et al. (2018)

9) rheometer results on shear-rate-induced mechanical degradation see section
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Figure 2.16.: Characteristic structure of selected polymeric viscosifiers

(-OH) by sodium carboxymethyl groups (-CHy-COO~Nat). The average number of substituted
hydroxyl groups per repeat unit (anhydroglucose, Fig. is named ‘degree of substitution’
(DS) and reflects the degree of anionicty of the polymer chain, which influences viscosity, salt
stability and biodegradability (sections & . In this context, ‘polyanionic cellulose’
(PAC) refers to the marketed form of Na-CMC with the best viscosifying properties, that is, a
high viscosity related to a sufficiently high DS, high My, and small residues of NaCl as compared
to ‘technical”’ CMC, the ‘raw’ product with considerable NaCl from the reaction process (Klemm
et al.,|2005; Caenn, Darley, and Gray, 2017; Lam and Jefferis, 2018). Cellulose is one of the most
abundant renewable resources on earth with comprising more than one-third of all plant matter.
As it is a polydisperse polymer, i.e. it contains a distribution of different chain lengths, usually
following a Gaussian distribution (Carraher Jr.,2018]), it is likely that Na-CMC, too, is polydis-
perse. The polydispersity index is defined as the ratio of the weight-average molecular weightFE]
(M) and the number-average molecular weight (My) of the polymer product. Metodiev (2013)
names a polydispersity index range of 1.6-2.7 for low My, CMC. The underyling values of indi-
vidual molecular weights are subject to considerable measurement inaccuracies due to the large
number of repeat units and are therefore less precise than for small molecules. Average values
are often indirectly obtained, e.g. from viscosity measurements in salt solutions (to eliminate the
electroviscous effect) (Ward, [1981; Carraher Jr., 2018; Lam and Jefferis, 2018]). However, there
is a variety of other methods for the determination if molecular weights (Ward, 1981). In the
context of food production, CMC is sometimes mixed with the natural polysaccharide guar gum
for improved viscosity (BeMiller, |2019).

Xanthan (or xanthan gum) (XAN) belongs to the natural polysaccharides and is mostly pro-

Molecular mass and molecular weight are usually given in Dalton [Da], which is defined as the unified atomic
mass unit, or in relation to the unified atomic mass and then unitless (IUPAC definition) [-]. The molar mass
[g/mol] in mass per amount of substance is nearly equivalent. Consequently, all of the above units are often
used interchangeably.
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2. Theoretical background

duced by aerobic fermentation of e.g. glucose or sucrose with micro-organism ‘xanthomonas
campestris’, but can also be found naturally on leaves of the cabbage family. It is formed by a
cellulosic backbone with a trisaccharide branch (three saccharide rings: mannose — glucuronic
acid — mannose) on every second glucose unit, which shields the chain, thereby creating rigid-
ity and insensitivity towards temperature, pH, electrolytes and physical damage. Anionicity
and solubility are mainly related to glucuronic and pyruvic functional group (2nd and 3rd sac-
charide ring) of the side chain, which contain a carboxy group. Variations in structural and
physicochemical properties are associated with the use of different strains of micro-organisms
for fermentation, which result in variations of the functional elements within the mannose units
(Sorbie, |1991; Caenn, Darley, and Gray, 2017, Lam and Jefferis, 2018} Dai and Zhao, 2018).
According to Sorbie (1991)), the polydispersity index for xanthan is estimated at around 1.4-2.8,
with average molecular weights (probably My, but not specified) more frequent in the lower
range around 1 — 3 - 10° [g/mol]. In the context of food production, Xanthan can be equally
mixed with guar gum for synergistic viscosity effects (Lam and Jefferis, 2018; BeMiller, |2019).

Compared to these naturally derived products, the synthetic polymer production, that is,
the construction of polymers from small molecules (polymerization), offers the advantage of
considerable property variations, e.g. of chain length, branching and cross-linking, sequence and
types of functional groups and related charge density, and the consequences thereof for rheology
and stability. However, synthetic products generally originate from oil and gas production. The
monomers acrylamide (Fig. and acrylic acid (Fig. are produced from propylene,
which is synthetized in industrial reactors from crude oil (naphta) or gas (propane).

The anionic acrylamide-acrylate copolymer (AN) can then be produced e.g. by direct copoly-
merization or crosslinking of the two monomers or by partial hydrolysis of polyacrylamide (PAM)
with PAM being formed as a non-ionic homopolymer from acrylamide beforehand (Sorbie,
1991; Caenn, Darley, and Gray, |2017; Carraher Jr., 2018; Xiong et al., |2018). Production
methods allow the control of polydispersity. Copolymers of extremely high molecular weight
(My > 17 -10% Da) in powder form can only be produced by hydrolysis in order to guar-
antee sufficient product quality due to monomer mobility limitations during copolymerization
(reactor size). E Regardless of the way of production, this acrylamide-acrylate copolymer is
often referred to as PHPA (partially hydrolysed polyacrylamide) even if it is not produced by
hydrolysis.

Due to the small size of the monomers and no side chain elements, AN has a relatively slim poly-
mer chain with solubility and ionic charge resulting from the polar amide groups (-C(=0)NHs)
and the carboxy groups (polar, usually anionic) of the respective monomers. The percentage
of acrylate units relative to the total number of acrylate and acrylamide units, alternatively
named degree of hydrolysis (even though technically only true for PHPA), therefore reflects the
anionicity of the polymer chain. According to Lam and Jefferis (2018]), optimal viscosity and
stability are reported for anionicity levels around 30-40 %. Common average molecular weights
for viscosifiers range around (10 — 16) - 10° Da (high) and (25 — 30) - 10° Da (extremely high)
according to Levy and Warrington (2015)) and Xiong et al. (2018) and the SNF product range.

It is evident that the three types of polymers presented here are similar concerning their elec-
trolyte group. The carboxy group (-COOH) contains a highly electronegative (polar) carbonyl
part (-C=0) and a hydroxyl group (-OH). The latter is polarised by the carbonyl group and
consequently easily dissociated in the presence of water (dissociated form -COO7™), similar to
carboxylic acids, e.g. acetic acid. However, differences primarily related to their charge position
and distribution along the chains and their geometric complexity result in differing rheological

"Ref.: Laurent Giuranna (SNF), personal communication, July 9, 2020

26



2.2. Polymer solutions

behaviour in solution as well as mechanical and chemical stability. The repeat units of AN poly-
mers are only loosely interconnected with a significant degree of flexibility remaining compared
to the more complex connections formed by CMC-H or especially XAN. Therefore, conclusions
e.g. drawn from average molecular weight values towards viscosity should only be drawn on the
basis of similarity concerning structural complexity and intermolecular forces.

Pore blockers

Pore blockers are aqueous polymeric grains (Fig. , which are used as additives to viscous
support fluids similarly to a load of mineral grains in the context of geometric blocking of soil
pores to reduce penetration. However, they distinctly differ in density, as the density of aqueous
grains nearly equals that of water or a clean polymer support fluid, and stiffness. As will be
further elaborated in section [2.3.3] the correct range of grain size is essential for the functionality.
Therefore, for aqueous grains to be suitable, they need to be available in distinct size fractions
and be able to reach their swollen state quickly enough and maintain it to a sufficient degree
under mechanical exposure and fluid overpressure.

Aqueous polymeric grains are superabsorbing polymers (SAP), otherwise named hydrogels or
highly hydrophilic gels, so essentially swellable, but not water-soluble, physically or chemically
crosslinked network polymers with extensive capacity for the absorption of water or aqueous
solutions (Peppas, Slaughter, and Kanzelberger, Brax, Buchmann, and Schaumann, .
Similar to clays with considerable osmotic swelling potential, these 3D structures need to be
loosely interconnected and contain sufficient hydrophilic (polar) functional groups (e.g. -OH,
-COOH) and cations for water attraction, absorption and subsequent accumulation (Jagur-
Grodzinski, Gulrez, Al-Assaf, and Phillips, [2011). Most hydrogels found in application
are synthetic products, e.g. polymerized from acrylic acid (acrylate) and/or acrylamide, but
hydrogels based on natural polymers, e.g. CMC, xanthan, starch, or hybrid products are also
used (Gulrez, Al-Assaf, and Phillips, Brax, Buchmann, and Schaumann, [2017). They are
most commonly applied for concrete construction for fluid absorption and control of water avail-
ability (retention and release) and porosity, for biomedical or pharmaceutical applications, for
baby diapers and in agriculture and forestry (Jagur-Grodzinski, ; Yu et al., Peppas,
Slaughter, and Kanzelberger, 2012} Oyen, Schroefl and Mechtcherine, 2014)).

Hydrogels in the form of aqueous grains for civil engineering applications with a sufficiently
high strength, size and adsorption velocity and capacity are so far mainly based on acrylamide and
acrylic acid monomers forming acrylamide-sodium-acrylate copolymers (Schroefl and Mechtcher-
ine, 2014). Aqueous grains from e.g. SNF are available in specific size fractions between around
0.5 mm and 25 mm in diameter in their swollen state (dry state 0.1 - 4 mm) and can absorb up to
500 % in deionized water of their initial weight. Besides, viscosifiers such as xanthan can contain
certain amounts of microgels from their production process (Chauveteau and Kohler, ; Sor-

Figure 2.17.: Polymeric grains d =~ 0.5 — 2 cm
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2. Theoretical background

bie, [1991). Otherwise, certain support fluid products may comprise cross-linking agents sensitive
to a specific environment or SAPs may be installed specifically to penetrate into the ground be-
fore reaching full volume expansion. Both ways may postpone the swelling process to within the
penetrated soil matrix (Feng et al., 2003; Peppas, Slaughter, and Kanzelberger, 2012). However,
the functionality of these mechanisms may not be as easily ensured if quantities and sizes cannot
safely be predicted.

Swelling inhibitors / clay stabilizers

With reference to section[2.1.3] clay swelling inhibition or stabilization can be realized in different
ways. With respect to classification into polymer characteristics, the related acting mechanisms
can be grouped as follows:

(1) Water activity control

(2) Penetration and filtrate control

(3) Encapsulation

(4) DDL compression

(5) Cation exchange and hydrophobic shielding

Mechanisms |(1)[{(3)| are essentially achieved with hydrophilic (water-soluble) polyelectrolytes
(usually anionic) of high molecular weight and chain length, which are also used in their viscosi-
fying functionality (see above). Their behaviour towards clay is sometimes referred to as clay
‘stabilization’ (Borghi, |2006; Mielenz and Mielenz, |2016; Praetorius and Schoéker, |2017)).

Their stability against separation from water, which is linked to a low water activity value
(1)l is related to its structure, which fixes the positions of the hydrophilic functional groups and
thus hinders the diffusion of water molecules. This geometric stabilizing effect on water (osmotic
pressure), therefore, does not occur for the separate monomers and has been found to increase
with crosslinking. Thus it is referred to as the ‘polymer effect’ in analogy to the capillary wall
effect (Trombetta, Di Bona, and Grazi, 2005; Ferapontov, Tokmachev, and Gagarin, 2009). Pen-
etration (or infiltration) reduction controlled by the rheology of the solution (here: essentially
viscosity) additionally limits the amount of water available for adsorption at the earth wall.

Encapsulation is created by bridging adsorption, i.e. by connection of two clay surfaces by
one polymer chain, with the electrolyte functional groups stretching the chain. Adsorption can
occur e.g. at the clay edge surface and the polar an non-polar bonds between polymer and clay
can form (Fig.[2.18). In this context, CMC and AN will be more effective than XAN at the same
level of molecular weight, as the polymer chains of XAN are considerably thicker. The bridging
adsorption mechanism is widely applied for flocculation, i.e. for solid-fluid separation, mostly in
the context of drinkwater and wastewater treatment. Synthetic polymers with this functionality
are therefore also referred to as ‘flocculants’ (Jasmund and Lagaly, [1993; Fawell, |2017; Xiong
et al.,[2018). However, in the environment of a soil matrix, the encapsulating mechanism will not
separate the components, but stabilize or freeze the current amount of absorbed water within
the soil (Fig. [2.194).

Polymers with a charge distribution matching the clay surface ‘too well’ (e.g. certain cationic
polymers vs. an anionic basal surface of a specific clay mineral) could be preferentially adsorbed
in the form of so-called ‘trains’ (flat), that is, with too many functional groups along the polymer
chain bound to one clay surface (Fig. , so that the remaining part of the chain (‘tail’ or
‘loop’) cannot bridge to the adjacent surface (Jasmund and Lagaly, 1993; Alagha et al., 2013]).
This train-like adsorption is considered nearly irreversible due to the so-called ‘octopus effect’,
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Figure 2.18.: Polymer surface adsorption

meaning that the probability for all attachments to loosen at the same time is very low (as
long as no unusual amount of energy is applied) (Theng, 2012)). Aside from purely anionic
polymers with viscosifying function, derivatives of polysaccharides, namely cellulose and starch,
with amphoteric (both anionic and cationic) functional groups have been established. Their often
pH-independent cationic groups increase their potential adsorption points towards conventional
anionic viscosifiers by additionally being able to form ionic bonds with the negatively charged
clay surface. This increases the octopus effect, strengthens the bond while equally preventing
train-like adsorption (Zhang, 1999; Anderson et al., 2010 Theng, 2012; Lei et al., |2020).

DDL compression is provided by an increase in ionic concentration. Cation exchange
and hydrophobic shielding can be performed by polymers, which are able to penetrate and
reach the surfaces, from which swelling is initiated. These polymers are usually referred to as
‘clay swelling inhibitors’. Certain cationic polymers of relatively low molecular weight have been
developed for oil and gas drilling operations, often in combination with PHPA of high molecular
weight. They are designed to be thermodynamically favoured to penetrate the basal surfaces
of Na-montmorillonite clay minerals, replace or shield the hydrophilic counter-ions and shield
against further water accumulation and even bind to adjacent clay layers together. Preferential
characteristics are relatively long, thin chains without significant branching, cationic groups
which are geometrically favoured over the existing counter-ion for charge compensation (usually
amines) or hydrophilic groups which encapsulate the counter-ion (chelate), while a hydrophobic
backbone decreases the affinity for further water uptake, e.g. polyether diamines. These polymers
can even cause the release of water molecules from the interlayer. The efficiency of such inhibitors
depends on how well their distribution of functional groups matches the charge distribution of
the clay (Anderson et al., 2010; Suter et al.,|[2011; Theng, 2012; Xie et al., [2017; Gholami et al.,
2018). A modification of the clay characteristics in this way from within the interlayer is likely
to reduce the soil plasticity (Verst and Pulsfort, 2017) resulting in an increased sensitivity to
disintegration. However, in combination with PHPA, the encapsulating function of the large
molecular weight component PHPA may provide compensation. Lei et al. (2020) present a study
on amphoteric carboxymethyl chitosan, a polysaccharide derivative, which concludes that this
polymer can both encapsulate clay and partly penetrate into clay interlayers, i.e. combine both
functionalities.

Attempts for an evaluation of these swelling inhibition mechanisms with respect to fluid sup-
port boundary conditions have been addressed in Verst and Pulsfort (2017) and Verst and Puls-
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Figure 2.20.: Swelling-related testing methods

fort (2018). These studies focussed on volumetric swelling quantification based on free swelling
heave testing of pre-compressed clay samples of different thickness in contact with polymeric
support fluids (Fig. [2.19b)). The influence of the contact behaviour was further evaluated with
respect to the effect on residual soil plasticity and free swell ratio (FSR) (Fig. . Support
fluid water separation (or retention) as e.g. indicated by means of the mud testing ring according
to DVGW W 116:2019 as described by Buja and Mielenz and Mielenz (2016) (Fig. [2.20b))
could be correlated for further differentiation into respective polymer functionalities. Pressure-
swelling related testing, e.g. according to Huder and Amberg is a useful tool to assess
the general swelling capacity of soil in contact with water. However, in order to study the effect
of polymer solutions as saturation fluids, devices would have to be constructed specifically for
these viscous fluid to ensure free contact between polymer fluid and soil, but equally fixate the
soil. Otherwise, the results may not be representative. Particularly with highly viscous fluids
containing long polymer chains, this is relatively difficult to achieve.

2.2.2. Rheology of viscous polymer solutions

Rheology'ﬂ is the science of deformation and flow of matter, as defined by Bingham and officially
introduced in 1929 with the foundation of the American Society of Rheology. This definition
divides into reversible elasticity, as dominant in solids, and irreversible viscosity, as dominant
in liquids. Polymers are classified as visco-elastic materials, i.e. they combine both properties

(Barnes, Hutton, and Walters, [1989; Carraher Jr., 2018]).

The shear resistance of viscous polymer ﬂuidﬁ against deformation is commonly addressed by

2from Greek “rheo” meaning flow or current and “logus” science
3here specifically referring to aqueous solutions of water and dissolved polymeric viscosifiers
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(a) Exemplary rotational rheometer system

||||
.
) =N
bl
7 T ]
f
| \
<~

34 cm

15 cm ) -

& mm

/

7

8
¥ | _ | S
o, . Vel
(c) Capillary viscometer (‘casumeter’) (d) Ubbelohde capillary viscometer (DIN 51562-
1:1999)

Figure 2.21.: Exemplary bulk flow behaviour testing devices

means of stress-strain relationships obtained from rotational rheometer or viscometer tests. These
comprise measurements of shear stresses 7 [kN/m?] at specified shear rates 5 [1/ SE usually at
stepwise steady-state conditions (laminar flow). A different approach to rheological behaviour
of polymer solutions is given by efflux measurements, i.e. recordings of outflow volume/mass
over time performed at specific overpressure levels or with falling head relative to a certain
pipe geometry with fixed length and diameter (Marsh funnel, capillary models, etc.) (Fig. [2.21).
These flow tests are generally referred to as ‘bulk’ rheological measurements, for which the tested
fluid can be idealised as a homogeneous fluid. They are used with respect to the rheological
classification of polymers or as a basis for determining a viscosity-related average molecular
weight (Sorbie, Steinhoff, Lam and Jefferis, 2018).
Theoretically, eflux measurements can be related to stress-strain formulations by introducing
a relationship between average flow velocity and shear rate at the pipe wall, then forming equi-
librium between normal stresses from the pressure level and shear stresses mobilized at the pipe
surface (Sorbie, ; Steinhoff, ; Bird, Stewart, and Lightfoot, . U-tube viscometers,
such as the Ubbelohde viscometer (Fig. , base on the definition of viscosity without re-
ferring to a specific shear rate. Thereby viscosity values 7, (polymer solution) and 74y (its
solvent) are assumed to be proportional to their efflux times tpoty and tsy. Related viscosity
terms for polymer solutions at polymer concentration in solution ;. are defined based on a rela-
__ Mpoly—"Msol

. _ npoly ~ tpoly . . . .
tive (n, = Py et ) and a specific viscosity formulation (75, = —

=1, —1). This gives

41/s =‘revolutions per second’ = Hz, otherwise rpm (‘revolutions per minute’)
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viscosity (n') formulations are obtained by relating the viscosity values to their respective fluid
density pfiuia: 7' = 1/pfluia (Carraher Jr., 2018; Lam and Jefferis, 2018).

Only in the case of Newtonian flow behaviour with constant viscosity are the viscosity values
obtained from U-tube viscometers immediately comparable to shear-rate-controlled measure-
ments from rotational rheometry. However, polymer solutions exhibit shear thinning behaviour.
Polymers derive their viscosifying properties in solution from their ability to stretch or entangle
when sheared. Depending upon entropic and drag forces governed e.g. by molecule composition,
chain length, complexity, ionicity and concentration in solution, their shear resistance against
flow increases significantly with decreasing shear rate 4 (and corresponding flow velocity), when
the flexible polymer chains get more entangled (Brazel and Rosen, [2012; Lam and Jefferis, 2018;
Skauge et al., [2018)).

For medium shear rates, the bulk rheology of polymer solutions can be represented adequately
by the power-law model (n = 7/4 = & - 4(™~1)) developed by Ostwald and de Waele (Ostwald,
1929)), which describes an exponential increase of the viscosity n with decreasing shear rate 7
(Fig. [2.22D). Some bulk rheological models add an upper (Steinhoff, 1993)) or upper and lower
viscosity plateau (Carreau, 1968) at very low and very high shear rates respectively to take
into account the viscosity-limiting effects of a fully coiled or fully stretched conformation of
the polymer chains. ‘Upper’ and ‘lower’ with respect to a Newtonian plateau here are labelled
based on the viscosity value, i.e. Mpmar ‘upper’ plateau vs. M, ‘lower’ plateau. Instead, some
formulations use a shear-rate-based labelling, that is, the 7., plateau is referred to as the
‘lower’ plateau due to it being a limitation at lower shear rates 4 as compared to the nm,in
plateau for higher (‘upper’) shear rates. A time-dependency of the flow behaviour in the sense
of a thixotropic hardening effect (increase of shear rate level at rest over time, as defined by DIN
4127:2014, Fig. is usually not noticed for AN solutions (Lam and Jefferis, 2015a)). XAN
may show a small thixotropic effect (Ghannam et al., 2019).

It is not evident that the bulk flow behaviour of polymer solutions as described above can
be immediately transferred to the flow through real narrow pores of soil matrices, i.e. ‘in-
situ’ rheology. Numerical and analytical models often rely on this assumption (section .
However, e.g. Skauge et al. (2018) observed an increase in viscosity with increasing shear rates,
i.e. shear-thickening behaviour, during soil permeation tests with shear rates above 4 =10 1/s.
Lesemann (2010), too, found considerable deviations. It can therefore be assumed that the
interaction between polymer, solvent and soil skeleton can become more complex. This will be
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Figure 2.23.: Thixotropic hardening at rest according to DIN 4127:2014

further addressed in sections and

2.2.3. Transport behaviour and sedimentation of suspended material

A reliability on available suspended material of specific geometries is essential for related effects
to be taken into account for stability assessment.

Material in form of particles, mineral, aqueous or other, can be directly introduced manually;
soil grains (mineral particles) are are often taken up by the support fluid from the native soil
through movement of the excavation tool (grab, hydromill, cutting wheel, etc.), both provided
the support fluid facilitates dispersion over agglomeration and soil-colloid formation. If particles
can indeed eagily be dispersed, then material can be considered available if the support fluid can
reliably carry the desired geometries for a sufficient amount of time.

Especially the thin and flexible chains of high-molecular-weight synthetic acrylamide-acrylate
copolymers (flocculants) are more likely to bridge mineral particles and encapsulate soil colloids,
which makes dispersion more difficult and increases the sedimentation velocity. This effect is
considered positive for hole cleaning, internal stability or soil stabilization against swelling (sec-
tions & , but has the adverse effect for the possible use of suspended grains for fluid
support. Therefore, mineral particles can more easily be dispersed in solutions of CMC, XAN
and low-molecular-weight AN. Bentonite can be considered a special form of mineral particle
as it is not easily dispersed as a dry product. However, in contrast to e.g. quartz grains, hy-
drated bentonite forms a stable suspension, which can be easily mixed with polymer solutions.
Dispersibility within the polymer solution as described above will then apply to the swollen
bentonite aggregates. In a less dispersed state, e.g. in a high-molecular-weight AN solution,
these swollen bentonite aggregates can have a significantly lower bulk density compared to single
quartz grains as they contain a significant percentage of water, similar to polymeric hydrogels.

The carrying capacity of a fluid is governed by gravity and buoyancy, that is, volume forces
within the gravity field which essentially act even if the fluid is at rest, by the fluid’s shear
resistance against flow (viscosity, yield strength) and by related transport forces as induced by
flow (Stiefs, [2009). Consequently, the direction of movement of a single particle can be described
by the vectorial sum of these movement directions (Fig. [2.24) (Eq. [2.11):

ﬁtot = ﬁshear + ﬁfluid (211)

with Ugpeqr limited by frictional forces created from relative movement between fluid and particle
as induced by gravity surpassing buoyancy effects and ;4 referring to the velocity term from
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fluid movement.

In the case of practically equal specific weight ~ of fluid and particle (e.g. in the case of
aqueous grains), a single particle has no tendency to settle. Consequently, there is no relative
movement between fluid and particle (Uspeqr = 0) and the direction and speed of movement of
the particle are uniquely governed by fluid flow (Uior = Ufiyia). Otherwise, Uspeqr needs to be
calculated based on the friction mobilization between particle and support fluid, i.e. either based
on yield strength 7p or on viscosity n = f(%) (or both).

If the respective fluid provides a significant resistance against relative movement, which has
to be overcome for relative movement to occur (yield strength 7p), then a spherical particle
with diameter D and Ysphere > Yfiuid is considered perfectly suspended (no settlement) with a
sufficient yield strength 77 according to Eq. . This equation (without fe) was derived
by Weif (1967) for the movement of a pendulum-guided ball in fluid and introduced into DIN
4126:1986 as a calculative basis for the ball harp test with a formulation matching Eq. with

fcorr =0.7.

2
TR 2 fcorr : 377_‘_ D - ("Ysphere - 7fluid) (212)

However, as most polymer solutions are considered to exhibit no or only a relatively small yield
strength, this approach can only rarely be applied and only with respect to very small particles.
This approach is more likely to be of significance for polymer-enhanced bentonite suspensions.
As polymer solutions are primarily described by their viscosity in terms of rheological behaviour,
the approach by Stokes ([1850]) on the sinking velocity of spherical particles in a resting Newtonian
fluid can be used as an approximation at low shear rates or with reference to a lower viscosity
plateau. Under the assumption of a considerably slow movement of the particle in the solution,
i.e. laminar flow around the particle, a constant viscosity value p = n(7;) at a sufficiently low
shear rate of ; = 1072 1/s is chosen for a conservative estimate of the actual friction mobilized
by viscous flow, even though the polymer actually shows an increase in viscosity with decreasing
flow velocity (shear rate).

Stokes (1850) obtained the terminal falling velocity v of a single spherical grain in an unmoving
Newtonian fluid under laminar flow conditions around the grain, i.e. particle Reynold numbers
Rey, = (pfiuid - Vsphere - Dsphere) /1t <0.25 (Stiek, |2009), by determining a frictional resistance force

Ushear

A== [’

Figure 2.24.: Direction of movement of a particle at the earth wall
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0.25

or drag force F,. as given in Eq. [2.13}
FT:67r'(u'-pﬂuid)-R-v:&r-u-R-v (2.13)

The Newtonian fluid is represented by density puq and kinematic viscosity p/, or equally
dynamic viscosity u = p' - pfiuiq; and the contact area is referenced by the sphere radius R. This
friction force is mobilised from viscosity by upwards movement of the fluid relative to the sphere
and balances the difference of gravitational weight force Fy =V - (psphere - 9) = V - Ysphere and

buoyancy force Fy, = V - 7vt14, with the sphere volume V' = %71’ - R3 acting within the earth
gravity field (g ~ 9.81 m/s?). Force balance F, — F}, — F, = 0 results in (Eq. [2.14):
2 g Psphere 2 D2
= 2.2 (Hsphere 1) . R2 = . e — YVflui 2.14
v L (e 5+ Ottere = i) (219

Tab. shows the resulting values for the settling velocity v over a diameter range of D =
0.00063 — 2 mm and a range of viscosity of p = 0.1 — 1000 Pa-s (realistic range for polymer

Table 2.3.: Terminal sinking velocity of spheres in viscous fluids in [cm /h| based on Stokes (1850)

Diameter [mm)| Viscosity [Pa-s]
0.1 1 10 100 1000

2 (1.3-10%@ 1.3.10® 1.3-102 1.3-100 1.3-10°
1.25 5.1-10° 5.1-102 5.1-100  5.1-10° 5.1-107!
0.63 1.3-103 1.3-10> 1.3-10 1.3-10° 1.3-107!
0.2 1.3-10? 1.3-108  1.3-10° 1.3-100' 1.3-1072
0.063 1.3-10! 1.3-10° 1.3-107! 1.3-1072 1.3-1073
0.02 1.3-10° 1.3-107" 1.3-107%2 1.3-107% 1.3-1074
0.0063 1.3-1071 1.3-1072 1.3-107% 1.3-107* 1.3-107°

(a) Re, > 0.25
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support fluids, cf. section based on a safe-side definition for the polymer solution density
(Pfiwia = 1 g/cm?) and an average sphere density Psphere = 2.65 g/ cm?® for typical mineral
grains. Fig. visualizes the dependency of sinking velocity with grain diameter D for different
viscosity values under laminar flow conditions defined by Re, > 0.25.

It is evident that differences between sinking velocities given in [cm/hr| with variation of
viscosity and grain diameter are significant (range: 5 decimal powers). Sand grains will settle
relatively fast in polymer solutions with relevant viscosities around n = 0.1 — 10 Pa-s. Smaller
grain sizes (< 0.06 mm) can reach settling velocities below 1 ¢cm/hr even with lower viscosity
values, which can be considered negligible.

It can be concluded that polymer solutions have the tendency to load especially with small
particle sizes (silt, etc.), if aggregation and colloid formation of the grains do not prevent dis-
persion. Moreover, in the case of grain stabilizing effects governed by the fluid viscosity, it can
be concluded that grains can be considered available for e.g. filtration and colmation if either
the settling velocity calculated according to Stokes (1850) is negligible or if ;4 surpasses the
tendency for settling. This effect is favoured by movement of the excavation tools. Sand particles
and larger soil colloids, however, will settle more quickly, which is relevant with respect to opera-
tional considerations (solid-fluid separation equipment, in-hole settling, base cleaning, etc.), as is
described in more detail by Ouyang, Jefferis, and Wiltcher (2018) and Lam and Jefferis (2018).

2.2.4. Physicochemical and mechanical stability

During the excavation process, the support fluid can be exposed to different chemical, biological
and mechanical boundary conditions, which can affect the fluid properties depending on the
sensitivity of the polymer. All these processes can be related to a viscosity reduction, which can
be significant and therefore affect the overall functionality of the polymer.

Mechanical degradation describes the process of chain scission, i.e. a shortening of polymer
chains, by mechanical influence (Xiong et al., |2018; Lam and Jefferis, 2018)). Understandably,
the effect is more pronounced for long-chain polymers at high shear rates when they reach their
maximum stretched form. Especially the long, thin and flexible AN polymers of high molecular
weight are highly sensitive to shear. A significant impact can be observed when these polymers
are dissolved and dispersed at high shear rates (Nagashiro and Tsunoda, [1977; Lam and Jefferis,
2018)). Lam, Jefferis, and Goodhue Jr. (2010) reported a significant influence of centrifugal pumps
and recirculation on the viscosity values of PHPA polymers. Therefore, bentonite mixing devices
and pumping systems cannot be applied for these fluids. Instead, hydration and dispersion of
the polymer grains need to be performed at low shear rates (SFG:2019). XAN, too, is sensitive
to mechanical degradation to a certain extent, though not as pronounced owing to its complex
structure (section . CMC-H is comparably smaller and more resistant to mechanical degra-
dation, similarly to low-molecular weight AN. Consequently, of the group AN/XAN/CMC-H,
only CMC-H polymers are recommended for excavation techniques which require circulation
drilling (e.g. hydromills) and high viscosity values (SFG:2019). Aside from operational reasons
for mechanical degradation, it can also be assumed that the polymers degrade to a certain degree
when they penetrate the earth wall at high pressure gradients. Mechanical degradation will be
addressed experimentally in section [3.2.2]

Chemical stability of polymer support fluids can be mainly associated with their reaction
towards changes in pH, electrical conductivity or salt concentration (Lam and Jefferis, 2018;
SFG:2019). Salts can be present in the groundwater, result from the manufacturing process of
the polymers (denominated as ‘technical’ products instead of ‘pure’ clean products) or e.g. from
contact with fresh concrete. The electrical conductivity (EC) is a measure of the total amount
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of dissolved ions (cations) in a fluid and is estimated at ranging between 50 and 500 uS/cm for
potable water (Lam and Jefferis, 2018)).

Depending on whether polyelectrolytes (polymers with ionic charge) contain ‘weak’ or ‘strong’
electrolyte (ionic) groups, they only partly or fully dissociate in solution (depending on pH).
Dissociation results in the creation of ionic charge by release of counter-ions (commonly cations).
Acrylic acid groups, which are found in most polymers used as support fluids, are weak groups.
(Lam and Jefferis, |2018; Carraher Jr., [2018). Therefore, especially for AN polymers, a certain
minimum pH is essential for the development of viscosifying properties as their effectivity is
related to a certain stretched conformation created by adjacent ionic charges along the chain
repelling each other (section They reach their maximum effectivity around pH 7-10 (Lam
and Jefferis, [2018; SFG:2019). With the presence of salts in solution, mainly polyvalent cations
(e.g. Ca?t), the flexible chains previously stabilized by their anionic charge distribution collapse,
which reduces their mobilizable resistance during flow. Additives for pH adjustment can counter
this effect to a certain degree, e.g. with the application of NasCOgs. In contrast, the addition of
NaOH for pH adjustment has been found to decrease viscosity (Lam and Jefferis, 2018).

CMC-H is considered less sensitive to salt due to its different structure, with higher insensitivity
with increased anionicity, even though it contains ‘weak’ groups. XAN with its even more
complex and rigid structure contains partly shielded ionic groups, which makes it more resistant
to pH and salt. However, while XAN can be considered stable towards salt and pH, it can be
easily broken down biologically by microbes, in contrast to CMC-H and especially AN polymers
(Lam and Jefferis, 2018]).

Polymer reaction to temperature can equally be a factor in the classification of polymer flow
behaviour. However, temperature changes, which would significantly alter the polymer flow
behaviour, are usually not reached with support fluids in the addressed fields of application
(rather for oilfield application) and will therefore not be addressed further.

2.2.5. Environmental relevance

Evidently, environmental relevance is a broad field, which can be addressed from various angles,
even regardless of the materials used, e.g. by re-evaluation of the need for a specific construc-
tion at a specific place, by discussing alternative techniques and by economization of resources,
e.g. in the context of an environmental impact assessment (EIA). Environmental considerations
specifically for polymer fluid usage as compared to the application of bentonite suspensions com-
prise natural resources, production, application and long-term effects, namely the manufacturing
footprint, people’s health in contact with the material during application and the environmental
long-term effects on soil and groundwater and related consequences for humans, animals and
plants. These aspects are influenced by production procedures, the choice of polymers, related
equipment and quantities needed, handling (reuse, recycling, solid-fluid separation) as well as
disposal measures.

This section will outline selected aspects, mainly on used concentrations, operational footprint,
degradability and mobility in soils and groundwater and discharge considerations. More detailed
evaluations on the environmental impact of different support fluids for diaphragm walling and
pile drilling can be found with Lam and Jefferis (2018) and the practical guideline SFG:2019.

Bentonite (B)

In terms of production, bentonite is a mining product with limited global reserves. As an
alternative for natural high-quality sodium bentonite with declining production rates, sodium-
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activated calcium bentonites are used. Many products sold as bentonites are actually polymer-
modified bentonites treated with anionic low-molecular-weight Na-CMC or synthetic polymeric
additives, e.g. sodium polyacrylate (Na-PA). They are used in suspension at concentrations
between 20 g/1 and 60 g/1; contained polymer dosages are often unknown (Praetorius and Schofer,
2017; Haugwitz and Pulsfort, [2018)). They can be estimated at 2-4 kg for Na-CMC and 0.5-1.5 kg
for Na-PA per ton of clayEg]. Suspensions can mostly be re-used during excavation. However,
with respect to an operational site footprint, bentonite hydration tanks are needed as well as
complex separation and treatment plants for reuse and disposal, e.g. desander, desilter, decanting
centrifuge, filter press or a flocculation unit with application of polymeric flocculants or other
chemical additives, as clay slurries can take up considerable amounts of soil particles difficult
to remove due to their yield strength (Praetorius and Schofer, 2017; Lam and Jefferis, 2018;
SFG:2019). Natural bentonite is considered non-hazardous waste in the UK and non-hazardous
(“nwg”@ to water according to the German Water Hazard Class (“WGK”EI), but environmental
concerns have been raised for the mixed waste material in several countries. Moreover, bentonite
usage has been forbidden in certain sensitive areas for possible pollution of groundwater or rivers
(Lam and Jefferis, [2018)).

Acrylamide-acrylate copolymers (AN)

Acrylamide-acrylate copolymers are petrochemicals, i.e. produced from oil or gas (section [2.2.1]).
They are usually provided in the form of dry powder or sometimes as inverted oil emulsiong'°|
Synthetic viscosifiers and hydrogels are applied at concentrations between 0.5 g/l and 2 g/l
for the addressed fields of applications (~ 30-40x reduction compared to pure bentonite). As
separation plants are usually not used, settlement tanks may be necessary for fluid recycling,
if soil settling is not fully performed in-hole. Chemicals for coagulation and aggregation are
sometimes added into the hole before concreting to accelerate particle settlement, e.g. polyamines
or polyDADMAC, i.e. cationic polymers of low molecular weight in liquid form. Particle-freed
fluid is then chemically treated to be dischargeable as regular sewage. Chemical treatment can
involve calcium or sodium hypochlorite solution (bleach), sodium or calcium chloride (salts) or
hydrogen peroxide to break viscosity and in some cases acid to adjust pH. The amount of oxygen
needed to break down the polymer can be determined based on the biological oxygen demand
(BOD) (for biodegradable polymers) or the chemical oxygen demand (COD) (otherwise) (Lam
and Jefferis, 2018 SFG:2019).

While the monomer acrylamide is classified as extremely toxic (carcinogen, neurotoxin) (Caulfield,
Qiao, and Solomon, 2002; Xiong et al., 2018) and a severe hazard to water (WGK 3), polyelec-
trolyte acrylamide-acrylate copolymers are classed as relatively non-toxic [T_g], though hazardous
to waters (WGK 2), and are considered not to be degradable to their monomers, especially heavy
cross-linking is considered irreversible (Barvenik, (1994 Xiong et al., 2018]). Moreover, mobility
in soils is restricted for high molecular weights and soil adsorption in the case of viscosifiers or
the inert state of hydrogels. Mobility in soil and water can increase with partial degradation
(Aratjo et al., 2002; Caulfield, Qiao, and Solomon, 2002; Peppas, Slaughter, and Kanzelberger,
2012; Oyen, [2013; Xiong et al., [2018).

15Ref.: Laurent Giuranna (SNF), personal communication, July 9, 2020

164Nwg” nicht wassergefihrdend

1TWGK” Wassergefihrdungsklasse

8Inverted emulsions meaning water in oil as opposed to regular emulsions of oil in water

19 g., info from safety data sheets for ‘Mud P’ (Clariant) and ‘Floset CE 131’ & 'Floset CE 130 XF35’ (SNF):
LD50 oral, rat: > 5000 mg/kg
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However, products usually contain a certain residue of unpolymerized acrylamide monomer
from the production process, the amount varying with the process used, but usually residing
< 0.05 % for anionic polymers (Aratjo et al., 2002, Caulfield, Qiao, and Solomon, 2002} Peppas,
Slaughter, and Kanzelberger, 2012; Oyen, 2013; Xiong et al., 2018). Environmental regulations
therefore formulate maximum amounts of residual acrylamide monomer, e.g. < 0.1 ppb (w/v)
by the European Commission (EC) or polymer concentrations at < 1 mg/1 for drinking water
treatment to ensure < 0.5 ppb (w/v) (Xiong et al., 2018)).

They are generally considered non-biodegradable (Lam and Jefferis, 2018)) although Zohourian
and Kabiri (2008)) and Xiong et al. (2018) list several studies, which found that they are bio-
degradable in certain environments such as soils, where natural microbes can degrade acrylamide
within days or months to acrylic acid and ammonia (NH3), which are considered non-toxic, and
then convert to water, carbon dioxide and organic matter.

Na-Carboxymethylcellulose (CMC)

As a derivative of cellulose, which is contained in many plants, Na-CMC is a renewable resource
(section 2.2.1)). It is applied at concentrations between 1.5 g/l and 5 g/l (~10-15x reduction
compared to pure bentonite) (SFG:2019). Fluid recycling and disposal treatment are essentially
comparable to AN. However, as CMC is less sensitive to mechanical shear, it is also applied with
reverse-circulation excavation (e.g. hydrofraise), which promotes soil particle dispersion (as is
often intended). Consequently, separation plants are sometimes used on site (Lam and Jefferis,
2018).

Na-CMC is considered slowly biodegradable (>28 days) and is classified as a low hazard to
waters in Germany (WGK 1) and non-toxic [2__0] According to VanGinkel and Gayton (1996) and
Karimi and Naimi-Jamal (2019)), CMC is considered non-toxic and biocompatible, even after
partial degradation, and is degraded entirely in rivers and soils.

Xanthan (XAN)

Xanthan gum is a renewable resource as it is produced by aerobic fermentation (section .
According to Sorbie (1991)), xanthan production requires a significant energy input. It is applied
at concentrations between 1.0 g/1 and 2.5 g/l (10-25x reduction compared to bentonite). Fluid
recycling and disposal treatment are essentially comparable to AN and CMC. As compared
to CMC, xanthan is readily biodegradable (safety data sheet for ‘SC XGUM’ (Clariant)) and
considered a low hazard to waters in Germany (WGK 1). However, it is easily degraded by
bacteria, in which case fungicides would need to be applied (Lam and Jefferis, 2018; Dai and
Zhao, 2018]).

Regulations in Germany

Fluid treatment and disposal as regular waste water, as described above, has been internation-
ally established as common practice and often listed as a main advantage over the application
of bentonite suspensions. Concerns on environmental impacts on ground seem to be rarely
raised (Lam and Jefferis, 2018; Ouyang, Jefferis, and Wiltcher, 2018). In Germany, Lesemann
(2010) has performed a broad ecotoxicological investigation and groundwater impact analysis in
accordance with guidelines developed with the local water authority within the context of the

20F, g., info from safety data sheet for ‘SC VIS HVP’ (Clariant): LC50 > 2000 mg/kg (rabbit, dermal), LC50
> 5800 mg/1 (rat, inhalation), LC50> 100 mg/1 (fish)
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construction of three test piles produced in Germany. The test piles were produced at signifi-
cantly higher maximum polymer dosages (e.g. 8 g/1) than proposed here. Initial evaluation based
on eluate classification (daphnia testing) according to DIBt:2009 found a threshold concentration
2 g/1 for a positive evaluation of the tolerance for soil and groundwater for the tested polymer
products (AN, CMC, XAN). However, owing to the high maximum reference concentration, de-
tailed groundwater testing was performed in accordance with the guidelines from the local water
authority based on groundwater samples from selected places around the excavation. Despite
high polymer dosage, deviations were mainly found with respect to a small temporary change in
TOC (total organic carbon) values, which suggested the existence of significantly smaller polymer
dosages (<1 g/1), and a temporary decrease in oxygen levels. The remaining polymer solutions
were accepted at the local sewage works and there diluted and introduced into the regular sewage
circulation, which can be considered in accordance with the procedures followed internationally.

This investigation programme could serve as a basis for a general type approval, which was
not intended within the scope of this investigation. Furthermore, it can be assumed that limit
values can be met more easily with improved knowledge on the penetration behaviour of polymer
solutions into the ground and related methods for material optimization.

Generally, chemico-physical investigations on eluate with realistic product dosages according
to DIN 38414-S4:1984 (or EN 12457-4:2003) are currently considered sufficient for evaluation of
a potential groundwater impact for bentonite suspensions in Germany without specifying types
of (possibly polymeric) additives for standard application conditions (outside of water protection
areas, etc.), thereby taking into account the limited area of impact of the support fluid on ground
and surface water due to limited penetration into the ground. With sufficient knowledge on the
penetration behaviour (especially predicted maximum penetration depths) of polymer solutions,
the same concept should be applicable for these types of support fluid.
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2.3. Penetration behaviour of polymer solutions into soil

2.3.1. Interaction parameters

With respect to stability, fluid penetration into soil and related pressure transfer have been
differentiated into two different mechanisms, namely

m purely viscous penetration and
m membrane formation (e.g. by colmation),

as elaborated in section . Given a sufficient chemical stability (section , bulk properties
of support fluids with regard to penetration are influenced by their composition (section ,
their ability to suspended and transport grains (in the case of colmation) (section and
their bulk rheological behaviour (section [2.2.2)).

The interaction with the confined space of the soil matrix and different types of pore blockers
further complicates the determination of relevant interaction mechanisms explaining the above
differentiation necessary for stability assessment, as illustrated in Fig. The interacting
mechanisms have been phenomenologically and empirically described in literature and to a certain
extend integrated in analytical or semi-analytical models.

Analytical and semi-analytical capillary bundle models currently applied for a calculative sta-
bility assessment of polymer fluid support (Steinhoff, |1993; Lesemann, Vogt, and Pulsfort, 2016)
base on the assumption of a linear pressure drop along the penetration depth and purely viscous
flow behaviour of ‘clean’ polymer solutions in the soil pores relatable to their bulk rheology. This
assumption is in line with common soil-mechanical approaches for fluid permeation through soil
derived in the last century, so-called engineering or generalized Newtonian approaches (Bird,
Stewart, and Lightfoot, [2007). Well-known examples are Darcy’s law (Darcy, 1856)), the Blake-
Kozeny equation (Blake, (1922} Kozeny, 1927)) or the Kozeny-Carman equation (Carman, |1937)),
which describe an average flow velocity of water or salt solutions idealized as incompressible ideal
Newtonian fluids (7 = 4 - ) under laminar flow conditions through a soil matrix (or e.g. glass
beads as idealized soil).

While irrelevant for Newtonian fluids with n = const., for fluids with shear-rate-dependent
viscosity, the actual shearing conditions are decisive input parameters for the correct amount
shear stresses calculated from bulk rheological models. Capillary bundle models, however, do

Rheology, (bridging) Water
adsorption, geometric blocking Separability I
. Dissolved polymers
Soil pores - Structure
> Geomety L9 - Conformation
- Surface structure boundary
conditions Dispersion
transport
Granular additives Gl G202
- Quartz
Geometric - I]?Ier(lltonlt;:
blocking - hydroge

Figure 2.26.: Interaction mechanisms in the context of support fluid penetration into soil
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Figure 2.27.: Visualization of penetration and adsorption mechanisms of dissolved polymer chains
in porous media according to Zitha, Chauveteau, and Léger (2001) (left) and Sorbie
(1991) (right)

not reflect the exact shearing geometry of the soil pores for the determination of the correspond-
ing shear rate. As they describe macroscopic average flow rates, the shearing impact of the
polymer conformation in distinct pore environments cannot be immediately taken into account.
Furthermore, polymers have been found to react towards rough, charged as well as uncharged
surfaces, which can create local depletion zones on the one hand (local polymer-water separa-
tion) physical flow hindrance and pore blocking through adsorption on the other (Liao and Siems,
19905 Sorbie, 1991} Zitha, Chauveteau, and Léger, [2001) (Fig. [2.27). Possibilities for considering
these effects in capillary bundle models as a semi-analytical calculative basis for the prediction of
the time-dependent penetration behaviour of ‘clean’ viscous polymer support fluids are further
discussed in the following section [2.3.2]

In the context of bonding mechanisms even between non-cohesive soil and polymer, the FHWA-
NHI-10-016:2010 guideline describes the possibility of a web-like membrane formation by bonding
to the earth wall for permeability reduction and related pressure transfer directly at the interface
ranging “from a small strength increase to something approaching a true chemical grout effect”.
This can relate to bridging adsorption of long-chain polymeric viscosifiers (section , which
form the base of polymer support fluids. This mechanism may be enhanced by bridging or
crosslinking agents (Goodhue and Holmes, 1997). However, control parameters ensuring this
mechanism and linking it to reliable degrees of permeability reduction or pressure adsorption for
support mobilization are not yet available.

Membrane formation by means of physical pore blocking (colmation) is equally sparsely de-
scribed in literature in the context of polymer solutions and related permeability reduction and
pressure transfer mechanisms to the soil skeleton. They concern the interaction between soil,
fluid phase (dissolved viscous polymers) and granular additives with differing geometric and sur-
face characteristics. Thereby the additives are considered to alter the pore geometry, that is,
reduce permeability, influencing the flow behaviour of the fluid phase.

Quartz grains as solid particles have distinct and thus easily relatable characteristics. Hydro-
gels are not marketed with reference of specific achievable diameters due to water uptake, rather
concerning absorption capacity, which may be associated with a certain swollen size average
(section . Aside from their differing bulk specific weight, the different surface condition of
quartz grains (rough) and hydrogels (smooth) may influence their dispersion, release and filtra-
tion in the granular environment. Bentonite lamellae can be considered an intermediate in this
regard. When predispersed as an aqueous suspension before mixing with the viscous phase for
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maximum dispersion, the dispersibility of the suspension within the viscous phase largely governs
the extend to which the water contained within the suspension dilutes the support fluid or oth-
erwise remains in electric interaction with the clay aggregates forming partly aqueous globules
within the viscous fluid phase. Possible relevant parameters are the quality of bentonite hydra-
tion associated with the stirring speed and time of the suspension and the polymer structure and
chain length associated with polymer entanglement. It can be concluded that the relevant size
for colmation in this case is yet unclear.

Given an average grain size of a granular additive, geometric considerations relevant for a
colmation effect can be formulated based on filter criteria, as will be further evaluated in sec-
tion 2.3.3

The following two sections will discuss concepts for the prediction of viscous penetration be-
haviour (section and colmation effects (section in more detail.

2.3.2. Analytical-empirical approaches for viscous fluids

Kozeny (1927) (and consequently both the Blake-Kozeny and the Kozeny-Carman equation)
essentially idealized the porous media by a bundle of straight parallel capillaries with constant
cross-section (Carman, [1937)). Equally, analytical engineering models for polymer flow through
porous media, as reviewed e.g. by Sorbie (1991) and Skauge et al. (2018)), have been derived by
modification of these Newton-based formulations by using different bulk rheological models and
correction factors, as will be elaborated hereafter. The main parameters used in these models
are given in Tab.

The average flow velocity of a Newtonian fluid through a single straight capillary of radius R
and length L (and cross section Ayype and number of tubes N) under constant pressure Ap and
laminar flow conditions is described by the Hagen-Poiseuille equation (Eq. [2.15)). Its derivation
from equilibrium at capillary level is described in appendix [A]

R?. Ap
8-L-n

T)capillary,HP = (215)

Predominantly one-dimensional (laminar) flow through a soil matrix is then represented by a
bundle of these uniform cylindrical capillaries by choosing their total volume N - Agpe to be of
the same size as the total soil pore volume A, (Fig. . The same average flow velocity can
then be achieved by defining an equivalent hydraulic radius Re, as given in Eq. 2.16, where K
represents the intrinsic permeability.

R= Ry = ,/S‘KT'T (2.16)
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Figure 2.28.: Capillary bundle idealization, adapted from Al-Doury (2010)
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Table 2.4.: Parameter sets for capillary bundle models

Soil D Average grain diameter [m]
n Porosity [-] (related to void ratio e by: n = 13;)
K Intrinsic permeability [m? or m3/m] or
K permeability coefficient (water) [m/s| (related to
K by k, = Eaub)
T Tortuosity |-
Viiow  Volume available for flow [m?]
S Specific surface (= wetted pore surface) [m?]
for spheres: § = A=1— 2)
sphere
Polymer solution K Power-law parameter [Pa-s|
m Power-law parameter [m]
Verit Newton plateau limit [1/s]
Test conditions AH,Ap Pressure difference [m, Pa|
L Permeated length [m]
Capillary bundle R.q Equivalent hydraulic radius (Eq. D [m]
Ry Hydraulic radius Ry = 2 = 3_(D1fn) 2) [m]
Fluid-soil interaction o Shift/ Correction factor for capillary vs.

in-situ shear rate [-|

D viscosity 1w and specific weight 7, from flow tests with water
2) geometric parameters S and Ry as introduced by Carman (1937)

K is related to permeability coefficient k,, for water flow by ky, = K - vy /mw with 7, being
the specific weight of water. A pore tortuosity T, defined as the ratio between the actually
more tortuous permeated length L. within the soil and the idealized straight capillary length
Lby T = L./L, is implemented additionally in certain models. Some models, e.g. the above
mentioned equations related to Kozeny (1927)), apply 7" not only within the formulation of the
equivalent hydraulic radius, but equally for the capillary length L (L* = L-T = Le).

The Darcy filter velocity ¥parcy can be obtained from the average pore velocity Vcapiiiary
according to Dupuit, whose equation is given in Eq. i.e., Uparey = Q/A, Vcapitlary = @/ Ao
(Fig. 2.28).

UDarcy = M * Ucapillary (217)

Combining Eq. with 7' = 1 results in Darcy’s law. Instead of a direct implemen-
tation of K (or ky), the Blake-Kozeny equation and the Kozeny-Carman equation contain an
analytically derived term for K, which differs slightly due to different choices of tortuosity values
and different implementations thereof to correctly capture the equivalence of pore surface and
cappillary surface in their respective derivation.

The Blake-Kozeny equation (Eq. 2.18) for relatively uniform and ideally spherical particles
with diameter D can be obtained from Eq. [2.1542.17| with 7" = 25/12 and K = % and
additionally applying 7" within the permeated length L* = L -T. This results in Ry = Rpy.
The respective form of the Kozeny-Carman equation (Eq. uses T' = /2 resulting in K =
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D20 hecause T is also applied to the Dupuit formulatio

180-(1—n)?’
D?.n3 Ap
7 == 2.18
UDarcy,BK 150 ] (1 _ n)2 L n ( )
D?.n? A
@Darcy,KC’ == P (219)

180-(1—n)>L-n

Eq. shows the power-law equivalent to the Hagen-Poiseuille equation (Eq. , ie.
a ‘reference’ model for approaches for polymer solutions, with m and s as the required bulk
rheological power-law variables. The Hagen-Poiseuille term (Eq. can be derived from
Eq.[2.20] with m =1 and k = n.

1
_ m m+1 Ap m
Veapillary,OdW = <3’I7’L—|—1> R m - (2 1. &> (220)

Christopher and Middleman (1965) and Hirasaki and Pope (1974), e.g., used the Blake-Kozeny
approach, mainly regarding the implementation of T', in combination with power-law behaviour in
order to describe the flow of polymer solutions in porous media. K can then be either calculated
according to original Blake-Kozeny (from D and n) or gained from permeability testing (Darcy)
according to the approach by Christopher and Middleman (1965).

Steinhoff (1993) used 7" = 1 and K as obtained from permeability tests with water (k,, from
Darcy), but complemented the power-law behaviour with an upper Newtonian plateau at e =
1.5 1 /s to more accurately capture the behaviour observed with polymer solutions (section.
Below 4crit, Newtonian behaviour is assumed with nyewton = N0dw (Yerit) = K - Yoz L' = const..
The effect of an introduction of ~..;; is illustrated in Fig. No reason is stated for the
determination of 4. at 1.5 1/s. Ejezie et al. (2020) found an upper Newtonian plateau with
one test sample at .y &~ 0.01 1/s.

Lesemann (2010) (engl.: Lesemann, Vogt, and Pulsfort, [2016) used pure power-law behaviour
following Eq. but added a factor 3 to the equivalent hydraulic radius term from FEq.

A A
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= — 2 g capillary
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Figure 2.29.: Effect of 4.+ on rheology and capillary bundle velocity

2117Da,,«cy -T =n - Ucapitlary @ a modification of Eq. [2.17
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(R = Reg3p = (38)nKT) to consider three-dimensional flow conditions, i.e. three equal di-

rections of flow, as described by Sorbie (1991).

Further variations of model parameters related to the above equations are found in litera-
ture. Some studies for polymer flooding application used more complex formulations, e.g. to
implement a pore size distribution (Hirasaki and Pope, |1974) or to account for Carreau bulk
rheological behaviour (Cannella, Huh, and Seright, [1988]). However, Chauveteau (1986), Sor-
bie (1991), Navarrete, Himes, and Seheult (2000), Balhoff and Thompson (2006), and Skauge
et al. (2018)) summarized several studies for oil and gas industry applications, which indicate
that bulk rheological parameters obtained from rotational rheometer or viscometer measure-
ments in combination with uniform capillary bundles cannot fully capture the flow behaviour of
polymer solutions in soil. The general curvature seemed correct. Numerical network modelling,
which allows a more realistic depiction of the hydraulic conductivity by means of more complex
pore structure implementations, showed a linear correlation between the average shear rate and
the flow rate (Sorbie, 1991) or a proportionality between the capillary velocity and (Ap)% and
between R., and Ry (Balhoff and Thompson, 2006). It is therefore generally concluded that
capillary bundles can be used to predict the flow of polymer solutions in porous media, if a
constant ‘shift’ factor is introduced as an empirical correction term to more accurately account
for the respective shearing environment.

In this context, Cannella, Huh, and Seright (1988) and Balhoff and Thompson (2006|) found
a relation between a correction factor and pore connectivity, pore size distribution, permeabil-
ity and porosity based on numerical network modelling. Chauveteau (1986), among others,
explained deviations e.g. by wall effects creating local depletion zones, that is, zones of lower
polymer concentration and thus reduced viscosity near the grain surface, especially pronounced
with flexible macromolecules such as acrylamide-acrylate copolymers. Sorbie (1991) and Skauge
et al. (2018), however, pointed out that investigations give very different results, so that no
generalization can be made on any general quantification of the shift.

Here, an experimental investigation on correction factors usually implies a macroscopic ap-
proach based on the determination of an ‘apparent’ or ‘in-situ’ viscosity 7).pp from soil perme-
ability testing (Uparcy,test) by means of Darcy’s law. The empirical correction is then introduced
within the double-logarithmic rheology plot (4 vs. 7), i.e. as a correction factor for 4. This
macroscopic approach combined with some basic representations of the interacting factors and
experimental calibrations can be associated with the “effective medium theory” (Choy, [2016;
Skauge et al., 2018).

Taking into account uncertainties about the specific value of a shift factor, especially with
focus on implementation within the v — ¢ plots (instead of 4 vs. 1), a macroscopic correction
parameter o* is proposed for the combination of Eq. & ﬁresnlting in ZAL—?H — A2 and

2-L-k-a*
an omission of an explicit parameter 7" within the equivalent hydraulic radius term (i.e. T = 1)

as shown in Eq.

m+1 L
Toapi o (m )BT (A T (2.21)
capillary,OdW « 3.m+1 n 2. L -k-ao* .

This factor can be interpreted as an effective parameter comprising several potential functions,
such as

(1) viscosity modification (o* - k) indicating depletion by a vertical shift within the double-

logarithmic 4 — n plot for o < 1 (Fig. ,
(2) shift between an applied and an ’in-pore’ gradient (é - 5F) or
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Figure 2.30.: Effect of k- o™ on rheology and capillary bundle velocity with a* < 1

(3) tortuosity or otherwise pore shape influence (o* - L), though not within Re,.

Steinhoff (1993) derived a time-dependent penetration depth for one-dimensional flow by
defining L as the penetration depth at time step ¢, i.e. L = s(t), with an average pressure
gradient Ap/s(t) decreasing with increasing penetration depth at constant Ap. Rearranging
Veapillary = ds(t)/dt (based on Eq. then leads to the following differential equation, where

k- o is included
8- K\ #m A 0
sw ods = dt - m ) i N
3-m+1 n 2-Kk-af

and which can be solved by integration

/sé ds—/dt. [(3.7771%“)_(8;11()%.(2'?%{);]

With integration constant C' = 0 as s(t¢ = 0) = 0, this results in the formulation of the
time-dependant penetration depth s(t) as given in Eq. [2.22}

s(t) = m+ 1 #.1/8'K. ap T pmT (2.22)
I\3-m+1 n 2-K-at '

The origina][?] equation by Steinhoff (1993) can be obtained with o* = 1 within the propor-
tionality term relating the two variables s(t) and pmiT,

A possible Newtonian plateau can be complemented within this otherwise power-law based
approach by introducing a limit criterion with 7,4, (or likewise 7,:y), €.g. according to the
concept by Steinhoff (1993), but with consideration of k* = k-a*. A time-dependent formulation

for the penetration depth purely based on plateau behaviour can be obtained from Eq. with
m =1 and flora = K" - 405" = K= e

22The equations used by Steinhoff (1993) are written in a different form, so equality is not immediately notable.
They have been rearranged to the form presented here to be relatable more easily to the components of the
capillary velocity basis from Eq.
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2. Theoretical background

[2. K- Ap-t
sn(t) = ﬁf (2.23)

K can be implemented based on flow test evaluation or predicted, e.g. according to Blake-
Kozeny or Kozeny-Carman.

Overall, it can be concluded that there are significant interactions between a polymeric viscous
fluid and the soil medium, which have not yet been taken into account for the calculation of
support forces. Especially small flow velocities as encountered in geotechnical applications are
scarcely addressed in the studies for oil and gas application. Generally, differing soil conditions
are likely to have a significant effect, so that empirical data from oil and gas research is not likely
to be immediately relatable. It is possible that a broad experimental programme can reveal
adequate correction factors for the targeted context to more accurately describe the interaction.
If found, an implementation within the current concept developed by Steinhoff (1993) for the
calculation of support forces would be trivial.

Eq. will be used as a basis for parameter calibration within the scope of the experi-
mental investigation (section and thus a basis for discussion on the applicability of these
capillary bundle models and possible transferability of found calibration parameters.

2.3.3. Influence of suspended material

Under the premise that the polymer solution easily releases particles and does not hinder them
from being caught at or within the earth wall, the effect of fines colmation, mineral or aqueous or
other, around the earth wall interface is a subject of geometric blocking of soil pores (Fig. .
It can be addressed starting from the Terzaghi filter criterion in terms of a mechanical filter
stability as given by Eq. (Fannin, [2008; Semar, Witt, and Fannin, 2010; MMB:2013).
dsr _y (2.24)
dss,s
Thereby, the diameter of the filter (native ground to be supported) at 15 % sieve passage di5
is defined as the representative filter value, the respective value of the soil (suspended material)
is represented by dgs s, i.e. the grain diameter at 85 % sieve passage (evaluated by weight).
MMB:2013 allows a widening of the application range to < 5. The second Terzaghi criterion
(Eq. refers to the hydraulic ability for drainage, with dy5, representing the effective soil
grain diameter at 15 % sieve passage. According to Witt (2018), who judges these filter criteria
to be the most reliable base for filter stability assessment for practical application, this second
criterion ensures free hydrostatic pressure transfer.

Figure 2.31.: Visualization of the colmation process
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2.3. Penetration behaviour of polymer solutions into soil

dis,F
dis,s

>4 (2.25)

Following this geometric approach and based on the assumption that the fluid can indeed
provide the relevant sizes of grains, as explained in section 2.2.3] a permeability reduction can
be expected from the native soil towards a permeability governed by the colmated material.

A grain size distribution of the suspended material ranging from this filter criterion (dgs s) as
the largest required grain size fraction and step-wise down to a fine-grained material with a per-
meability value sufficiently low for a polymer fluid to significantly slow down could consequently
result in a full pressure transfer at the earth wall. The upper boundary of the filtrate can be
taken from the mechanical criterion (dpar = di5,7/4 0Or diez = dis,r/5). Following an inversion
of the drainage criterion, fine material with di5 s < di5,7/4 could affect the pressure transfer at
this interface.

It is possible, however, that the effective diameter of the suspended material actually surpasses
the dry grain diameter due to polymer encapsulation, the geometrical effect depending on the
polymer structure. Therefore, if the ratio di5 r/dgs s is maintained as a reference for mechanical
colmation, it may be possible to formulate higher safety levels for specific polymer types based
on filtration tests. The grain size of the lower boundary (d..,) for specific filtrate-polymer
relationships can be determined similarly.
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2. Theoretical background

2.4. Conclusions and open questions

As an important tool for safety evaluation, stability checks for polymer support fluids need
reliable pressure-penetration relationships. Following sections [2.1.2] and [2.1.3] the main target
values for a calculative quantification in this context are

m the penetration depth as a function of time (s(t)),

m the curvature of the pressure transfer to the ground (Apy,op(x,t)), in particular the earth
wall pressure gradient (fso,wau(t)) and

m the physicochemical potential of fluid and soil (for swelling-related problems),

preferably formulated for the worst case scenario as a then time-independent safe-side represen-
tative. However, it has been shown that it is not yet fully understood how these parameters are
linked to relevant bulk properties of the interacting materials, which are primarily

m the viscosifying base polymer,
m the penetrated soil and
m suspended granular material for colmation.

The main open question is whether, and if so, how, pressure-penetration relationships can be
linked to easily measurable parameters, e.g. in the sense of dio-7F representatives, to improve
current design methods and standard material testing equipment. This will be addressed by
means of laboratory investigations in the following sections, thereby taking into consideration
different material interaction.

Polymer fluid penetration tests into soil combined with pore pressure measurements along
the penetration depth have been chosen here as a direct means to evaluate the functionality of
different combinations of polymers and additives in different granular environments.

For a realistic assessment, fluid penetration testing devices at laboratory scale should refer to
the boundary conditions encountered during the excavation process for diaphragm walls, bored
piles and tunnels under fluid support wherever possible. These comprise

soil type, density and saturation,

direction of flow and penetration (horizontal/vertical /radial),
contact between earth wall and support fluid,

limiting pressure levels,

penetration depths,

geometry and arching effects with respect to macro stability and
step-wise excavation of earth wall with pre-penetration zones.

Furthermore, sections [2.2.112.2.3] and [2.3.3] have highlighted three functionality-related groups,
on which material variation and classification can be based:

m viscous flow characterization (bulk rheology),

m pore blocking characterization (geometries, sedimentation, transport properties and colma-
tion behaviour) and

m clay swelling reduction potential.
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3. Laboratory experiments

3.1. Experimental methods for preparation and testing

3.1.1. Setup for fluid penetration

The conceptual structure of the experimental investigation at laboratory scale on pressure-
penetration relationships is set up around four fluid-soil penetration testing devices contrasted
in Tab. and abbreviated as follows:

(1) vertical soil penetration — large scale model (V-L)

(2) vertical soil penetration — small scale model (V-S)

(3) horizontal soil penetration — plane model (H-P)

(4) horizontal soil penetration with concreting — radial model (H-R)

V-L is the main large uniaxial testing device. The three additional devices are chosen to com-
pensate for certain disadvantages of the main testing device. and are adapted for shear-
thinning fluids from soil penetration testing standardized in EN ISO 17892-11:2019 and DIN
4127:2014 with focus on Newtonian (water) or Bingham (clay suspension) fluids. describes a
testing device similar to the one employed by Steinhoff (1993) explicitly for polymer solutions.
The following list gives an overview on the target values from each device:

m V-L: analyse pressure-transfer behaviour as a basis for fundamental differentiation into
Fig. 2.6] mainly
o s(t) (and possibly stagnation),
< Apmob(s) (and Apmob(t))a especially Apmob,wall and related levels of st,wall(s) and fs(),wall(t)a

O Vparey(s) (or equally vparey (1)),
o filter cake evaluation (between soil filter and test material)

m V-S: small-size version of V-L without pressure sensors for simplified property variation with
the aim of creating a suitability matrix for soil-polymer-additive combinations regarding

o s(t) (and possibly stagnation),

© Uparey(s) (and vparey(t)),
o filter cake evaluation (between soil filter and test material)

m H-P: vertical earth wall with horizontal penetration and direct contact between supported
soil and fluid to verify whether the processes found in V-L and V-S can really be transferred
to this case regarding

o cumulated outflow ) m(t) (and possibly stagnation),
o direct filter cake evaluation

m H-R: radial penetration with susbequent concreting to compare the filter cakes before (V-L,
V-S, H-P) with the case after concreting
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3. Laboratory experiments

Table 3.1.: Comparison of testing devices for fluid penetration

V-L V-S H-P H-R
Direction of flow Vertical Vertical Horizontal Horizontal

(1D) (1D) (1D/2D) » (2D: radial) ?)
Soil-fluid contact @ Indirect (1), Direct ({), Direct Direct

Pressure

0.15-0.7 (with

indirect (1)
0.15-0.7 (with

0.025 (purely

0.125 (purely

difference [bar] air cushion) air cushion) hydrostatic) hydrostatic)

Soil collapse possible No No Yes © Yes ©

Inflow cross- 315 12 380 4200

section [cm?] (circular) (circular) (rectangular) (cylindrical)

Soil mass [kg| 12-50 0.1 75 2000

Fluid volume [L] 8-16 1-2 12-20 100-200

Max. penetration 90 ) 50 35-80

depth [cm)]

Measured Outflow/time, Outflow/time, Outflow/time,  Outflow/time,

parameters interface at filter, interface at interface before interface after
P drop curvature filter concreting concreting

) Direct fluid-soil contact or indirect via filter (sieve or grains)
b) Secondary vertical penetration is possible
©) With stabilizing arching effects from geometry and boundary conditions

V-L

The setup of the main testing device (V-L) (Fig. is designed at allowing the analysis of
the time-dependency of penetration and related pressure distribution for one-dimensional flow
into the void fixed soil matrix (i.e. unable to collapse) of defined compactness for a soil element
with a maximum penetration depth of ca. 90 cm which has been regarded as a sufficiently
large depth with respect to an economical fluid consumption. In this respect, it is similar to
the device presented in Lesemann, Vogt, and Pulsfort (2016)) with the primary difference that
V-L is designed to enable upwards flow needed to avoid favourable effects from sedimentation of
not perfectly suspended fines within the support fluid on pressure and penetration development,
which could not take effect at a vertical earth wall (horizontal flow) or at the top of the annular
gap (upwards flow).

In this respect, the experimental testing regime focusses only on homogeneous soils with evenly
distributed density, as inhomogeneity is considered subordinate for an investigation aiming at
an overall better understanding of polymer-soil interaction. Consequently, the penetration of
the support fluid into the soil will primarily follow the direction of an applied overpressure, i.e.
perpendicular to the earth wall. If it is further assumed that fluid penetration depths have to
remain low for successful fluid support to be realized at an economical scale, a plane experimental
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Figure 3.1.: Vertical fluid penetration test with pore pressure measurement (V-L)

model with one-dimensional flow can be considered sufficiently accurate even for the reflection
of radial (pile, pipe) or spatial penetration (excavation corners) and related pressure drop as
long as the penetrated depth into the soil is small relative to the circumference of the supported
geometry.

The primary testing device (V-L) consists of a cylindrical container of transparent acrylic
glass (d = 20 cm) with 1-3 elements in height (h ~ 40/70/100 cm) filled with soil material air
pluviated at high compaction. In the case of sand, the soil material is placed by means of a
travelling air pluviator, here more precisely consisting of a hopper with a tilted and constricted
opening of grain-size-specific diameter (d < 1 c¢m) connected to a rigid tube (d/h = 3/50 cm)
with smooth surface to spread the sand particles without significantly reducing the fall velocity.
A perforated plate with a clear space towards inflow /outflow pipes, combined with filter gravel
or a sieve for finer soil material, is used as an upper and lower fixation and to ensure vertically
uniform flow conditions. Soil filters are designed according to the Terzaghi filter criteria to ensure
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3. Laboratory experiments

mechanical stability (Eq. and drainage without creating a pressure boundary (Eq. .
Pressure transducers are distributed along the height to measure the pore pressure over time and
to verify that the boundary conditions (filter material, constrictions) do not affect the pressure
development. Permanent weighing of inflow and outflow allows a calculation of penetration rates
based on the known soil porosity and the assumption of an even penetration distribution over
the soil cylinder cross-section. Prior to testing, the soil material is fully saturated with water,
with valves positioned above every sensor and at the top of the cylinder enabling the release of
air which could impede pore pressure and penetration measurements.

Water penetration tests are then performed at two pressure levels for pore pressure sensor
calibration and for soil permeability determination. Penetration is performed upwards for all
tests and is regulated by constant air pressurep_-] for each penetration test from the inflow container
(pin) with reference to a fixed outflow pressure (poy: = 0.4 bar).

The resulting air pressure differences Apgir = Pin — Dout fOr water penetration testing are
Apgirqg = 0.10 bar and Apgir2 = 0.15 bar for standard soil material (medium grained sand)
and Apgir1 = 0.05 bar and Apgir2 = 0.10 bar for soil of higher permeability. The influence
of a change in hydrostatic pressure within the fluid containers is minimised to a maximum of
15 cm between p;, and pyyr with a maximum flow volume of 16 1 by horizontal positioning of the
cylindrical fluid containers.

Subsequently to water penetration, the fluid in inflow container and pipe is replaced by polymer
solution. Polymer fluid penetration is performed at pgir1 = 0.15 bar for a duration of approx.
24 hrs or until nearly full consumption of the inflow volume (16 1) and is supplemented by a
stepwise increase in air pressure difference pgr2—5 = 0.30/0.50/0.70 bar for an evaluation of the
influence of higher pressure levelsﬂ

With respect to the interpretation of the hereby acquired test results, the following factors are
considered:

m frictional head losses along the inflow and outflow pipes and at connection points (constric-
tions, e.g. from filter),

m the accuracy of the weight and pressure measurements and

m soil and support fluid variability during placement and mixing.

Fluid bulk rheology (Marsh funnel & rheometer), soil porosity n and soil water permeability
coefficient ky of the soil are determined for every individual test to take into account material
variation. The inflow and outflow containers are placed centrally and in a level position on large
platform balances which register changes with an accuracy of 420 g (technical data sheet) equal
to £1.7 mm of even penetration depth within the test material for an exemplary porosity of
n = 0.38. Air pressure regulation in the fluid containers is controlled by manometers with a
maximum error of £0.004 bar (technical data sheet).

Screw sensors with an external ceramic membrane (contact surface 8 mm) suitable for viscous
liquids are chosen as pressure transducers with an accuracy < 0.5 % relative to the maximum
pressure. Seven sensors with a maximum pressure of 1 bar (maximum error £0.005 bar) are
distributed along the soil cylinder with one transducer placed at each end of the soil column
within the filter material or immediately outside the perforated plate and one < 3 cm into the
test material, i.e. immediately behind the interface, to control the pressure boundary conditions.
Up to five sensors of lower accuracy, i.e. 3x 2.5 bar (maximum error £0.0125 bar), 1x 4 bar
(maximum error +0.02 bar), 1x 10 bar (maximum error £0.05 bar), are added depending on

!Pressure values are always given as relative to the atmospheric pressure.
2The last pressure step is applied by adjusting the lower air pressure boundary.
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3.1. Experimental methods for preparation and testing

the number of additionally available slots/cylinder elements used. The sensors are connected to
the soil-containing cylinder by pipes separated by sieves with passage diameters exchangeable
with respect to the individual tested soil to fixate the grains, but to equally allow relatively
undisturbed pressure transmission between soil pore fluid and water within the pipes towards
the sensor membranes.

The analogue signals from pressure sensors and balances are recorded with a sample rate of
0.5 Hz by means of two A-D converters. Frictional head losses were tested with the small test
unit (h ~ 40 cm) and new 1 bar sensors before the first soil test with purely water-filled cylinders
and were found to be negligible for the targeted pressure difference range. A subsequent water
penetration test with soil confirmed a linear pressure drop along the saturated soil test material
with reference to the pressure levels applied from the fluid containers. Consequently, a linear pore
pressure drop based on the manometer values in combination with water head levels from the
first water penetration step (1) of every test was chosen as a target distribution for pore pressure
sensor data calibration for each following individual test to ensure a continuing accuracy of the
sensor output.

V-S

The second testing device (V-S) (Fig. for parameter variation is designed as a small simplified
representative of the V-L test. A small cylinder (d = 4 c¢m) containing soil of hgyy = 5 cm is
connected to a fluid container (2 L), both made of transparent acrylic glass. Penetration can
be performed with upwards (support fluid with load) or downwards (pure polymer solutions)
flow depending on the point of connection of the the fluid supply with the soil cylinder. Soil
placement by air pluviation and soil fixation by means of perforated plates, sieves or soil filter
material are applied the same ways as for V-L.

The pressure difference is generated from a hydrostatic head difference between inflow fluid
level and outflow position in addition to air pressure regulation within the fluid container con-

——r——

Pmax Pmax

hfiia

Outflow
0
0
dem
(a) Downwards flow (b) Upwards flow

Figure 3.2.: Small-scale vertical fluid penetration test (V-S)
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trolled by a manometer with a maximum error of £0.0125 bar (technical data sheet). Air pressure
is continuously regulated during the test to balance hydrostatic head losses within the fluid con-
tainer targeting Ap = const. throughout the measurement resulting in an additional error from
manual readjustment estimated at +0.003 bar. Support fluid bulk density as a basis for the
determination of the hydrostatic fluid head is conservatively considered as pr = py = 1 g/cm?
(at ca. 20 °C room temperature), i.e. the not easily quantifiable effect of loaded fines due to
sedimentation effects is ignored. Fluid bulk rheology (Marsh funnel & rheometer) is determined
for every test.

Following V-L, support fluid penetration tests are performed after saturation with water at
Ap = 0.15 bar and in selected cases for different pressure levels. For upwards flow, the support
fluid is filled into fluid container and supply pipe. For downwards flow, the support fluid is
carefully filled onto the saturated soil and subsequently connected to the fluid supply. Water
penetration tests at lower pressure level are not performed prior to every polymer penetration
test as with V-L due to higher repeatability of similar soil samples, but soil permeability is
controlled with respect to reproducible porosity values. Penetration is conducted until emptying
of the fluid supply or with a minimum duration of 30 min until visual stagnation or relatively
stationary flow conditions are reached. The outflow rate is recorded at sample rates starting at
0.1-0.5 Hz by means of table balances with a maximum error of £0.1 g with an open collecting
vessel. Evaporation from the collecting vessel needs to be taken into account for low outflow
rates.

Time-dependent fluid penetration depths calculated based on penetration rates measured over
time with this device overestimate V-L penetration due to a possibly higher applied earth wall
gradient fo0.wai,vs > fsowan,vr for a given pressure difference Ap = const. once the outflow
volume ) Vot vs exceeds the total sample pore volume Vp yg as no further friction mobilization
for > 5 cm can be taken into account. The obtained values are consequently categorized as a
comparably safe-side result. The deviation is smaller in soils where the pressure drops ‘under-
linearly’” along the penetration depth, which is the assumed curvature for polymer solutions.
Besides, with respect to adsorption or filtration mechanisms and given a soil of evenly distributed
density, the first few cin from the earth wall represent the pressure-penetration-governing soil
fraction, i.e. area of lowest permeability.

H-P

The third testing device (H-P) (Fig. is designed as a plane horizontal penetration model with
direct fluid/soil contact. It consists of a box of transparent acrylic glass (width d = 20 cm) with
three rigid separating plates as soil boundaries, one of which perforated and covered with a wire
mesh, and the third as a support fluid boundary. The soil material is air-pluviated up to a height
of ca. hgey = 40 cm. Ballast (approx. 1.4 kPa) is added to prevent the soil from uplifting during
subsequent soil saturation and support fluid penetration. The initially dry soil material is fully
saturated at first, then the water level is lowered to its final level of hyy = 27 cm. This minimum
moisture content above the water level is chosen to reduce capillary effects promoting secondary
(vertical) penetration. Support fluid is then filled between the two impermeable separating plates
up to hp = 52 cm creating a pressure difference of approx. Ap = 0.025 bar.

Penetration starts with lifting of the central vertical plate. The final position is reached
within ca. 10 sec creating an inflow cross-section of 19 cm x 20 cm. A water-filled chamber
with water head hy adjacent to the soil, separated by the perforated plate, ensures primarily
one-dimensional horizontal outflow conditions for the tested soil and enables a visual control of
this head. Outflow is allowed by means of tubes discharging into a collecting vessel (possible

56



3.1. Experimental methods for preparation and testing

| ca. 55 cm
|
g
(]
™
[Ep]
Il
ko,
Outflow <
0
0

— g

— (&)

~

E [ ]

3] I
= a
= — =
o
{x“ =
Balance o5

Figure 3.3.: Horizontal plane fluid penetration test (H-P)

evaporation) placed on a table balance. Outflow masses are recorded for a duration of max.
24 hrs with sample rates starting at 0.1-0.5 Hz with a maximum balance error of £0.1 g. The
support fluid head is kept constant by careful refill towards the back plate (to reduce the impact
of related turbulences on the earth wall stabilized at this low pressure level) with a maximum
deviation from the targeted fluid head hp of 2 cm.

If the soil has not collapsed during penetration, the soil is drained afterwards and a possible
filter cake formation at the earth wall can be visually evaluated after slow lowering of the upper
fluid pressure by lifting of the second separating plate. A visual penetration development can
be monitored at the acrylic glass walls over time in certain cases (e.g. with a significant amount
of loaded fines clouding the otherwise relatively transparent polymer solution). This visually
measured penetration distribution may surpass the average penetration within the soil due to
the smooth and even surface of the acrylic glass, especially for coarser soil grain fractions.

H-R

Fig. shows the fourth testing device (H-R) with the largest open earth wall segment targeted
at creating a model concrete pile. Tt is designed similarly to H-P, but with a cylindrical earth wall,
i.e. radial penetration, with two-directional permeation and outflow and higher Ap. Moreover,
unlike H-P, the significantly larger soil volume necessary for H-R is placed in layers (ca. d =
20 c¢m) around a previously installed central metallic pipe (h = 120 cm) and compacted after
each layer placement by means of external vibrators. The pipe is filled up to hg start = 115 cm
(Apstart = 0.065 bar) with support fluid when it is pulled upwards and gradually filled with more
fluid until the final position (Ap = 0.125 bar) is reached (total duration ca. 30 sec). A constant
fluid head is controlled by continuous refill (max. 200 1).

If the earth wall does not collapse, the penetration continues for approx. 24 hrs and is followed
by concrete placement by means of the tremie method. A container connected to flexible tubes
is fixated at the top of the metallic fluid-containing pipe to lead away the support fluid displaced
from insertion of tremie pipe and fresh concrete filling. A balloon is used to separate support
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Figure 3.4.: Horizontal radial fluid penetration test (H-R)

fluid and fresh concrete in the tremie pipe (h = 200 cm, d = 10 cm, polypropylene). The balloon
is deflated and pulled once the concrete has reached the container bottom. Concrete is placed at
a concrete head of he = 195—225 cm during pull and refill cycles lowering down to h¢ epg = 98 cm

for the last interval.
An ordinary self-compacting, flowable tremie concrete (0/16 mm) for bored piles is chosen
with a mix design in accordance with EN 206:2017 with consistency control based on slump flow

spread testing (appendix [B.3)).
After a minimum of 24 hrs of concrete hardening, the surrounding soil is carefully removed to

reveal the concrete-soil interface for visual study.

3.1.2. Setup for fluid preparation

Viscous base fluid

With respect to preparation of the viscous base fluid, three mixing techniques have been tested
by means of rheometer and Marsh funnel tests and revealed to produce repeatable results. They
are therefore used interchangeably for all performed tests.

(1) 60 min mechanical stirrer at max. 500 rpm with straight paddle (powder sprinkled within

the first 10 min)
(2) 10 min magnetic stirrer (powder sprinkling & hydration) plus 50 min mechanical stirrer at

max. 500 rpm with straight paddle (dispersion)
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Figure 3.5.: Fluid mixing device for larger volumes

(3) Powder sprinkling on jet of water plus 60 min air bubbling for dispersion (two container
sizes: <201 or <200 1) (Fig.

The more viscous solutions are mixed at least a few hours before usage to provide additional
time for dispersion, especially for larger fluid volumes, as longer and more complex polymer
chains take more time to dissolve in solution. The air bubbling pipes used for technique |(3)
are removed from the fluid container for this period to allow the air bubbles to dissipate and
to disperse partly hydrated polymer from the container bottom. The usability time span for
different types of polymers in solution is analysed in more detail in section

As the synthetic polymer products have revealed a dependency of resulting maximum viscosity
levels on the powder granule size distribution during testing at low fluid volumes (< 2 1), these
products are mixed according to a fixed granule size distribution for fluid volumes up to 20 L.

Addition of pore blockers

Larger mineral grains (d > 0.125 mm) are carefully sprinkled dry into the ready-made viscous
fluid and mixed by means of a whisk or a straight paddle (mechanical stirrer) until maximum
dispersion is reached. The influence of mixing on the settling behaviour of the grains especially
for the flexible and large chains of dissolved AN-H is displayed in Fig. The smallest quartz
grains (d < 0.125 mm) are mixed into the support fluid after prior dispersion in a small portion of
water (50 % w/w) for improved and simplified dispersion especially with long-chain viscosifiers.
The effect of dry mixing compared to solution mixing for AN-H and CMC-H is shown in Fig.
(appendix).

Bentonite is introduced into the fluid in the form of a suspension in equal parts. That is,
bentonite powder (IBECO B1) is dispersed separately at double concentration (10 g/l El) at
10’000 rpm (UltraTurrax) for 5 min, led to hydrate for a minimum of 12 hr and subsequently
mixed into polymer solution at a ratio of 1:1, e.g. AN-H at 0.75 g/1 plus B at 10 g/1 at 1:1 result
in ‘AN-H 0.375 + B 5’. This leads to a slightly lower proportion of water within the mix as
compared to a pure AN-H 0.375 g/1 mix, firstly owing to the bentonite volume fraction, secondly
due to the lower degree of free water available for polymer hydration as a result of the electric
layers created around the clay particles.

3Mass of bentonite with respect to suspension volume
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-

(a) No mixing — At = 40 sec (b) Dry mixing — At = 10 min

Figure 3.6.: Influence of mixing of quartz grains (0.125/0.25 mm) with AN-H at 0.75 g/1

The superabsorbing polymer granules are dispersed dry into the viscous solution. The mix
is used after a minimum hydration time of 15-60 min sufficient for SAP to fully swell. This is
considered a safe-side choice with regard to pore blocking as further swelling within the soil can
be considered an even more favourable pore blocking effect as compared to filtration.

3.1.3. Setup for fluid classification

Following sections [2.2.1}2.2.3]and 2.3.3] support fluid characterization and classification is chosen
to comprise the following regime:

(1) bulk rheology

m 7) — 7 relationship (rotational rheometer)
moutflow rate (Marsh funnel)

(2) colmation and sedimentation

m density (areometer)
m visual grain settling speed (cylinder)

(3) stability and clay swelling: water retention (filter paper test)

Rheometer

The testing device chosen for the evaluation of the dependency of shear stress and viscosity on
the shear rate is a Haake Rheostress RS600. It is equipped with a double-gap cylinder geometry,
i.e., a cylindrical rotor (DG43Ti) and an inner and outer fixed cylinder (DG41). This geometry
combines the Searle- and Couette-type measuring systems. The rotor forms the outer boundary
for the inner gap (Couette) and the inner boundary for the outer gap (Searle). Further device
properties are given in appendix [C.1}

The 7 —4 relationships represent the experimental results obtained from torque measurements
(spring) at the rotor head referenced to the sheared surface of the double gap. The viscosity
curves for polymer solutions are derived as (Eq.

Teale = Texp/;)/e:cp (3.1)

following the power-law model. The tests are performed at controlled shear rate (CR) with 7
determined for each shear rate step with gradient control as displayed in Fig. 37 until a tolerance
of % /At < 0.001 is reached. Consequently, each step has an individual duration, which can
reach around 20 min for high viscosity values at low shear rates.
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T T
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t >t

Figure 3.7.: Rheometer equilibrium criterion with CR measurement

The measurements are generally recorded in three stages (if not otherwise specified):

(1) ascending % (107! — 10® 1/s) for even fluid distribution within the testing geometry,
important for higher viscosity solutions (e.g. AN-H),

(2) descending % (103 — 107 1/s) considered to be related to soil-penetration as encountered
at the earth wall with decreasing penetration velocity and

(3) ascending 4 (1076 — 103 1/s) for possible deviations at low shear after rheometer acceler-
atiom.

The measurement output directly obtained from the rheometer (‘raw output’) is cleared before
usage with reference to a n — 7 measurement range specified by the manufacturer for the used
shearing geometry, as displayed in appendix [C.I] Subsequently, the measurements of solutions
at lower viscosities are further cleared from deviations at 7,4, plateau level. This measurement
point clearing is graphically explained in appendix [C.2]

Marsh funnel

The Marsh funnel test (Fig. is performed according to DIN 4127:2014. The outflow time
is recorded at 1000 ml and 1500 ml (¢a71000 and tas1500) at room temperature (ca. 20 °C).
The Marsh values given in the following experimental investigation always refer to tas 1000 as
this value was found to be the representative parameter. The outflow time in seconds is named
funnel viscosity’ according to APT RP 13D:2017.

Areometer

Grain suspendability or sedimentation speed is assessed by means of a Bouyoucos-Casagrande
areometer in accordance with EN ISO 17892-4:2017 for fluid densities in the range of pp = 0.995—
1.03 g/cm?®. The areometer (or hydrometer) interpretation gives a density-time relationship based
on buoyancy, which can be associated with a settling velocity following Stokes’ law. In contrast to
the EN ISO 17892-4:2017 method, in this case, the settling grain sizes are known, the target values
are the density development over time and an associated average settling velocity of the grains.
40 g/1 of grains are thereby mixed into 1.50 1 of polymer solution (pmiz,start = 1.025 g/cm?) until
the grains have reached maximum dispersion. Subsequently, 1 1 of this mix is inserted into a
cylindrical container as shown in Fig. the areometer is quickly placed into the mix and the
relative density drop is recorded over time.

Filter paper test

The filter paper test applied here is adapted from the mud testing ring according to the technical
guideline DVGW W 116:2019 for drilling fluids (Fig.[2.20b)). The filter test consists of a cylindrical
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Figure 3.9.: Adapted filter test

ring (h = 2 cm, d = 7 cm) placed on regular filter paper (d = 18 cm) also used for Proctor
compaction testing and filled with the test solution. The saturation propagation of the filter
paper outside the ring is measured over time. In contrast to the test as described by DVGW W
116:2019 and Buja and Mielenz and Mielenz (2016)), the filter paper has a larger diameter
allowing a broader range of time-dependency evaluation of the filter saturation propagation which
is not intended in the original test. The weight of the metallic ring is considered high enough
to ensure that the fluid cannot leave the cylinder boundaries without separating. It is manually
ensured during the test that the filter paper is firmly placed on a smooth base plate, so that fluid
cannot accumulate between filter paper and plate without visible saturation.

DVGW W 116:2019 defines a limit criterion of >1000 s for the full hydration of the filter
paper with their test, which can be reformulated to a propagation of 7.5 cm within ca. 17 min.
Fluids matching this criterion are considered applicable for swelling inhibition and for sealing
the ground by means of a thin polymeric filter cake according to this guideline. No properties
are given for the suction capacity of the used filter paper.
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3.2. Material characterization

3.2.1. Soil characteristics

The soil material classified in Fig. and Tab. is chosen to provide a range from low to
high permeability non-reactive soil material. A more detailed evaluation of narrow soil fractions
in the context of V-S soil penetration testing comprises soil fractions sieved from the same soil
material as listed in Tab. 3.2 The same material is used as soil filter base for testing devices

V-L and V-S according to the Terzaghi filter criteria (Eq. & [2.25)).
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Grain diameter d [mm]

Figure 3.10.: Grain size distribution of soil test material

Table 3.2.: Soil fraction properties

Fraction [mm| Name as additive Type Sieved from
0/0.125 Sxs Quartz -
0.125/0.25 Ss Quartz 0.1/0.4
0.4/0.5 Sm Rhine sand 0/2

0.71/1 Sa Quartz 0.5/1.2
1.6/2 St Quartz 1/3

2.8/4 - Quartz 3/5.6
5.6/6.3 - Quartz 5.6/8
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Table 3.3.: Soil test material properties
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3.2. Material characterization

3.2.2. Viscosifier properties and bulk rheology

Tab. summarises the chosen range of polymer products and related concentrations. They
are named according to Tab. 2.2l The concentration ranges were selected as upper and lower
boundaries on the basis of manufacturer recommendations. Specific boundary conditions on
construction sites, e.g. regarding mixing water and ground water chemistry, may, of course,
require higher or allow lower concentrations in practice.

The bulk rheology values (Marsh outflow time and rheometer viscosity) from Tab. give an
overview on the whole range of tested material as influenced mainly by environmental conditions
(e.g. solvent type, different supply charges, storage conditions etc.) encountered during the time
span of usage, not by variability due to preparation. This will be further evaluated below.

CMC-H and XAN are Clariant products (SC VIS HVP; SC XGUM). The AN- range of pure
copolymers of acrylamide and acrylate covers a variation in molecular weight (AN-H — AN-M —
AN-S) at medium anionicity and a variation in anionicity at medium molecular weight (AN-MH
— AN-M - AN-ML) and is provided by SNF (e.g. Floset CE 130 XF 35). ANmix is a synthetic
product mix available under the name SlurrySMART by KB International combining a viscosifier
and a defined combination of additives from the SlurryPro CDP product range. According to
its material data sheet, it contains a sodium acrylamide-acrylate copolymer (AN) (referred to

Table 3.4.: Characteristic properties of the used viscosifiers

Polymer ... in solution
Molecular Anionicity Concentration Marsh time
weight [Da] @ [%] ¥ lg/1] at 11 [sec]
CMC-H unknown unknown 5.00 84-93
2.50 49-52
XAN unknown unknown 2.50 49-52
1.50 41-43
AN-H 22 —-27-10 30 1.50 140-290
0.75 105-115
AN-MH 7-125-10% 70 1.50 80-84
0.75 60-62
AN-M  14-16-10% 30 1.50 85-95
0.75 65-68
AN-ML 10—-14-10% 5 1.50 50-52
0.75 44-46
AN-S 5—17.5-10° 30 1.50 48-56
0.75 44-50
ANmix  unknown unknown 1.50 135-295
0.75 105-115

) manufacturer info
%) no.001 and 11 represent the viscosity values at 4 = 0.001 1/s and 4 = 10 1/s,

respectively
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as ‘polyacrylamide’) and a hydrophobically modified polymer and other products not further
classified. The description of the predecessing product Slurryshield PBS also listed carboxylated
vinyl polymers and a blend of alkaline salts as additives. Lam and Jefferis (2018) state that the
product contains hydrophobically modified cellulose ether and CMC.

Hereinafter, bulk shear stress and viscosity characterization is differentiated into boundary
effects (mixing variability, environmental conditions, measuring technique) and polymer property
variation (concentration, molecular weight, etc.).

Boundary effects

The following aspects are taken into consideration as boundary conditions with respect to their
influence on bulk rheology for each polymer type:

m variability of individual mixes (Fig. [3.11)
m environmental conditions (Fig. |C.4])

type of solvent (effect of dissolved ions)

solvent pH

viscosifier supply charge

viscosifier storage conditions

(viscosifier grain size distribution of the dry granules, addressed in appendix
viscosifier degradation in solution

m measuring technique (Fig. C.8)

o shear history and direction of shear rate steps (increasing vs. decreasing)
¢ thixotropy and yield strength

m testing device precision (Fig. and section [C.2)

The influence of these boundary conditions on bulk rheology is further elaborated in appendix
section Some main aspects are briefly addressed here.

Most fluid classification as well as fluid penetration tests described in the following paragraphs
and sections (with the exception of some early tests) have been performed with base polymer
granules (viscosifiers) dissolved in Wuppertal tap water (tw) because dissolved ions are present
in most mixing waters at construction sites and because of easier handling with large fluid
consumptions. Important properties of Wuppertal tap water have been determined as follows:

(O RV R VR v

m electric conductivity: 160-220 puS/cm at 22 °C,
m pH: 7-7.5,
m viscosity at 20 °C: 0.001 Pa-s (20 °C).

As not only the type of solvent, but also storage conditions, age and supply charge were found
to have a pronounced (though not totally behaviour-changing) impact on the bulk rheological
results, tests with specific property variations were performed preferably with the same solvent
and within a narrow time span of <3 days.

The following figures primarily show rheometer results in the form of 7—+ or n—+ relationships
from a stepwise descent in shear rate as described in section [3.1.3] The descending stage is chosen
as it is most closely related to the soil penetration with decreasing flow velocities.

In some cases, the bulk rheology curves of the tested polymer solutions are compared to
exemplary curves of bentonite suspensions at 40 g/1 or 60 g/1 for reference. In contrast to polymer
viscosity obtained from n = 7/4 (power law), the viscosity values of the bentonite suspensions
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3.2. Material characterization

are calculated from experimental results based on a Bingham approximation (n = (7 — 719) /¥)
as further explained in appendix [C.5

Fig.BI1]shows a first comparison of four distinct polymers for the upper polymer concentration
in solution for each polymer type, i.e. as an upper viscosity boundary, compared to bentonite
curves. The respective Marsh outflow times at 1 1 are given in brackets (in sec). The curves
represent individual mixtures prepared at different dates over a time span of max. two months
and are chosen to reflect representative deviations between individual mixes. The displayed range
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Figure 3.11.: Mixing influence — rheometer vs. Marsh funnel (solvent: tw)
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of deviations is considered insignificant. Aside from the mixing techniques, deviations displayed
here can also be a result of small inhomogeneities within a fluid as the rheometer measurements
require only a small fluid volume for testing (11.5 ml).

As a first display of bulk rheology results, these curves will also be used both as a basis for
comparison of the general flow behaviour of different polymer types with reference to bentonite
suspensions and as comparability basis between rheometer and Marsh bulk rheology characteri-
zation.

Fig. (top) already reflects the distinct shear-thinning characteristic of polymer solutions
developing through reaction of the polymer chains towards movement (‘Strukturviskositat’):
the viscosity curves (Fig. top) follow a nearly straight line in the double-logarithmic plot
within a range of n = 0.01 Pa-s at high shear rates up to n > 1000 Pa-s at low shear rates in
comparison to comparably negligible viscosity values of the bentonite examples ranging around
n = 0.001 — 0.01 Pa-s. While XAN and AN-H span the whole viscosity range, CMC-H and
the short-chain synthetic representative AN-S reveal a lower Newton plateau formation around
n ~ 1 Pa-s at shear rates below ¥~ 1 1/s and 4 ~ 10~! 1/s, respectively.

The shear stress plot (Fig. bottom), however, ranges most of the polymer curves in
the lower shear stress range with values around 7 < 10 Pa at 4 < 500 1/s, except for CMC-
H, which can be explained by the different concentrations in solution. In comparison to the
exemplary bentonite suspensions, it is clearly visible that shear resistance mobilization with
polymer solutions highly depends upon movement, while the bentonite suspensions show a shear
stress plateau at low shear rate visibly independent of shear rate (yield strength) and only slightly
increased by a viscosity component.

With respect to a comparison of rheometer to Marsh funnel results, it can be noted that the
short-chain synthetic representative AN-S show similar viscosity ranges at higher shear rates
as well as similar Marsh values. However, this relation cannot be transferred to CMC-H, the
bentonite representative B 60 and especially not for AN-H, neither in the viscosity nor in the
shear stress plot, as CMC-H shows the highest values in all plots and AN-H vs. AN-S and
especially AN-H vs. XAN show comparable rheometer viscosity values at high shear rates, but
distinctly different Marsh values.

It is plausible that both testing devices cannot immediately reflect the shearing behaviour of
the polymer fluids in a soil matrix, with the rheometer results possibly being closer related due
to the more narrow shearing gap.

Property variation

Polymer property variation in the context of bulk rheology classification is evaluated hereinafter
with respect to:

m concentration (Fig. 3.15))
m molecular weight at medium anionicity (Fig. |3.14a] & Fig. :3.15a)
|
u

anionicity at medium molecular weight (Fig.|3.14b|& Fig. [3.15b
additive type (Fig. 3.17))
The effect of a variation in concentration on both the polymers of natural origin (Fig.[3.14b[&

Fig. and the synthetic mixes (ANmix and the AN product range) (Fig. & Fig.
in deionized water (dw) can be primarily described by a vertical shift in the double-logarithmic
viscosity plot, which in terms of power-law behaviour results in a change of x while m stays
the same. This shift leads to a significant increase in mobilized shear stress levels. A small
to moderate deviation in viscosity curvature at lower shear rates can also be detected. With
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the influence of dissolved ions, this vertical shift is complemented by a change of slope with
decreasing shear rate, i.e. a change in power law parameter m, as visualized for a selection of
polymers in Fig. [C.4]

A molecular weight variation as illustrated in Fig. and Fig. takes increasing effect
with decreasing shear rate. At high shear rates, the polymer chains are arranged in parallel, which
results in the same cumulated sheared surface regardless of molecular weight. Consequently, the
mobilized shear stress levels at 4 > 10 1/s almost uniquely depend upon polymer concentration,
not on molecular weight (Fig. [3.15a). Lower My values (AN-S), i.e. shorter chains, visibly
form a Newtonian plateau — associated with the maximum coiled state of polymer chains — at
higher shear rates than the higher My, counterparts with longer polymer chains (AN-M towards
AN-H). This can be explained by higher My needing a broader shear rate spectrum to fully coil
due to the longer chains and therefore probably form a plateau at a significantly lower shear rate
not measurable with the rheometer range; an increase in curve inclination is clearly developing
from AN-H over AN-M towards AN-S, especially at shear rates 4 < 10 1/s. In this regard,
the difference between AN-M and AN-S is significantly greater than between AN-M and AN-H
(Tab.[3.4). It can therefore be concluded that there is no linear correlation between the viscosity
logarithms and Myy.

The effect of anionicity shown in Fig.[3.14b|& Fig. [3.15b]is visible over the whole range of shear
rates (both in 7 and in 7), which can be explained by means of the influence on anionicity on the
polymer structure, e.g. on the degree of flexibility of the acrylamide-acrylate copolymer chain.
The polymers with higher anionicity create more rigidity due to anionic charges distributed along
the chains repelling each other. This behaviour can be related to an increased resistance against
deformation, i.e. an increase in viscosity and shear stress at a given shear rate. The coil formation
of the nearly uncharged polymers in solution (AN-ML) is consequently significantly facilitated
due to a significantly higher degree of flexibility. This behaviour does not seem beneficial for a
support fluid. The difference between AN-M and AN-MH is less pronounced. It could be the
result of small deviations between the My values (Tab. [3.4).

The composition of ANmix, especially concerning molecular weights and anionicities of the
components, is unknown. According to Fig. and Tab. it can be classified concerning
its bulk rheology in the range of AN-H and AN-M. Its curvature and also Marsh time is more
similar to AN-H. This may suggest that the copolymer of acrylamide and acrylate contained in
the mix dominates its bulk rheology.

Conclusions with regard to the influence of variations in molecular weight and anionicity on
XAN and CMC-H, e.g. resulting from differences in production, may be drawn with care. It is
plausible that an My, variation will have a comparable effect, though maybe not to the same
degree. However, the polymer complexity and intrinsic rigidity owing to its basic structure
will certainly influence this effect. The complexity is of particular relevance with respect to
variations in anionicity as the chain flexibility, which is a significant factor for AN polymers, is
already restricted, especially with XAN.

Generally, in comparison to the exemplary bentonite suspension curves, most polymer solutions
tested can be ranged within into the shear stress range of the bentonite suspension of lower
concentration (B 40), except for CMC-H, which still ranges below B 60 at lower concentration
(2.5 g/1), but which significantly surpasses these ranges at 5 g/l. This could make the solution
difficult to pump at high velocity rates or an excavation tool difficult to move fast in solution.

With respect to mineral load, Fig. illustrate that the effect on bulk rheology differs
with the type of additive. Each figure shows a comparison between solutions containing additives
and pure reference solutions without additives.
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Fig. shows representative rheometer results of the mixes used for settlement analysis in
section Thereby the quartz grains are mixed into the polymer solutions at a concentration
of 40 g/1 (resulting suspension density pr ~ 1.024 g/cm3) in addition to a small amount of water
for improved mixing (section . The rheometer measurements are performed with samples
from the upper part of the settling cylinder after several hours of settlement to verify whether
grain settlements create a measurable diluting effect. The results show no marked diluting effect
at this density level.

The addition of bentonite in suspension at 10 g/l mixed at a ratio of 1:1 into polymer solutions
is tested with the AN range including ANmix. Synthetic solutions at higher My, have been used
in combination with bentonite suspensions on construction sites. Mixes with CMC-H and AN-S
are analysed as well for classification.

The respective results displayed in Fig. show an increase in bulk viscosity of all mixes
increasing with decreasing shear rate as compared to the curves of the reference concentration.
This deviation can be attributed to concentration differences of tap water to a certain extent.
Firstly, due to the presence of bentonite, slightly less water is used for mixing. Secondly, it
is likely that the bentonite binds a certain amount of water and therefore contained dissolved
ions as well, which would otherwise impair viscosity performance at lower shear rates to a larger
extent (Fig. . The same effect can be seen for the addition of superabsorbing polymers
(Fig. top left) at 1 g/l (Pg) creates a similar effect. The mix with the lowest anionicity
value ‘ML 0.75 + B 5 was found to be completely unstable creating large polymer-bentonite
flocks. The rheometer result is therefore not shown.

It can be concluded that quartz grains with settling tendency may have a diluting influence on
the solution mix, but this effect is not yet significant at the tested ranges. The use of bentonite
suspensions or hydrogels reduces the amount of water available for polymer hydration resulting
in an increase in bulk viscosity.
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Figure 3.14.: Rheometer viscosity results — AN range property variation (solvent: dw)
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Figure 3.16.: Rheometer results — influence of granular additives: quartz grains at 40 g/l (solvent:
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3.2.3. Base fluid stability

The following Fig show the results of 21 modified filter tests as a means to assess water
retention and separability of the viscous base fluid. It displays the propagation of the filter paper

saturation outside the metal ring over time differentiated by polymer type (all) and solvent (only
AN). Black and red lines are added for water and bentonite suspension (at 60 g/1) in order to
give a reference. 55 mm mark the depth of full saturation of the filter paper.

The results show the expected dependency of the propagation rate on polymer concentration,
degree of anionicity and chain length for all polymers. With XAN, only moderate deviations
could be observed with a change in concentration, but otherwise differences are relatively clear.
This underlines the relation between viscosity and the water retention capacity of the polymer
solution.

Moreover, it can be derived from Fig[3.1§that even a small amount of change in solvent quality
(presence of salts, etc.), here shown as a comparison between tw and dw, can significantly increase
the tendency to release water from the solution, i.e. decrease the stability of the mix. This is
particularly pronounced for medium to lower chain lengths (AN-M, AN-S). In deionised water
(dw), only the product of low anionicity releases water as quickly as the bentonite suspension,
which underlines the importance of a sufficient level of ionic charge along the polymer chain
to bind the water within the mix. The high-molecular-weight solutions can still be considered
relatively stable with the highest concentration showing no marked difference in different solvents.

The CMC-H curves at 2.5 g/l and 5 g/1 (Fig. range in the same propagation rate level
as the high-molecular weight AN representatives at 0.75 g/l and 1.5 g/l, respectively (in the
same solvent: tw). The behaviour of XAN is comparable to the medium-molecular weight AN

representative at higher concentration (1.5 g/1).
With reference to the limit criterion set by the technical guideline DVGW W 116:2019 for
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Figure 3.18.: Evaluation of filter saturation propagation over time: AN range
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Figure 3.19.: Evaluation of filter saturation propagation over time: CMC-H/XAN (tw)

drilling fluids (<7.5 mm within the first 17 min), in tap water, only the higher concentration
levels of CMC-H and AN-H match the criterion and can be considered applicable for ground
with clay swelling (or clogging) potential. The AN solutions of at least medium molecular
weight and XAN can still be considered considerably more effective in retaining water within the
support fluid than a typical bentonite suspension at high concentration (60 g/1). AN-S at higher
concentration is still moderately effective, but it could penetrate further into the ground due to
its low viscosity, so it might need a certain amount of suspended fines to additionally seal the
earth wall.

These results can be considered as a first reference by means of a relatively simple test for the
classification of support fluids with respect to their ability to retain water. As different results
can be achieved for different molecular weights and concentrations, this procedure could also
be considered useful as an index test for construction sites to control that a sufficient amount
of polymer of sufficient chain length is still present in the mix (at least for CMC-H and AN

polymers).
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3.2.4. Granular additive characteristics
Mixing and geometry

Fig. [3:20] shows the different types of pore blockers used:

m quartz mineral grains: dgrqin = 0 — 1 mm (sieved)
m bentonite suspension flocks (relevant size and stability unclear)
m polymeric grains (SAP): dgrqin = 0.25 — 21.5 mm (Fig. [3.21)

The quartz grain range represents the full range of grains at the density that the tested
polymer solutions can carry. As visible in Fig. the form of the bentonite flocks seems
to depend upon the dispersion behaviour of bentonite suspension in polymer solution and is
distinct to the respective viscosifier. CMC-H, XAN as well as the low-molecular weight AN create
a rather homogeneous dispersion with bentonite suspension, only small bentonite grains may be
distinguished. Progressing in chain length from AN-S towards AN-H at medium anionicity,
however, aqueous flocks with increasing size develop. The flocks in ANmix are comparable to
those for AN-H. The stability with respect to a certain bore blocking geometry is yet unclear.

The diameter distribution of the hydrogel range shown in Fig. reflects the median values
reached after full hydration in tap water and measured from a minimum of six representative
grains per fraction. The maximum sizes were reached after approx. 5-10 min for XS/S, 10-30 min

(a) 0/0.1 mm (b) 0.125/0.25 mm (c) 0.4/0.5 mm

o

B5 (g AN-S+B5

(k) M (1) SAP G

Figure 3.20.: Quartz (top), bentonite suspension (center) and polymeric (bottom) grains
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Figure 3.21.: Hydrogels: diameter median reached after swelling in tap water

for M/G and 1-2 hrs for L. Hydration in polymer solutions did not show significant deviations in
size compared to the values displayed here. In relation to their dry granule weight, these results
amount to an absorption capacity of 100-200 g/g (gram of water per gram of dry granulate,
rough estimation).

Given a maximum density of a support fluid loaded with fines of pp i, = 1.2 g/ cm?® and
a density of the ‘pure’ fluid without fines of pp = 1 g/cm3. Then this mix would contain
around 320 g/l of quartz fines with an assumed grain density pr = 2.65 g/cm3. For the same
concentration of fines and the same diameter (volume), an equivalent amount of hydrogels would
mean approximately 120 g/1 (320/2.65) of swollen grains. With an absorption capacity of 100-200
g/g, this would result in 0.6-1.2 g/1 of dry granulate of superabsorber (Fig. being equivalent
to 320 g/l of quartz fines.

Quartz grains: sedimentation

The results of the sedimentation tests with the quartz grain fractions from Fig. dispersed
in polymer solutions are shown in Fig. for the first 30 min of testing. Each curve
represents one individual test. The mixing time ranged from around 30-60 sec (XAN, CMC-H,
AN-S) to several minutes (AN-M, AN-H) targeted at creating the best possible dispersion.

It can be observed that the measured density levels are relatively stable with the finest material
(quartz powder) for all tested solutions. The distribution then further varies with increasing grain
size. Especially the larger grain sizes settle relatively fast in the solutions of lower concentration.
With higher bulk velocity values at low shear rates, AN-H vs. XAN behave as expected. The fines
in AN-H solution generally settle slightly faster than in XAN solution at maximum dispersion
of the particles. CMC-H can be classified in the range of AN-M and AN-H, but closer to AN-
M. This is in accordance with the CMC-H viscosity plateau values (low-shear-rate behaviour)
ranging more closely to the AN-M values.

However, if the take-up of finer soil fractions from the native ground is to be considered the
main method of loading of the polymer solution with fines (as compared to manual addition with
controlled dosage and mixing time), the duration of mixing is a critical parameter. As assumed
(section , AN of larger molecular weight does not mix easily. This effect is illustrated in
Fig. by means of a comparison between AN-S (shortest average chain length) and AN-H
(longest average chain length). Dispersion of fines in CMC-H and XAN was found to be relatively
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Figure 3.22.: Areometer tests: polymer solution (low concentration) + 40 g/l mineral (quartz)

fines — fine

easy and similar to the behaviour of the short-chain representative of the AN range.

The influence of the mixing time on the areometer results was studied exemplarily for fines of

80



3.2. Material characterization

T I T T I T 103
- - - Calculated density - - - Calculated density
~o- CMC-H 2.5 ~o- CMC-H 5
TTTTTTTTTESINANTLSTTTTTTTT] $REAII T ISRXAN S T 1.025
-0+ AN-M 0.75 . o--3AN 2.5
fg ~o- AN-H 0.75 1 B By o ANSPIel 1109 “E
k=] .% QS‘Q, ~o- AN-M 1.5 L
L0 . % 088%;-0- AN-H 1.5 28
~ | : g | —~
S 2 % Do 1.015 <
z See] [ e
= o %% &cp g
= > Q R |
5 - OO QgQ O'Q'"o'::;:,‘ 1.01 8
© ao Dy
o Qg R,
) Q0. e S
4 1o 0’o.. -1 1.005
o Q. o...
o ©O... O
Q "0 O
i i i Lveerereeeeennd Cb ----- N | i O-I ----------- :9::}::::::"'0';;24 1
10 15 20 25 30 O 5 10 15 20 25 30
Time ¢ |min]| Time ¢ |min]|
(a) Spr = 0.4/0.5 mm
T I T T I T 103
- - - Calculated density - - - Calculated density
~o- CMC-H 2.5 ~o- CMC-H 5
TTTTTTTTTTIIXANTT S T T T T TTTTTTTTTTISIXANT2 S T T T T T T 1.025
0+ AN-M 0.75 o AN-S 1.5
g @~ AN-H 0.75 | ~0-- AN-M 1.5 11.02 E
= ~e-AN-H 1.5 <
L0 20
< i 11015 &
ey oy
5 R ) - 1.01 5
Oo. ............. o..
- O o 1.005
O
...... o
e
| | | I bl LLLTTPPON O | I 1
10 15 20 25 30 15 20 25 30

Time ¢ [min]| Time ¢ [min]|
(b) S¢ = 0.71/1 mm

Figure 3.23.: Areometer tests: polymer solution + 40 g/l mineral (quartz) fines — coarse

the 0.125/0.255 mm fraction with AN-S 1.5 vs. AN-H 0.75 and CMC-H 2.5 (Fig. 3.24). It can
be seen that both the AN-S and the CMC-H mixes were already perfectly dispersed after mixing
for 30 sec. The AN-H mix, however, was still relatively poorly dispersed, i.e. still containing
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Figure 3.24.: Areometer tests: polymer solution + 40 g/1 mineral (quartz) fines 0.125/0.25- effect
of mixing time

a considerable amount of agglomerated fines, which sink significantly faster than the individual
grains (Fig.[3.25b). It can therefore be concluded that AN-H (and to a certain extent also AN-M)
are not likely to take up fines from the ground but rather encapsulate groups of grains to increase
grain settlement. They are therefore less likely to be available for colmation with a significant
amount if not manually added and dispersed.

Fig. therefore shows the development of calculated velocity values for these two types of
polymer solutions for an estimate on related settling velocities based on the measured density
decrease over time. For this purpose, ideal spherical particles based on a the mean grain diameter
were assumed to adequately represent the grains within Stokes’ equation (Eq. . Viscosity
values were chosen conservatively based on bulk rheology (Fig. for a reference shear rate
4=0.11/s.

It can be seen that the calculated settling velocities are relatively constant over time. This
shows that the areometer values measured within the first few minutes can be considered represen-
tative already. Moreover, it can be clearly noted that the derived settling velocities are relatively
low for most mixes. Low in this context is considered to be v < 3 m/hr, i.e. v < 8-107* m/s
which is below the initial flow velocity of the support fluid at least for medium to coarse sand,
for which larger fines fractions are necessary (section . Only with the lower concentration
of CMC-H it cannot be assured that the settling velocity of the larger fractions (d > 0.4 mm) is
sufficiently low for them to be available for colmation.

A general conclusion for the applicability of certain ranges of fines solely based on these velocity
values should, however, not be drawn. Such a conclusion would suggest that the effectiveness of
XAN for colmation is superior to CMC-H. CMC-H solutions exhibit a higher initial penetration
velocity during the first few minutes of penetration when the main filtration of the larger fractions
should take place because of their viscosity plateau. The viscosity curves of XAN solutions, on
the other hand, possess a larger power-law fraction, which should lead to a faster decrease in
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Figure 3.25.: Suspendability after short mixing time (30 sec) AN-S vs. AN-H

penetration velocity. Therefore, it is possible that they are actually comparable with respect to
their carrying capacity and availability of fines for colmation.
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Figure 3.26.: Estimated settling velocity of quartz fines (40 g/1) with CMC-H/XAN

1’400 T \\\HH\ T \\\HH\ T \\\HH\ T \HHH\ T \HHH\ T \\\HH\ T \\\HH\ T \\\HH\ T \\\HH\ T \\\HH\
—--0.71/1 I —-0-0.71/1 ~0-0.4/0.5 300
1,200 -0 0.4/0.5 -0-0.125/0.25 -0 0/0.25
-0-0.125/0.25 | 1950
= -1 200
800 | N
= -1 150
600 |- n
400 |---@O330ED - O OGN @D @+ Fo) N [~ | 100
0O CaRERIOOA0
200 | 10 190
o RERReRRY {0 TR X o T3 o IETIEIRH fo (00 00 coelle) [y o ST 00 ¢ € (((((((0Y(aeo)
0 e . 40 R IRERITI R o WA R RN e |
102 107t 10 10t 102 10* 1072 10°* 10° 10'! 102 10°
Time ¢ |min]| Time ¢ |min]|
(a) 2CMC-H 2.5 tw (19.1 = 0.16 Pa-s) (b) 2CMC-H 5 tw (19.1 = 1.0 Pa-s)
\HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ T \\\HH‘
300 o-ocnmmmm—m—ees o o 1/ 10 ~o-0.71/1 1300
-0-0.4/0.5 ~0-0.4/0.5
i -0 (0.125/0.25 | | -0 0.125/0.25 |
250 -0-0/0.25 -0-0/0.25 230
200 |+ I - - 200
150 | 4 1150
100 I I - 100
0 COMETOATITIO O
D 000NNIDONN
50 |- I - 150
0-+-0-0-0-0-COCCCIIATID-O
0 T Yo Yl g Wil o N g | (o M | - Lol Lol | 20 kY raaeerkes, 0
1072 107t 10 10* 10> 10® 1072 10! 10 10" 102  10°

Stokes velocity v |cm/hr|

Stokes velocity v [cm /hr|



3.3. Results: vertical penetration — large scale (V-L)

3.3. Results: vertical penetration — large scale (V-L)

3.3.1. General
Following section [2.4] the time-dependent development of

m penetration depth s

m and related relationships of penetration velocity v and gradient i,

m the curvature of the pressure transferred to the soil (Appep(t) or Apmep(s)) and
m in particular the earth wall pressure gradient (fs0.wai(t) o fs0,wair(s))

will be investigated by means of the V-L testing device.

In a first instance, fine (0.125/0.355) and medium (0/2) sand will be used as a base material
to study the effect of different viscosifying base polymers (section . The evaluation is
followed by a discussion on the applicability of the capillary bundle approach to predict the
experimental penetration results (section . Subsequently, the effect of granular additives
(quartz grains, bentonite grains in suspension and aqueous polymeric grains) is analysed with
coarser soil material (0.5/1.2, 3/5, 6/8) (sections [3.3.4H3.3.6)).

The investigation encompasses a total of 28 individual tests chosen to differentiate character-
istics related to different forms of pressure transfer. This differentiation forms the basis for a
detailed variation of granular additive combinations and polymer concentrations in different soil
fractions performed with the V-S testing device (section , for which a pressure-penetration
relationship cannot be measured directly.

With respect to the interpretation of the experimental output variables, Fig. illustrates
the pore pressure output evaluation. The pressure boundaries are measured by pore pressure
sensors positioned immediately outside the test material (hye;w and hye ). The positions hye
of the pressure transducers along the height of the test cylinder are given relative to the lowest
sensor.

Due to upwards flow, a hydrostatic pressure component pgw (Fig. q blue triangles) needs
to be taken into account in between the pressure boundary conditions [l All pressure vari-
ables used hereafter will give the flow-controlling pressure, referred to as p, i.e. excluding pgw.
Consequently, the upper pressure boundary (cylinder bottom) is defined by pp resulting in a
flow-generating overpressure Ap relative to the lower pressure boundary py (top), as visualised
in Fig. Fig. shows a horizontal representation of Fig. in the form of a nor-
malised pressure drop along he relative to the first sensor Sp at h, . This depiction will be
used as the primary form of representation of pressure drop curves.

The start of polymer penetration into the soil is determined based on three options:

(1) based on the water volume to be replaced until the lower soil interface is reached (approx.
2.71)

(2) drop in penetration rate

(3) start of pressure transfer (deviation of pgy relative to pp)

(2) and (3) were found to be closely related and always below the value of (1), i.e., pressure
transfer started a few seconds and cm before the soil interface is reached. A discussion on the
definition of the start of polymer penetration is given in appendix If not otherwise specified,
the start of the polymer penetration into the test material will be based on the volumetric
calculation method (1). A penetration level based on method (1) will be indicated by sp,.

*Fluid density is assumed at psuiq = 1 g/cm®, which is sufficiently accurate for both water and polymer solutions
without additives of higher density. Granular additives cannot be assumed to penetrate far enough into the soil
structure (earth wall colmation!) to have a significant and calculable effect on prw.
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Figure 3.27.: Variables and sensor heights for testing device with 3 elements (measures in cm)

86



3.3. Results: vertical penetration — large scale (V-L)

3.3.2. Viscous base polymer solutions — no additives

The pressure-penetration behaviour of the base solutions is studied with 0/2 as a reference soil
material with focus on

(1) type of polymer and molecular weight

» CMC-H

s XAN

m AN range with molecular weight variation (AN-S vs. AN-H)
m synthetic mix polymer (ANmix)

(2) polymer concentration

m AN-H (closest ANmix representative)
m synthetic mix polymer (ANmix)

(3) degree of anionicity

= AN-S/-H
s AN-MH

(4) finer sand (0.1/0.4)

m AN-H (‘slim’ and ‘flexible’ representative)
n CMC-H (‘complex’ representative)

The following paragraphs will analyse the effect of this polymer (1)-(3) and soil (4) variation
with differentiation into penetration and pressure relationship at an overpressure of Ap = 0.15 bar
as a lower boundary. Subsequently, higher levels of Ap will be addressed.

0/2 mm: penetration relationships

Fig. shows the development of the penetration depth s, calculated based on volumetric
determination of the penetration start, over a maximum time span of 24 hrs for the basic polymer
types tested with the 0/2 mm soil fraction. Fig. gives a comparison of the synthetic mix
polymer ANmix with its closest bulk-rheological representative from the polymer type range
AN-H.

For the basic polymer types, initial penetration within the first 30 min (Fig. seems
to follow two paths, one for AN-S 1.50 / AN-H 0.75 and one for the remaining curves. This
development then further shifts over the following hours (Fig. with especially AN-H 1.50
and even earlier XAN 2.50 deviating within the first 40 cm of penetration towards a significantly
flatter subsequent course. The variation of penetration depths after 5 hrs covers a relatively
wide range between around 25 cm (XAN) and 90 cn (AN-H 0.75) with the maximum deviation
increasing with time. A doubling of the concentration of AN-H amounts to a halving of the
penetration level at 5 hrs. Though at double concentration, CMC-H shows twice the penetration
depth compared to XAN at 5 hrs.

This behaviour cannot be explained entirely by bulk rheological effects (Fig. & Fig.[3.14),
which is particularly visible when comparing the bulk viscosity values for CMC-H or XAN vs.
AN-H to their penetration rates. A combination of concentration, rigidity and complexity of
the polymers seems to trump bulk rheological expectations in the narrow porous environment of
this medium-grained sand. This effect becomes especially apparent when ranking the polymers
of natural origin within the AN range. However, even within the AN range, a deviation from
bulk rheology can be discovered, especially when comparing AN-H 0.75 and AN-MH 1.50, where
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Figure 3.29.: 0/2 mm — no additives: penetration behaviour at Ap ~ 0.15 bar — polymer mix
(dw)

AN-MH has a lower molecular weight, but is less flexible towards conformational changes due
to its higher degree of anionicity. ANmix of both concentrations start off similarly to AN-H
(Fig. , but decreases in penetration rate slightly more rapidly than AN-H despite similar
bulk rheology. This behaviour is visible more clearly in the v — ¢ representation of the same data
as illustrated in Fig.

Fig. shows the development of the filter velocity according to Darcy vparey(t) in relation to
a falling gradient i = AH/AL (determined as backward differences). The gradient is calculated
as a macroscopic representative of the full penetration depth s(¢) with the assumption of a full
pressure drop Ap(t) along s(t), i.e. AH = Ap/~vr and AL = s, with pr being the fluid density
(polymer solution ~ water) and g the gravity. The data displayed here show the full range of
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3.3. Results: vertical penetration — large scale (V-L)

the testing time, so in certain cases up to three days. As further illustrated in appendix
and pressure transfer starts before the calculated zero-penetration depth. Consequently,
AH may be slightly overestimated; Moreover, the data points are obtained from falling gradient
measurements (though falling slowly) and full pressure transfer to the ground is reached only
around 25 cm of calculated penetration depth. The values at the higher gradient range, especially
1> 30, i.e. s <5 cm, may not be representative.
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Figure 3.30.: 0/2 mm — no additives: development of filter velocity with decreasing gradient

Generally, linear or nearly polygonal courses with two linear segments can be noted in this
double-logarithmic visualization for all plots. It can be observed that AN-MH, AN-S, CMC-H
and AN-H/ANmix show a similar inclination at higher i. The long-chain polymers AN-H/ANmix
0.75 vs. 1.50 show a significantly steeper curve at lower gradients reaching a similar inclination
as XAN. The AN-H 1.50 curve shows an additional change of inclination at ¢ < 2, with the slope
matching the slope at higher gradients. This suggests that the flatter sections are created by
Newtonian plateaus (m = 1) with a pronounced 7,,;, plateau. The different levels result from
differing x parameters and different 4. values for the respective plateaus (Fig. & .
AN-MH, AN- and CMC-H seem to follow this plateau behaviour nearly along the whole gradient
regime. AN-H 1.50 visibly follows the lower Newtonian plateau 7, until i ~ 6. Power law
behaviour can then be assumed until ¢ ~ 1.5 followed by an upper Newtonian plateau 7. For
XAN, it can be assumed that the power law section ranges at least between ¢ =~ 4 and i ~ 15.

A pronounced lower Newtonian plateau 7, means that a minimum viscosity is already mo-
bilized at high shear rates, wich results in a lower penetration rate (filter velocity) than assumed
from pure power-law behaviour. Exemplarily quantified for XAN, extrapolating power-law be-
haviour from 7 = 4 — 15 towards ¢ ~ 40, power-law behaviour would assume vpgrey ~ 1- 1073 1 /s
while the data suggests vparey =~ 1.5 - 1074 1/s. A calculation of the penetration depth ac-
cording to pure power law would therefore slightly overestimate the penetration depths near the
penetration start, i.e. at low s. This will be further addressed in section

Again, these results can only partly be related to rheometer data, especially concerning the
found Newtonian plateau levels. When comparing an increase in concentration from AN-H
0.75 to AN-H 1.50 at least, a relatively vertical shift similarly to bulk rheology (i.e. similar m,
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different kappa) can be observed. At higher gradients, an increase in molecular weight from AN-S
1.50 towards AN-H 1.50 has the same result. AN-MH, i.e. medium molecular weight, but higher
anionicity, shows a similarly favourable effect. However, the marked difference in behaviour when
comparing AN-S, AN-MH and AN-H cannot be found by means of bulk rheological comparison,
where the flow behaviour of AN-MH and AN-H are more closely related than AN-S vs. AN-MH.
With respect to Newtonian plateaus, only AN-S and CMC-H show a marked plateau formation
(Mmaz) at lower shear rates (or flow velocities) in their bulk rheological data.

The improved behaviour of ANmix towards AN-H can be explained by the effect of pore
blockers contained in the mix as described by the manufaturer. Otherwise, deviations between
bulk rheology and ‘in-situ’ rheology can only be explained by interactions between the polymer
chains and the porous matrix (Fig. . Reasons for deviations with respect to bulk rheology
will be further discussed in the context of capillary bundle approximations in section [3.3.3]

On the whole, it can be concluded that the penetration velocity (related to the filter velocity by
n, Eq. decreases over several decimal powers within the first hours of penetration, especially
with XAN 2.5 and AN-H/ANmix 1.5 — with a significant influence of interaction mechanisms
between polymer properties and soil, which cannot be immediately related to bulk rheological
parameters. In this context, filter velocities decrease towards 107° m/s (3.6 cm/hr) — 1077 m/s
(0.036 cm/hr) in 0/2 mm soil at a pressure level of 0.15 bar. Especially the lower value can be
considered near-stagnation.

0/2 mm: pressure relationships

The development of the pressure drop curvature along the soil depth with increasing penetration
depth is shown in Fig. [3.34 Each pressure sensor result is given by its position x relative to
the first sensor (x; = hyer;) (Fig. . The ‘earth wall’ is located at x = 0.9 cm, i.e. between
the first two data points, the first sensor in the sand being positioned at a depth of 2.1 c¢cm
(hrer,s1 = 3 cm). The vertical lines indicate the position of each sensor reached by the fluid
with their position increasing from light gray to black, i.e. they reflect the progression of the
penetration depth. The pressure drop curvatures are chosen from the points in time when the
calculated penetration depth reaches the individual sensor and are therefore coloured according
to the same grayscale. The pressure values of the respective sensors are given as normalized
values to filter out effects from (small) deviations in total overpressure Ap created by changes in
the fluid levels of the inflow and outflow containers.

For CMC-H, XAN and the full AN range, it is noticeable that the pressure drop curvature
follows the penetration depth (Figs. , grey arrow). The course of the pressure drop
is clearly nonlinear, as would be assumed for viscous flow behaviour with a shear-thinning fluid
(Fig. . The curvature affects the amount of pressure App,opwan mobilized immediately
at the earth wall, here defined as the pressure difference between the first two sensors. The
respective value for the last displayed time step is marked in each individual figure. Apparently,
the amount varies significantly between the different types of polymer, with XAN exhibiting a
significantly higher value than the other types. CMC-H and especially XAN seem to stabilize
at a certain value of Appobwail, 1-6. the pressure drop immediately at the earth wall remains
relatively constant after an initial drop within the first approximately 20 cm of penetration. This
effect may be noted to a lower degree for the AN polymer of higher anionicity (Fig. . The
AN polymers of medium anionicity (AN-S/AN-H) show the lowest values for Apy,op waii-

When plotting the pressure drop values in relation to their relative position along the penetra-
tion depth (sp) as illustrated in Fig. it can be seen that the course of the pressure drop does
not change significantly with increasing penetration. Fig. shows the pressure drop curves
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Figure 3.31.: 0/2 mm — no additives - CMC-H/XAN/AN-S/AN-MH/AN-H: development of p —
pw along soil depth at Ap ~ 0.15 bar (normalised)

starting from a minimum penetration of 13 cm (sensor S4). No significant change in pressure
drop course means that characteristic curvatures could be usable for stability calculations rela-
tive to assumed penetration depths to take into account related increases in mobilized pressure

from the non-linear as compared to the linear course[’]

SUnlike Fig. [3.31] Fig. [3.32] shows the curvatures based on penetration calculation starting from the start of
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Figure 3.32.: 0/2 mm — no additives - CMC-H/XAN/AN-S/AN-MH/AN-H: normalized pressure

drop curvature along the penetration depth s,

pressure transfer (sp). Understandably, this starting point correlates better with the pressure peak points at
sensor position as illustrated in appendix @ The respective curvatures based on s instead of s, are given in
appendix [D-4] for reference. However, they are thought to be misleading in this context, because they contain
effects from different inclinations of pressure drops of the sensors as shown in appendix[D.3] This offset between s
and sp, i.e. between penetration and pressure transfer behaviour, needs to be taken into account when considering

different curvatures during stability assessment
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3.3. Results: vertical penetration — large scale (V-L)

When comparing the normalized pressure drop curvatures for CMC-H/XAN vs. the AN range,
it appears that the maximum depth of the deviation between linear and non-linear course are
located immediately at the earth wall (x ~ 0.05—0.1-s,,) for the more complex polymer structures
CMC-H/XAN as compared to deeper into the ground for the smaller AN chains. This suggests
that the deviation for CMC-H and XAN primarily results from processes happening at the earth
wall interface, e.g. a certain degree of earth wall colmation. It is interesting to note that this
effect is significantly more pronounced for XAN than for CMC-H, even though CMC-H is used
at double concentration compared to XAN. The remaining curvature after the initial drop runs
rather linearly.

The effect of AN seemingly occurs rather along the length of the penetration or towards the
end (max. deviation from reference line around =~ 0.6 - sp). AN-S and both concentrations of
AN-H show very similar curves, AN-MH visibly has a higher depth of deviation compared to the
linear course. This suggests that the AN curvature is governed rather by degree of anionicity
(inflexibility of the chain) than by concentration or molecular weight.

This differing behaviour results in a higher Apy,op wan for CMC-H and XAN, especially com-
pared to the AN range of medium anionicity, which is the decisive parameter for internal stability.
For macrostability, however, depending on the penetration depth, employing AN may result in a
higher percentage of mobilized pressure relative to their respective penetration level. This effect
can be seen exemplarily at the position of 0.6 - s,. The total mobilized pressure of CMC-H and
XAN here amounts to approximately 0.7 — 0.75 - Ap (linear case 0.6 - Ap). AN-S/AN-H reach
approximately 0.8 - Ap and AN-MH up to 0.9 - Ap. However, as the pressure drop curvature
generally clearly still follows the penetration depth, the penetration rate (Fig. remains the
overall governing factor.

The ANmix solutions show a distinctly different pressure drop course with increasing pen-
etration depth as illustrated in Fig. and Fig. [3.33] The pressure drop curvature changes
significantly starting similarly to AN-MH with a more pronounced nonlinearity than AN-H. Sub-
sequently, membrane behaviour (increasing pressure transfer at the earth wall interface) starts
developing slowly at the earth wall resulting in Apy,op wen increasing with progressing penetra-
tion depth. Again, the polymer concentration does not seem to affect this curvature development
(only the penetration rate). Fig. illustrates this effect more clearly. Apparently, the pressure
curvature initially follows the penetration depth (viscous flow, Fig. , grayscale in Fig. ,
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Figure 3.33.: 0/2 mm — no additives — ANmix: normalized pressure drop curvature along the
penetration depth sp: 0/2
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Figure 3.34.: 0/2 mm — no additives — ANmix: Development of p — py along the soil depth at
Ap =~ 0.15 bar

slightly further for ANmix 0.75 than for ANmix 1.50. Then, this process reverses indicating the
formation process of a pressure-absorbing earth wall membrane (Fig. , red development in
Fig. .

A quantification with respect to a mobilized earth wall pressure gradient of all polymer solu-
tions mentioned previously is shown in Fig.3.35| (penetration dependency) and Fig. |3.36| (time-
dependency). The earth wall gradient is calculated according to Eq. by assuming that the
pore pressure drops between the filter sensor S and the first sensor in the sand S1 within the

sand between the sensors of depth d,.r (Fig. [3.27) (Eq. :

Pr —Ps
st,wall = d ! (32)
ref
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Figure 3.35.: 0/2 mm — no additives: penetration-dependency of pressure gradient at Ap =
0.15 bar

A red reference line at 50 kN/m? is added following the quantification of the required earth
wall gradient from Fig. to visualize a critical limit (safe side, even lower for a 0/2 mm sand).

Fig. illustrates the penetration-dependency of the mobilized earth wall gradient visible as
a decreasing f0 wall ﬁ , especially along the first cm of penetration. Following the previous ob-
servations, CMC-H, AN-MH and especially XAN show higher values. The curves of the ANmix
solutions initially follow the same drop in fsowa, but deviate around s ~ 7 — 10 cm reaching
their lowest values of approximately 220-280 kN/m? around s ~ 15— 30 cm and increasing subse-
quently. The subsequent increase correlates with the overall change of pressure curvature towards
membrane formation and especially with a deviation from the penetration rate as compared to
AN-H (fig. [3.30D).

As seen in Figs. [3.314] [3.310] [3.32a] and [3.32D] the mobilized earth wall pressure and therefore
fs0,wau for the polymers of natural origin visibly stagnate (or at least continue with negligible
decrease) at a sufficiently high level (100 kN/m? for CMC-H 5 and 230 kN /m3 for XAN 2.5) as
compared to the AN range. Only AN-MH 1.50 could also be ranked similarly to CMC-H 5, but
with a slightly higher decrease rate guaranteeing a sufficiently high pressure gradient for a few
days at minimum. With respect to the medium level of anionicity, it can be noted that all curves
reach a similarly low level of fs yqu With similar penetration depths.

This effect is even more pronounced when scaled over time (Fig. , where XAN and CMC-

5The displayed earth wall gradient f30,waur shows the pressure gradient corrected with reference to the applied
overpressure level by flo yau = fs0,wail - Apref/Apmeasured With Aprey = 0.15 bar. This correction is performed
to exclude the influence of the changing fluid levels in the inflow and outflow containers, which are comprised
in Apmeasured- The influence of the changing fluid heads is relatively small, but is magnified in relation to
drey, which hinders an easy interpretation, in particular for values reaching the maximum possible fso,waz;. This
method is used in all following visualizations with fso,waii-
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Figure 3.36.: 0/2 mm — no additives: time-dependency of pressure gradient at Ap =~ 0.15 bar

H seem to stay relatively constant after the first 2 hrs. Moreover, AN-H 0.75 and especially AN-S
reach critical fyo e values significantly faster than AN-H due to lower viscosity. With ANmix,
however, the higher penetration rate of ANmix 0.75 compared to ANmix 1.50 results in a slightly
quicker build-up of fy0,wey and consequently also membrane formation, which is favourable for
both internal and external stability.

In any case, both with respect to macro (Apy,eb(t)) and micro stability (fsowau(t)), ANmix
provides significantly higher pressure mobilization, with the effect even increasing over time.
Especially for the stabilization of grains at the earth wall, this behaviour shows a clear advantage
over its closest bulk rheological representative AN-H, for which internal stability may become
critical in certain soils over time. In comparison, the safety level of CMC-H and especially XAN
seems sufficiently high with negligible decrease over time even at this lower boundary pressure
level of 0.15 bar, so time effects are not likely to become critical for micro stability in these soil
conditions.

0.1/0.4 mm: penetration and pressure relationships

Fig. show the results for two tests performed with fine soil material. CMC-H 2.50 and
AN-H 0.75 are chosen as two representatives of the respective groups. The lower concentration
range is chosen to verify whether this amount suffices in a fine soil. The two tests are compared
in every plot to their closest representatives from the previous tests with 0/2 mm soil. In
terms of soil characteristics, deviations between the two soils range around dijg = 0.2 — 0.15 mm
dso = 0.45 — 0.25 mm and around half a decimal power for the hydraulic conductivity (Fig.[3.3)).

When comparing the behaviour of the two polymer types in the 0.1/0.4 mm test material, it
can be noted that both penetration behaviour and pressure development range at a relatively
similar level.
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3.3. Results: vertical penetration — large scale (V-L)
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Figure 3.38.: 0.1/0.4 mm — no additives — CMC-H/AN-H: development of p — py along the soil

depth at Ap ~ 0.15 bar

In comparison to the 0/2 mm tests, their penetration development matches the results of the
higher concentration representative in the coarser soil material relatively well. For AN-H 0.75 in
0/2 towards AN-H 0.75 in 0.1/0.4, this amounts to a halving of the penetration depth down to
ca. 40 ¢m at 5 hrs, even though tap water is used as mixing water instead of deionized water.
A comparison within the v — i plot shows a vertical shift (for AN-H nearly one decimal power)
due to the decrease in soil permeability. Around i = 3 (s = 50 c¢m), the penetration rate ranges
around 4 —7-1076 m/s (1-3 cm/hr).

The pressure curvature following the penetration depth is visibly flatter in this finer soil mate-
rial (Fig. . Deviations compared to a linear pressure drop now only amount to a maximum of
approximately 10 %. Maybe this can be explained by conformational restrictions of the polymer
chains during flow through the more narrow pore channels. This affects the earth wall pressure
gradient fs0.wan to a larger extent for CMC-H resulting in values near the critical reference line.
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Figure 3.40.: 0.125/0.355 mm — no additives: penetration- and time-dependency of pressure gra-
dient at Ap = 0.15 bar

Higher pressure

The overpressure levels Ap of all tests were raised at the end of each penetration test (i.e. after
different penetration times and depths) in steps from 0.15 bar up to 0.7 bar.

Tab. gives an overview on related values, in particular the earth wall pressure gradient
and the filter velocities, for Ap 0.3 bar and 0.7 bar, respectively. With increasing overpressure,
fs0,wall increases in all cases, with a lower increase in the finer soil where the pressure curvatures
are flatter. Filter velocities range in the order of 107> m/s within the first hour after increasing
the pressure level.

Fig. shows the resulting normalized pressure drop curvatures of a representative selection.
It can be seen that the curvatures do not markedly change when Ap is increased, except for the
earth wall pressure drop for CMC-H 5 and XAN 2.5. A pressure drop of approximately 20%
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3.3. Results: vertical penetration — large scale (V-L)
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Figure 3.41.: 0/2 mm — no additives — normalized pressure drop curvature at higher pressure

levels

immediately at the earth wall is still maintained for XAN. CMC-H still reaches approximately
10-15%. It is possible that this reduction results from the relatively sudden change of pressure
levels applied during the test, i.e. it may reform. However, as a safe-side choice, the pressure
drop curvatures presented here should be used as a reference for stability calculation.

Table 3.5.: No additives — pressure gradient and filter velocity ranges at higher overpressure levels

(0.3 / 0.7 bar)

soil UDarey fs0,wall S t

[mm|  [m/s] [kN/m?]  [cm) |hr]
AN-S 1.50 0/2 0.5-107% / 1.4-107%* 110 /180 48 /69 1.2 /145
AN-H 0.75  0/2 1.7-107° / 7.5-107° 100 /230 87 /91 56 /5.7
CMC-H 5.00 0/2 1.9-107° /2.5-107° 150 /280 68 /70 10.3 /10.5
XAN 2.50 0/2 0.9-107° /2.3-107° 320 /530 46 /63 46 /47
AN-H 0.75  0.1/04 0.9-107° /1.4-107> 70 /160 62 /70 17.2/17.9
CMC-H 2.50 0.1/0.4 0.5-107°/23-107° 70 /135 47 /52 55/58
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3. Laboratory experiments

3.3.3. Discussion on the applicability of capillary bundle approximations

Fig. shows the experimental results (marked as ‘x’ and ‘+’) of the penetration develop-
ment over time compared to their best-fit capillary bundle approximations (solid lines) based
on Eq. in combination with Eq. [2.23] The respective curve-fitting parameters are listed in
Tab. The approximations were performed in two steps

(1) Bulk rheology approximation: , m
(2) Capillary bundle approximation: o, Jerit,mazn, Yerit,minn

The approximation steps are illustrated exemplarily for two tests in Fig. [3.43}3.44] The solid
black lines show the experimental results for bulk rheology (a) and filter velocity (b). The
remaining tests are summarized in Fig. only with visualization of bulk vs. capillary
bundle rheology. The same confrontation of rheology vs. filter velocity for these tests can be
found in appendix

The blue dashed line in every rheology plot (a) shows the bulk rheological power-law approx-
imation termed ‘OdW’E] fitted to the chosen region (step 1). Especially for the AN polymers
of larger molecular weight, the bulk rheology curves were not found to follow an ideal straight
line leading eventually to a Newtonian plateau as e.g. the CMC-H or the AN-S curves. It could
therefore be suggested that x and m should be defined to create average curves. However, the
resulting Mqyerage values did not match the slope of the experimental v — i data curves ((b)
plots). A parameter m based on power-law approximation at high shear rates, on the other
hand, was found to fit in every case. This region is not necessarily representative for the overall
bulk rheology of the tested fluid (appendix [C.€)).

Capillary bundle approximation (step 2) comprised the determination of correction factor o
and critical shear rates Yeritmaen and Yerit,ming S0 that penetration level s(t) and respective

Table 3.6.: Power law and capillary bundle approximation parameters

Fluid Power law Soil Capillary bundle ?)
K m d & 0" K Amazy  Yming  Nmae © Tmin ©
[Pa-s]  [] | [mm] | [-] [Pas] [1/s] [1/s] [Pas] [Pas]
XAN 2.50 dw 0.92 0.35 0/2 0.85 0.78 0.16 25 2.57 0.1

CMC-H 5.00 dw | 2.00 0.42 0/2 0.25 0.5 1.8 2.5 0.36 0.29
CMC-H 250 tw | 040 0.55 | 0.1/0.4 | 0.3 0.12 3.6 7 0.07 0.05

AN-H 1.50 dw 0.50 043 | 0/2 |130 065 014 6.5 1.99 0.22
AN-H 0.75 dw 0.20 050 | 0/2 |0.64 013 0159 6 0.330  0.05
AN-H 0.75 tw 0.15 055 |0.1/04|095 014 0159 5 0339 0.07

AN-MH 1.50 dw | 0.50 0.43 0/2 0.48 0.24 2.9 0.0 0.13 0.1
AN-S 1.50 dw 0.80 0.35 0/2 0.45 0.36 8 11 0.09 0.08

@) Approximation based on bulk rheological characterization (rheometer) at high shear rates

b) Approximation based on soil permeation tests
cm—1

°) Nref = K- ’yg‘it,ref

4) Assumed, not measured within the tested range

"power-law approach by Ostwald and de Waele
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3.3. Results: vertical penetration — large scale (V-L)
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Figure 3.42.: Capillary bundle approximation for the penetration depth at Ap ~ 0.15 bar

penetration rates are adequately captured. This coincides with a good fit of the experimen-
tally obtained filter velocity vpxp = Aspxp/At with veppros (Eq. and generally with the
numerical derivation Asgppror(t)/At (Eq. ((b) plots), if plateau behaviour is taken into
account. The determination of Newtonian plateaus was performed on the basis of the consider-
ations by Steinhoff (1993), but with different limit criteria for the implementation of the critical
shear rates. They were implemented to immediately match the deviation in v — ¢ found with
experiments. This procedure is described in appendix An exemplary display of the influ-
ence of the individual approximation parameters o, Yeritmazy (Mmaz) a0d Yeritming (Mmin) o0
the resulting approximation curve for the penetration depth of XAN 2.50 can be found in ap-
pendix [D.5.2] In essence, o* creates dilution (o* < 1) or thickening (o* > 1). A lower viscosity
plateau (7min) modifies the approximation at the start of the penetration process (at high shear
rates ¥; > Yerit,ming)- A higher viscosity plateau (7)mqz) influences the result at low flow velocities
(at low shear rates %; < %m,mam), i.e. with progressing penetration.
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Figure 3.44.: Bulk rheology and filter velocity approximation: 0/2 mm — jAN-H 1.50 dw

It can be seen in Fig. that all experimental curves are matched relatively well, which un-
derlines the applicability of the proportionality between s and T ", Yeritmazn A Yerit minn
thereby seem adequate parameters to reflect deviations in polymer flow between bulk and in-pore
behaviour also for an otherwise power-law approach.

For CMC-H 5 in 0/2 mm soil, a clear vertical shift can be seen between the bulk experimental
and the capillary-bundle-corrected viscosity curve (Fig. [3.43)). The same, though more pro-
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3.3. Results: vertical penetration — large scale (V-L)
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Figure 3.45.: Bulk rheology and filter velocity approximation: 0/2 mm — fluid rheology
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Figure 3.46.: Bulk rheology and filter velocity approximation: 0/2 mm — fluid rheology

nounced, can be observed for the same polymer at lower concentration in finer soil (Fig. .
It is possible that this shift can be associated with depletion effects, according to which polymer
chains arrange more towards the centre of the pores creating more dilute areas at the pore sur-
face (section . A lower concentration increases the polymer mobility in the solution, which
could explain why a* - & is significantly reduced from CMC-H 5 (0.5) towards CMC-H 2.5 (0.12),
despite a reduction in pore size from 0/2 towards 0.1/0.4. In the same porous environment,
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Figure 3.47.: Bulk rheology and filter velocity approximation: 0.1/0.4 mm — fluid rheology

halving the concentration of AN-H from 1.50 towards 0.75, creates the similar diluting effect
with a*k being reduced from 0.65 towards 0.13.

A direct comparison of the same polymer and concentration between the two soils (AN-H
0.75) is not immediately possible as two different types of mixing water were used, which have a
significant effect on AN rheometer viscosity curves at low shear rates (Fig. . But as « is based
on higher shear rates anyway, it may be assumed that comparability is possible. In any case,
they reach similar values for a* - k and the critical shear rate parameters. The conclusion may
therefore be drawn that the capillary bundle parameters do not markedly change from medium
to fine sand, they are rather influenced by a change in polymer concentration and polymer type.

With respect to plateau formation, it can be noted that only with CMC-H can the critical
shear rate be directly associated with the respective shear rate for bulk behaviour. XAN 2.50
and the large molecular weight representative AN-H 1.50 show a relatively low value of 0.15 1/s.
Higher values are clearly found with AN-S, but also significantly with AN-MH. With application
of these critical shear rates, the maximum viscosity levels achieved by means of this capillary
bundle approximation range around 2-3 Pa-s. It may be concluded that viscosity mobilisation
(with related polymer conformation change) is indeed limited in the narrow soil pore system in
comparison to the shearing environment of a rheometer or Marsh funnel. The maximum viscosity
ranges seem relatively low compared to the values measurable with bulk rheology. However,
compared to the bulk viscosity values of the tested bentonite suspensions with a maximum of
0.006 Pa-s at 60 g/1 , the displayed nmq, values are still higher by a factor of 10-430.

This capillary bundle evaluation covers a broad range of gradients and can therefore be con-
sidered to be applicable to differing overpressure levels. With regard to the applicability of the
achieved capillary bundle results for stability analysis, the question remains whether these re-
sults can be transferred to coarser soil materials. It is possible that the polymer-soil interaction
differs when the soil pore sizes increase to a larger extent. It is equally unclear whether a larger
amount of dissolved ions in solvents can still influence these parameters. These eight tests can
be considered useful as a first reference.
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3.3. Results: vertical penetration — large scale (V-L)

3.3.4. Addition of quartz mineral grains

The influence of quartz mineral addition on the penetration and pressure transfer behaviour was
studied based on 12 penetration tests. Quartz powder or a sequence of quartz grains were applied
at concentrations of 1-160 g/, i.e. at a maximum support fluid density of ppmer =~ 1.1 g/cm3.
The quartz grains fractions are named according to Tab. The following variations were
considered:

m amount of additive (4 tests, 0/2 mm soil, with CMC-H)

< stzlg/l
o Sxs=5g/l
o Sxs =10 g/1 (2x)

m type of polymer (5 tests, 0/2 mm soil, additive Sxg = 20 g/1)

o CMC-H

o XAN

o AN range with molecular weight variation (AN-S vs. AN-H)
o synthetic mix polymer (ANmix)

m soil permeability (3 tests)

¢ 0.5/1.2 mm soil, CMC-H & Sxg/5 = 2210 g/1
o 3/5 mm soil, XAN & Sy g/ = 4240 g/l (2x)

Fig. summarize the results. If available, they are compared to the closest representa-
tive curves without additives from section [3.3.2] The visualizations are again differentiated into
penetration and pressure relationships. Most tests presented here were performed for a longer
duration than 24 hrs to determine the stability of the formed filter cakes over time without
additional fines material available.

Overall, in the context of interpretation of the results presented below, it should be noted that
the added grains will already settle in part in the inflow container before test start. Therefore,
the amount of grains reaching the sand interface will be slightly lower. The concentration levels
can therefore be considered a safe-side indication.

Penetration relationships

Fig. shows the effect of the amount of quartz powder addition exemplarily with CMC-H
2.50 compared to CMC-H 5 without additive. It can be seen that a concentration of Sxg1 seems
to have no marked effect on the penetration behaviour with only a shift between CMC-H 2.50
and CMC-H 5 owing to the difference in polymer concentration. An increase to Sxg5b, however,
shows a clear deviation of the penetration behaviour within the first 5-10 min leading to a near
stagnation below 20 cm of penetration depth due to formation of a filter cake at the sand interface
(Fig. . This filter cake is still visibly permeable to a certain extent with its permeability
increasing to a certain extent after a few hours. A further increase in quartz concentration
to 10 g/l decreases the maximum penetration depth and stabilizes the filter cake. Repeated
testing (2 blue curves) further shows a small variability in the testing results, but 10-15 cm of
penetration depth can still be considered relatively close and small. A likely explanation for the
deviation is the homogeneity of the mixture, which results from not perfectly distributing the
small quartz grains within the solution. Larger aggregates sink faster in the inflow container
reducing the concentration reaching the sand. As all particles settle over time, the filter cake can
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Figure 3.49.: 0/2 mm - quartz addition - CMC-H/XAN: penetration behaviour (dw)

only be built during the initial filtration and colmation process when the penetration velocity
significantly surpasses the settling velocity of the grains. When the filter cake is formed and
the penetration rate is significantly reduced, the fines concentration of the polymer solution
consequently decreases and fewer and fewer grains reach the sand interface in this testing device
with upwards flow. This underestimates the availability of fines as compared to real conditions.

A comparison of the effect of different polymer types was performed at a quartz powder
concentration of 20 g/l, which is still considered relatively low with pp ~ 1.01 g/l. It can be
noted that the maximum penetration level for XAN 2.5, CMC-H 5 (Fig. is comparably
lower with a visibly less permeable filter cake. This can be attributed both to the increased
fines concentration and the higher polymer concentration. A higher concentration level of XAN
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3.3. Results: vertical penetration — large scale (V-L)
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Figure 3.50.: 0/2 mm — quartz addition -~ AN-S/AN-H/ANmix: penetration behaviour (dw)

or CMC-H increages the fines carrying capacity and its viscosity, which concerns filter cake
permeability.

The synthetic polymer products AN-S; AN-H and ANmix (Fig. all show higher maximum
penetration depths. It is possible that the effect can be attributed to testing tolerances. However,
it is plausible that, for AN-S, this can be attributed to the lower fines carrying capacity. As
quartz powder, even with small amounts of water, is not easily dispersed in AN solutions with
long chains, it is possible that the actual fines concentration in AN-H and ANmix is slightly lower.
Moreover, fines are not as available (given away as freely due to chain interactions) for colmation
in these fluids. Furthermore, filter cake formation with the synthetic polymers takes significantly
more time than with XAN or CMC-H (several hours). This is particularly interesting as the
initial penetration rate of the tested AN products is higher as it is governed by the penetration
behaviour of the respective ‘clean’ polymer solution (Fig. . In this context, CMC-H and
XAN can be considered more effective.

Coarse sand (0.5/1.2 mm) and gravel (3/5 mm) were chosen to test the applicability of grain
size distributions of fines in more critical (more permeable) ground conditions. The tests were
performed with CMC-H and XAN only, because the AN polymers were not found to create
colmation as effectively with larger fines fractions. This will be further addressed in the context
of the larger property variation (V-S tests). Fig. shows that a concentration of 20 g/l is
still effective in creating a full filter cake in coarse sand with a reasonable maximum level of
penetration depth. This can be partly attributed to the larger fines fraction (Sg). The lower
fraction (Sxg), however, is still necessary to effectively block the soil pores. A broader quartz
sequence necessary for gravel is equally effective, but a larger fines concentration is necessary to
reach a similar maximum penetration level. An increase in soil permeability clearly leads to a
quicker filter cake formation due to the increased penetration rate at penetration start.

Fig. B.521[3.53] give an overview on the v —1i development of all tests with quartz grain addition.
The visualizations show that the filter cake formation can be clearly seen as a deviation from
the v — i curve without additives. The lowest percentage of quartz addition (Fig. CMC-
H 2.5 + Sxg 1) shows no marked filter cake formation. In fact, a clear vertical shift can be
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3. Laboratory experiments
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Figure 3.51.: Quartz sequence addition in 0.5/1.2 (CMC-H) and 3/5 (XAN): penetration be-

haviour (tw)
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Figure 3.52.: Variation of soil, polymer type and quartz additives: filter velocity with decreasing

gradient (1)

noted compared to CMC-H at double concentration, which can be attributed to viscosity effects
entirely. An increase of fines concentration to Sxg 5 already reduces the filter velocity, i.e. the
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Figure 3.53.: Variation of soil, polymer type and quartz additives: filter velocity with decreasing
gradient (2)

residual filter permeability, to around 0.5 — 1-107% 1/s stabilizing at 1-107% 1/s. That is, even
though the filter cake is not perfectly formed, it does not destabilize over time, it merely stabilizes
at a higher residual filter cake permeability. Higher fines concentrations result in filter velocities
stabilizing at at least one decimal power lower and in some cases even decreasing further over
time. This colmation effect can also be reached in gravel.

Pressure relationships

Colmation is also clearly visible in the development of the pore pressure transfer to the ground,
as can be seen in Fig. 3.543.55] In all cases, the effect of colmation manifests immediately at
the earth wall and not, as could be suspected, along the full penetration depth.

Even Sxs 1 g/l (Fig. shows a starting colmation after approximately 40-50 cm of
penetration depth, despite no marked changes for the penetration behaviour. This results in a
pressure drop of approximately 30 % at 90 cm of penetration depth increasing slightly further
with increasing penetration.

In every case, Apmobwan successively increases once the colmation takes effect on the pressure
development. Thus remaining pressure curvature behind the colmating zone for CMC-H 2.5 +
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Figure 3.54.: 0/2 mm — quartz addition — CMC-H/XAN: development of (p — pw)/Ap along the

soil depth at Ap ~

0.15 bar

Sxg 1 is still moderately non-linear and is suspected to be similar in the other cases. Owing to
the low penetration depths in the other cases, the actual curvature cannot be determined.

With 5 g/l of quartz powder, the main colmation process happens around 13-20 cm starting
at around 60 % of pressure drop and quickly reaching full pressure transfer at the earth wall.
The subsequent increase in filter cake permeability observed previously results in an additional
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3.3. Results: vertical penetration — large scale (V-L)

1 — 1 - T
= 08} 1 = 08} ]
Q, f Q, H
ﬂ 0.6 w 1 . ﬂ 0.6 fui: P S
— Wil Apmob,u:all(s =121 CHI) — Wi i Apmobﬂvall(s =26 Cm)
= 04k 4 = Lo Lo
Se H—.?._?____'__ . e
L N N
- 0 B R NINNIEES o et L] B
| | | |
0 20 40 60 80
Distance x from sensor Sp |cm)] Distance x from sensor Sp |cm]
(a) 1AN-S 1.50 + Sgx 20 (b) 1AN-H 0.75 + Sgx 20
1+——— — 1 — T
o085 = 08 .
ST o SY 14
ﬂ 0.6 fwi ﬂ 0.6 i |
— W Apmob.wall(s =121 Cm) — ! A[}mob,wall(s =121 Cm)
= 04 = 04n: -
S B S i
L& 0.2 | ;‘ 0.2 | *
- 0 *Hj'-'t::l—;z:zt::::'::i::::::::'"“"-k - 0 J-Er++—-+—--—|—-+ —————— T ]
| | | | | | | |
0 20 40 60 80 0 20 40 60 80

Distance z from sensor S¢ [cm)] Distance x from sensor S [cm)|

(¢) 2CMC-H 5 + Sxg/s 2x10 in 0.5/1.2 (d) 2XAN 2.5 + Sxg/¢ 4x40 in 3/5

Figure 3.55.: Development of (p — pw ) /Ap along the soil depth at Ap ~ 0.15 bar (tw) (2)

20-30 cm of penetration depth, but manifests only as a slight decrease of the mobilized pressure
at the interface within a time period of 30 hrs down to 98 % (marked in blue).

An increase in fines concentration to 10 g/l already results in a full pressure transfer at the
earth wall even below 10 cm of penetration. The same effect or faster can be observed with
CMC-H 5 and XAN 2.50 at higher quartz concentration and soil permeability (Fig. &
Fig. . The long-chain polymer AN-H (Fig. needs a higher level of penetration
depth to fully form the colmation zone. With the first 10 cm of penetration 70 % of Ap are
transferred between the first two sensors and 95 % around 20 cm of penetration.

Fig. show the dependency of the earth wall pressure gradient (Eq. on time,
displayed over the first 30 min of penetration (left) and over a maximum time span of 72 hrs
(right). The red and black dashed lines show man/max values. The red line represents the
critical reference line for 50 kN /m3, the black line shows the maximum possible pressure gradient
at Ap = 0.15 bar based on Eq.[3.2] It can be seen that the maximum level is reached eventually
with all tests (except with Sxyg 1) with only marginal deviations over time when this level is
reached. This reflects full pressure transfer at the earth wall.

Like the penetration behaviour, the development of fs e With loaded fines initially follows
the development of the curves of the same polymer at equal polymer concentration without
fines, until the colmation process takes effect. An increase in the amount of fines then leads to
an earlier deviation. With the polymers of natural origin, fso waii,maz is reached within 5-20 min
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Figure 3.56.: 0/2 — quartz addition — time dependency of pressure-gradient at Ap = 0.15 bar (1)

in sand and instantly in gravel depending on the amount of fines and the penetration rate. AN-S
behaves similarly. AN-H and ANmix take significantly longer, as was already observed in the
context of pressure curvature development. This cannot be attributed to the penetration rate as
‘clean’” XAN 2.50 and CMC-H 5 penetrate significantly slower than AN-H 0.75 or ANmix 0.75.
Consequently, fso wall,min (at around 5-7 min for AN-H) reaches a comparably lower value than
the respective minimum reached with CMC-H or XAN with the same added amount of additives.

However, in general, it is evident that the minimum earth wall gradient fso wai,min in all cases
stays significantly above the critical level. Even a small amount as low as Sxs = 1 g/l with
CMC-H 2.50 already results in a sufficiently high level of fs0 wair,min above 100 kN/m3. This
shows that even a very small amount of fines taken up by the support fluid from the native
ground can significantly increase the stability against the removal of grains from the earth wall
in medium sand (Fig. . In gravel, colmation happens so fast that no drop in fs yaeu can
be measured.

It can be concluded that micro stability is not critical in all tested environments with added
fines, even when considering an additional safety factor of 2. Long stand-up times do not
markedly change the safety level, even though the filter cake needs to be stabilized vertically
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3.3. Results: vertical penetration — large scale (V-L)
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Figure 3.57.: Time dependency of pressure-gradient at Ap = 0.15 bar (2)

in this testing device. This suggests that the colmated fines are fixed in the filter cake and do
not easily settle. Only the test with Sxg = 5 g/l showed a small destabilizing effect after some
hours, but the effect is seemingly insignificant with respect to the reached level of fso waii-

For macro stability, the development of Appob waii (= PF—Ps1 = fs0,wail - dref) With increasing
penetration depth is essential for an evaluation of total mobilizable pressure, as ppobwan 2150
dictates the percentage of pressure transferred behind the colmation zone. Fig. show
a comparison of the development of the normalized mobilized earth wall pressure with the de-
velopment of the filter velocity with increasing penetration depth. The figures reveal that the
relevant penetration depths determining the development of py,opwan coincide with the areas of
deviation of vpgrey- In particular, the critical penetration depth, at which the mobilized pressure
at the earth wall reaches its minimum Apy,op wall,min, i-¢. Where colmation starts to take effect,
matches relatively well the start of deviation of the v — 4 curve with fines from the curve without
fines (if the first 1-2 cm of penetration are ignored). Full pressure mobilization is reached around
UDarey ~ 1 - 1077 m/s, i.e. with a decrease in permeability of several decimal powers.

The decisive parameters s..; 1 for the start of colmation and s.2 for the completion of
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Figure 3.58.: 0/2 — quartz addition — CMC-H/XAN: Appobwall VS. UDarey at Ap = 0.15 bar

membrane formation are summarized in Tab. 3.7 for all tests with quartz mineral addition. It can
be noted that the minimum mobilizable earth wall pressure Apy,op wali,crit,1 at a penetration depth
Serit,1 exceeds 0.5Ap in all cases except for the lowest quartz concentration and gravel. Evaluation
of s¢rit2 emphasizes that XAN and CMC-H are more suitable for the usage of colmation effects
with quartz grains than AN-H.

Stability evaluation can be based on these characteristic limit values (with consideration of a
certain variation factor due to the limited repetition) as they reflect both the minimum mobi-
lizable earth wall pressure and the maximum reference level for full pressure mobilization. This
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Figure 3.59.: 0/2 — 0.5/1.2 = 3/5: Appmobwait VS. vparcy at Ap = 0.15 bar

will be closer evaluated in section [4.11

(b) 2CMC-H tw in 0.5/1.2 mm vs. 3XAN tw in
3/5 mm

A further increase in pressure after several hours showed that membrane behaviour is equally
effective at overpressure levels between 0.3 bar and 0.7 bar. Fig. shows two examples.

In the context of further evaluation with small-scale tests (V-S), it can be assumed that
the colmation effects encountered here can also be studied by means of small soil fractions as
colmation happens at the earth wall.
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Table 3.7.: Characteristic values for pressure-penetration relationships with quartz mineral grain
addition and full membrane formation

F]_uld Addltlve SOl]_ SCTit,l Apmob,z;ll,crit,l Scrit72 Apmob,x;ll,critﬂ
[mm| — [cm] -l |cmn] [l
oCMC-I1 25tw  Sxg b 0/2 9 0.4 14 1
oCMC-H 25 tw  Sxg 10 0/2 3-6 0.63-0.68 6-10 1
1CMC-H 5 dw Sxs 20 0/2 2 0.87 4 1
1XAN 2.5 dw Sxs 20 0/2 3 0.77 7 1
1AN-S 1.5 dw Sxs 20 0/2 2 0.6 18 1
1AN-H 0.75 dw  Sxg 20 0/2 7 0.62 28 1
1ANmix 0.75 dw  Sxg 20 0/2 7 0.73 25 1
2CMC-H 5 tw Sxs/s 2x10  0.5/1.2 6 0.62 11 1
I XAN 2.5 tw Sxs/c 4x40  3/5 8 0.45 14 1
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Figure 3.60.: Quartz mineral additives — normalized pressure drop curvature at higher pressure
levels — examples

Filter cake formation

Fig. shows six representative pictures of the filter cakes formed with quartz mineral addition
within approximately 24 hrs. It is evident that the filter cakes formed with the polymers of
natural origin are thinner (max. 1 mm) than the cakes formed with AN-S or AN-H (a few mm).
The first row shows the effect of an increase of quartz powder concentration. It can be noted that
the filter cake thickness slightly increases. This explains the lower cake permeability and higher
stability with 10-20 g/l compared to only 5 g/l. The effect of an addition of a distribution of
quartz mineral fines can be seen in Fig. It matches the assumption of the colmation process
from Fig. 2.31] according to which the larger pores are blocked successively first by the larger
fractions and successively decreasing to the last layer of quartz mineral grains. Appendix
shows additional pictures of filter cakes.

The generally small filter cake thickness can be explained by an effective colmation combined
with viscosity and solution stability effects. As long as the polymer solution is relatively stable,
it does not easily release water for filtration. The high viscosity in the environment of the small
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3.3. Results: vertical penetration — large scale (V-L)

pores created through the colmation process creates a low permeability. At low flow velocities,
the settling velocity of the fines surpasses the inflow velocity, so the grains settle instead of
accumulating at the cake, especially with upwards flow. Filter cake formation and stability will
further be discussed in sections [3:5] & [3-6] where fluid-soil contact is direct and horizontal.

(a) CMC-H 2.5 +Sxg 5 (b) CMC-H 2.5 +Sxs 10

4 L] 1
(c) CMC-H 5 + Sxg 20 (d) AN-S 1.5 +Sxg 20

(e) AN-H 0.75 + Sxg 20 (f) XAN 2.5 + Sxg/¢ 4x40

Figure 3.61.: Filter cakes with quartz mineral additives
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3. Laboratory experiments

3.3.5. Addition of bentonite suspension

The pressure-penetration relationships with the addition of bentonite suspension were analysed
exemplarily for CMC-H 5 in comparison to AN-H 0.75 / ANmix 0.75 to emphasize the very
different effect this type of addition can have. Fig. 3.:20] showed a clear flock-formation with
AN-H and ANmix, but not in CMC-H. Therefore, CMC-H is tested with the finer sand material
(0/2 mm) and the AN products are tested in coarse sand (0.5/1.2 mm).

Fig. shows a possible filter cake formation for CMC-H vs. AN-H and a visualization of
the differences in solution. The first picture for AN-H is taken during penetration. It can be
seen that the bentonite suspension flocks orient according to the direction of flow when passing
through the granular filter. After 24 hr, no clear cake can be seen, but instead a certain blur
indicating that bentonite flocks have filtered. No visible effect can be seen for CMC-H. The
solution mix does not indicate any flocks and no agglomeration of bentonite is visible.

(a) AN-H 0.75 + B 5

(b) CMC-H 2.5 +B 5

Figure 3.62.: Filter cakes with bentonite suspension addition

10_3 = T T 1 17 \‘ T UL \‘ —!E
B £z
E 80 |- M++_'_++_-|—-+:f » B +4.#¢’;?‘ ]
= I 1077 1 W E
5 +.|zl“"+ . B o i
= 60| = : - i Q
= b S 10 8 * ‘f‘. E
% ** — = 5- :
2 #-0/2,CMC-H25 + B5 > i i :
s 40p Frr0.5/12 AN-H 0.75 + B5 | S 100} #f-' .
§ ¢ -+-0.5/1.2 3ANmix 0.75 + B 5 = B % -af i
g U SRR S e R |
g 20 eteirt - 10 8 +i E
ol & i
1078 Loyl Ll
i i i i 0 1 2
OO 5} 10 15 20 10 10 dh(t) 10
Time ¢ [hr] Gradient i = 0] ]

118

(a) Penetration depth

(b) Filter velocity

Figure 3.63.: Bentonite suspension as additive — penetration behaviour
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Figure 3.64.: 0/2 — 0.5/1.1 — addition of bentonite suspension— CMC-H/AN-H: development of
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Figure 3.65.: Addition of bentonite suspension — CMC-H/AN-H/ANmix: time dependency of
the earth wall pressure gradient at Ap = 0.15 bar

Fig. gives an overview on the penetration behaviour of the three tested products. It can
be seen that the fluids with the synthetic long-chain polymers stagnate relatively quickly and at
a similar level. The CMC-H mix penetrates relatively far, but eventually also shows a certain
degree of stagnation.

Fig.[3.64]shows the related pressure drop development for CMC-H+B and AN-H as a represen-
tative for AN-H/ANmix. In accordance with the penetration behaviour, pressure drops relatively
quickly for AN-H 0.75 + B 5. With CMC-H, viscous flow seems to proceed until around 40-50 cm
of penetration. Then an increased pressure transfer starts to form at the earth wall. However,
between 60-90 cm of penetration depth, this pressure drop is formed not between the first two
sensors, but between sensors S1 and Sy in sand. The filter cake formation apparently stretches
along a broader area behind the earth wall. Nonetheless, still a considerable pressure drop of
over 70 % is noticeable at a penetration depth of approximately 90 cm.
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This effect is further illustrated in Fig. which shows the development of the earth wall
pressure gradient over time. An earth wall gradient calculated based on the mobilized pressure
between Sp and S is also displayed for comparison for the CMC-H mix (d,ef,g2 = 4.1 cm). Tt
can be observed that fso wau drops continuously for the CMC-H mix over the first approximately
5 hr while the mixes with the synthetic polymers show a relatively quick increase due to the

filter cake formation.

Fig. shows a comparison of mobilized earth wall pressure and filter velocity for the three
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3.3. Results: vertical penetration — large scale (V-L)

Table 3.8.: Characteristic values for pressure-penetration relationships with bentonite suspension
addition and membrane formation

Fluld Addltlve SOll Scrit,l Apmob,z;ll,criml scrityQ Apmob,z;ll,crit@
[mm|  |cm] -] |cmm] -]
5bAN-H 0.75tw  B5 0.5/1.2 7 0.55 25 0.96
1ANmix 0.75 tw B 5 0.5/1.2 5 0.64 25 1
1 T I 1 T {
. 0.15 bar . 0.15 bar
— \ -+- 0.3 bar — \ -+- 0.3 bar
<&] ': -+- 0.5 bar <Q] :. -+- 0.5 bar
= 05 i -+~ 0.7 bar | = 05 [ -+~ 0.7 bar
= 1 = "
o8 1 o8 n
| \ | H++- g
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(a) 2AN-H 0.75 + B 5 tw (b) 1 ANmix 0.75 tw

Figure 3.67.: Bentonite suspension addition with AN — normalized pressure drop curvature at
higher pressure levels

tests. For AN-H and ANmix with bentonite flocks, the same behaviour as found before with
quartz mineral addition can again be observed. Characteristic deviations in the filter velocity
development can be linked to changes in the mobilized earth wall pressure. Maximum pressure
mobilization is reached when the filter velocity drops several decimal powers and reaches a value
of approximately 1-1077 m/s. This amounts to 96-100 %. Tab. summarizes the results
accordingly. A subsequent stepwise increase of the overpressure level (Fig. showed that the
created earth wall filter cakes are stable until 0.5 bar.

For CMC-H, it is clearly visible that the addition of bentonite grains has a favourable effect
on the penetration behaviour of CMC-H. However, filter cake formation does not seem stable
at a reliable level in this test, so conclusions cannot safely be drawn. In any case, the effect
of bentonite addition is less effective by far compared to an addition of quartz powder at the
same concentration. This can probably be related to the good miscibility of CMC-H solutions
with bentonite suspensions. The mix is relatively homogeneous, so it is likely that the bentonite
grains mainly work as grains. With their smaller size compared to quartz grains, they are
understandably less effective.

For AN-H solutions, however, adding bentonite suspensions into solution seems a more effective
method than the addition of quartz grains. It can be easily mixed, it can even be mixed directly
in hole (as has already been performed on construction sites). The addition of quartz grains to
AN solutions of high molecular weight is significantly more difficult in comparison.
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3. Laboratory experiments

3.3.6. Addition of polymeric grains

The tests with polymeric grains displayed here represent the first tests performed with this ma-
terial (with a 1-element column), so they do not reflect the best combinations of concentrations.
They are still displayed here to highlight the general behaviour with these grains. A broader
investigation on the addition of polymeric grains is given in section

The three tests comprise one test with a relatively viscous fluid (ANmix 0.75) in coarse sand
and two tests in gravel with the low-molecular AN representative AN-S 1.5. The small polymeric
fraction Pg was used for the coarse sand material at a concentration of 1 g/l, which can be
considered relatively high as elaborated in section The two tests in gravel were performed
with two different combinations of polymeric grain fractions.

Fig. [3.6843.70] & [3.66D] and Tab. summarize the results for penetration and pressure rela-
tionships.

In particular, it can be seen that stagnation and full pressure mobilization immediately at the
earth wall occurs in all cases, but at significantly different penetration levels. In coarse sand,
a penetration level similar to the equivalent test with bentonite flocks is reached. The grain
sizes and quantities chosen for gravel do not create reasonable maximum penetration depths and
filtration rates at low levels yet. These polymeric grains are deformable to a certain extent,
so it could be assumed that they are able to block certain pores more effectively than quartz
grains. Apparently though, this effect is not pronounced enough for an aqueous grain of medium
size (Pas) to fully block the gravel pores for filtration of the dissolved low-molecular weight AN
with relatively low viscosity values. It can be assumed that a range of grains also containing a
significant amount of smaller fractions prove more effective in this context (section [3.5). The
amount of 0.1 g/1 used for the first AN-S test does not suffice.

An increase in overpressure levels was only performed for one test, which showed stability
for all tested levels (Fig. [3.70). But it can be assumed that the result is transferable to other
applications with hydrogel addition as the type of grain does not change and this concerns the
general stability towards pressure of the aqueous grain.
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Figure 3.68.: Hydrogels as additive — penetration behaviour
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3.3. Results: vertical penetration — large scale (V-L)

It can be concluded that aqueous grains are generally usable as pore blockers for coarser
material. (The tested range cannot be used for finer material as no fine polymeric grains could
be obtained). It cannot be guaranteed, however, that they are as effective as rough quartz
mineral grains in penetrating into the ground without the favourable conditions encountered in
this device due to the slippery surface of the grains. Therefore, particular focus will be laid on
polymeric grains with regard to horizontal penetration tests (section (3.5)).
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Figure 3.70.: AN-H 0.75 + Ps 1 — normalized pressure drop curvature at higher pressure levels

Table 3.9.: Characteristic values for pressure-penetration relationships with polymeric grain ad-
dition and membrane formation

Fhlld Addltlve SOll scrit7]_ Apmob,x;ll,crit,l Sc’rit72 Apmob,z;ll,crit,?
[mm] — [cm] [l [cm] [
JAN-S 150 tw  Pg/pr 0.1/0.5 5/8 5 0.61 85 1
1AN-S 1.50 tw Pyl 5/8 20 0.80 35 0.96
1ANmix 0.75 tw  Pg 1 0.5/1.2 1 0.75 25 0.97
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3. Laboratory experiments

3.4. Results: vertical penetration — small scale (V-S)

3.4.1. General

The following subsections summarize parameter studies performed by means of small-scale tests
(V-L) in order to

m determine characteristic grain diameters dyvisc which can be related to this flow behaviour
as equivalent values for pore sizes (in the sense of dyo for bentonite suspensions),

m analyse the flow behaviour of viscous base polymers in different porous environments,

m analyse combinations of soils and granular additives with regard to maximum penetration
depths,

m determine characteristic grain diameters d,cfqqq as a reference for the choice of adequate
size fractions and amounts of granular additives for effective colmation,

m conclude suitability matrices as a basis for quantification of related characteristic penetration
depths scri¢,1 and especially scp4t.2.

If not otherwise stated, the tests were generally performed at Ap = 0.15 bar to be relatable
to V-L testing. Due to the narrow size of the testing device, soil pluviation resulted in a slightly
higher porosity than with V-L tests (n = 0.39), which is taken into account during comparison.

The tests without granular additive addition comprise a total of 55 tests performed as down-
wards flow tests to create direct contact between fluid and soil (Fig. [3.2a]). A total of 77 upwards
flow tests were performed with variation of granular additives (Fig. [3.2b]). These tests focus on
a variation of

m polymer types: mainly CMC-H, XAN, AN-H and AN-S at both concentrations
m granular additives: quartz mineral sequences vs. bentonite suspension

3.4.2. Soil classification for viscous flow

In order to classify the grain size distributions (GSD) used in the large-scale tests (V-L) within
the soil fraction diameter ranges tested in this section (V-S), the V-L and the V-S tests without
additives are compared with respect to their filter velocities at similar gradients. The V-L
gradient iy _j, = Ah(t)/s(t) decreases with increasing penetration at relatively constant pressure
level (h(t) ~ const.). The V-S tests are performed at the same pressure level, but with a
smaller soil sample length (Ly_g =5 c¢cim — iy_g = const.). The behaviour should therefore be
equivalent at approximately 4-6 cm of penetration depth.

Fig. display a comparison of the penetration rates differentiated by polymer type
and polymer concentration. Each coloured cross marks the filter velocity obtained from one V-S
test with downwards flow at Ap = 0.15 bar at approximately full soil penetration (s = 5 cm
— i =~ 30) ordered with respect to the mean diameters dy,eqn Of the penetrated soil fractions.
The horizontal lines show the filter velocities obtained from V-L tests at similar gradient and
adapted by taking into account porosity differences between V-S and V-L. It can be noted that
the two V-L tests with finer grained soil (0.125/0.355 mm) match the lower boundary of the
similar 0.125/0.25 mm soil fraction relatively well.

Based on comparison of the points of intersection of the V-S trends (marked in gray) and
the V-L reference lines (black), it can be seen that dpeqan = 0.33 mm represents a reasonable
reference value for all tests with 0/2 mm sand and CMC-H, XAN and AN-S, which reflects the
dsg value of the soil. The permeation behaviour for AH-H seems to be more closely related
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Figure 3.71.: CMC-H/XAN: V-S filter velocity along GSD at ca. 5 cm penetration depth with
V-L classification
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Figure 3.72.: AN-S/AN-H: V-S filter velocity along GSD at ca. 5 cm penetration depth with
V-L classification

to dsp = 0.45 mm. Polymer concentration or solvent type do not seem to have a pronounced
influence on this relation.
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Figure 3.73.: Development of the filter velocity with progressing penetration at Ap = 0.15 bar
for differing soil fractions

3.4.3. Viscous flow and micro-colmation at soil fractions

Fig. compares the development of the curves shown in the previous section with progressing
penetration (from light gray to black) at Ap = 0.15 bar and constant gradient (maximum volume
used: 2 L, gradient i ~ 30). It therefore illustrates effects of micro-colmation at the earth wall.
In accordance with the observations from V-L testing, these results show largely differing degrees
of decreases in filter velocity, especially in finer soil fractions. The behaviour can be summarized
as follows:

XAN >>>> CMC-H >> AN-H > AN-S.
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3.4. Results: vertical penetration — small scale (V-S)

For AN-S, no change in filter velocities is visible for the whole tested soil range, a very slight
change can be noted for the higher concentration. AN-H shows a small decrease with progressing
penetration in fine sand (0.125/0.355). CMC-H shows a more pronounced decrease in fine sand
and moderate effects in coarser material. In contrast, XAN exhibits a significant decrease in filter
velocity with progressing penetration. This micro-colmation effect increases with decreasing soil
grain diameter (i.e. pore size). In 1.6/2 mm soil, the effect can be considered negligible. At
maximum level, it reaches over one decimal power for the higher polymer concentration in fine
sand. The last (darkest) points mark 20 cm of equivalent penetration depth seq = > V/(A-n)
with >V the cumulated outflow volume and A and n soil cross section and porosity, respectively
El

Aside from micro-colmation, Fig. shows that the filter velocities related to their respective
porous environment (equivalent to dyeqn) decrease faster with CMC-H and XAN with decreasing
soil grain size compared to AN. A change in concentration and molecular weight leads to a
vertical shift of the connected curve. It is therefore likely and conclusive that this effect can be
related to the size of the respective polymer chains. XAN has the most complex structure, i.e.
thickest backbone, followed by CMC-H. AN chains are comparably thin. The difference between
CMC-H and XAN is probably also enhanced by their differing viscosity values. In this case,
micro-colmation reduces the effective pore size available for flow and flow rates will consequently
reduce faster with XAN owing to its higher viscosity.

It is unclear whether these large reductions in filter velocity found with XAN in fine sand can be
related to a significant amount of pressure drop at the earth wall. It is clearly a factor explaining
the increased drop in pressure observed for XAN (and to a certain extent for CMC-H) already
in medium grained sand. However, in any case, these results can be used as an indicator for
estimated penetration rates in different soil conditions. As these tests are performed at constant
gradient, it can be assumed that they can be transferred to higher overpressure conditions as
well. In real conditions, exemplarily, ¢ ~ 30 and s = 20 cm would reflect an overpressure level of
Ap = 0.6 bar (resp. AH = 6 m hydrostatic difference between support fluid and groundwater
head).

3.4.4. Colmation with quartz grains or bentonite suspension at soil fractions

Fig. show the development of the filter velocity vpgrey With increasing equivalent pen-
etration depth s, differentiated by polymer type, polymer concentration and type of additive.
The tested soil fractions are marked by colour:

0.125/0.25 orange 1.6/2 red
0.4/0.5 green 2.8/4 olive
0.71/1 blue 5.6/6.3 lilac

The main additive and soil variation was performed based on CMC-H, XAN and AN-H. The
influence of molecular weight (AN-H/-M/-S) and anionicity (AN-H/AN-M/AN-MH) was per-
formed with 0.71/1 mm as reference soil. The addition of bentonite suspension was tested with

8The equivalent penetration s., term will be also used in the following subsections as it is considered easier to
relate to as the cumulated outflow mass ) = or outflow volume },,. At 5 cm soil sample depth, > ,, = W
(Vo = n -V total pore volume) and s, = s. It can therefore be considered as an extrapolated penetration depth
at constant gradient. Hence, the actual penetration depth s into ground of larger depth is lower at the same
pressure level, because then the gradient depends on the penetration depth. For the determination of critical
depths scrit,1/Scrit,2 with colmation, the results should be comparable as the penetration depth depends mainly
upon the penetrated volume and fines concentration and not on the pressure level.
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3. Laboratory experiments

CMC-H and the AN range. Appendix shows a selection of filter cake pictures from the
performed tests.

For the first four soils, the development of the filter velocity without the addition of fines from
upwards flow testing is plotted as a solid line without marks if available. It can be seen in all
cases that penetration with fines starts at similar flow rate levels. This verifies the comparability
of upwards and downwards flow and is in accordance with the flow behaviour observed during
V-L testing.

With regard to quartz mineral addition, it can be observed that polymer support fluids based
on CMC-H (Fig. [3.74a] [3.74b]| [3.74d) and XAN (Fig. are able to form stable filter cakes in
all tested soils. In this respect, the level of stagnation varies with varying additive concentration
and choice of the maximum additive diameter. Two tests at higher overpressure level performed
exemplarily with CMC-H (Fig. show that the start of deviation from viscous flow as well
as the stagnation level do not depend upon the overpressure level.

With CMC-H, it can be observed that stagnation can be reached with relatively small amounts
of quartz powder even in coarse sand (0.71/1, blue). This effect is possibly attributed to the
CMC-H chains enlarging the effective grain size of the powder, more pronounced at larger polymer
concentration. This would explain that doubling the polymer concentration leads to a halving
of the equivalent penetration depth from 80 cm to 40 cm. With increasing soil grain diameter,
larger additive sizes reduce the penetration depth. With the example of 1.6/2 mm soil (red) and
CMC-H 5 (Fig. it can be seen that neither only Sxg nor Sg alone work sufficiently well
in forming stagnation. Only in combination a stagnation can be reached. This underlines the
importance of a grain size distribution from larger fractions down to quartz powder for a filter
cake to be formed.

With a significant increase in the total amount of fines and an adequate grain size distribution
(equal amounts of each fraction), even 5.6/6.3 mm gravel (lilac) can be stabilized. In the tested
cases, 4r80 = 320 g/1 were used, which reflects a fluid density as high as 1.2 g/cm3, resulting in an
equivalent penetration depth of 50 cm. This depth, however, cannot immediately be transferred.
The estimated penetration depth should be considerably lower. The large (and reproducible)
penetration depths measured here are significantly influenced by wall effects due to the small
diameter of the testing device (4 cm). It is assumed that the penetration depths are reflected
adequately for the four finer soils (d < 2 mm) as the formed filter cakes were relatively even
compared to the filter cakes formed in the two coarsest materials.

The addition of bentonite suspension with CMC-H (Fig. seems moderately effective for
fine sandﬂ However, it still creates a significantly larger penetration depth than quartz addition.

For XAN, similar conclusions can be drawn as compared to CMC-H. With respect to appli-
cable additive sizes and related penetration depths, certain differences can be found. In fine
sand, penetration depths seem comparable, they are probably not largely influenced by polymer
concentration. The penetration depth in the medium sand fraction (green) is slightly lower with
XAN 1.5 than with CMC-H 2.5 despite equal additive type and concentration. In coarse sand
(blue), on the other hand, the penetration depth with quartz powder and higher XAN concen-
tration matches the penetration depth of the lower CMC-H concentration, i.e. they show the
same penetration depth at the same polymer concentration. In gravel, CMC-H 5 and XAN 2.50
can again be matched as the penetration depth here largely depends on the carrying capacity of
the solutions with respect to the additives.

9An increase in bentonite concentration towards 10-20 g/l already changes the overall behaviour of the fluid
towards a modified bentonite suspension. For these suspensions, significantly lower amounts of CMC-H are
necessary.
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3.4. Results: vertical penetration — small scale (V-S)
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3.4. Results: vertical penetration — small scale (V-S)

In contrast to CMC-H and XAN, AN-H (Fig. - visibly only functions well with
quartz powder addition (Sxg). If a larger fraction (Sg) is introduced into the mix for coarse
sand (blue), no improvement can be observed, rather the opposite. Even though the fluid can
technically carry Sg relatively well, it apparently does not release this group of granular material
to a sufficient extent to be available for colmation. AN-S (Fig. shows no improvement
with the addition of larger additives either, but this can be related more to the lower carrying
capacity of the solution, which results in less granular additives reaching the soil surface.

When comparing the influence of different molecular weights with pure quartz powder addi-
tion in coarse sand, it can be observed that slightly better results can be achieved with high
and low molecular weight than with medium molecular weight (AN-M), though with a certain
uncertainty with respect to the tolerance of the results. It could, however, be rationalised by
the observation that it is relatively similarly difficult to disperse the quartz grains in AN-H and
AN-M as compared to AN-S, but the carrying capacity of AN-H is superior to AN-M and the
availability of grains for colmation is superior for AN-S. The influence of anionicity (AN-M vs.
AN-MH) is tested by means of one example (Fig. B.76¢). This suggests that an increase in
anionicity improves the colmation behaviour.

Overall, it can be concluded for these synthetic polymers that sequence addition of different
sizes of quartz grains in order to reduce the penetration depth is not applicable. The application
of quartz mineral grains is possible, but is less effective with AN than with XAN or CMC-H.

The addition of bentonite suspension (Fig. , on the other hand, proves very effective. It
reaches its limits with AN of high molecular weight in coarse sand, no stagnation can be observed
in 1.6/2 mm sand. A combination of quartz grains and bentonite suspension (Fig. does
not markedly influence this mix. This is plausible as the grains are still not easily provided
by the solution. However, the functionality of this polymer-bentonite mix highly depends upon
the polymer chain length. It takes no effect with AN-S, works moderately well with AN-M
and successfully with AN-H and ANmix. It does not seem to be controlled by concentration as
tests with 0.75 g/1 and 0.375 g/1 show the same results (Fig. [3.77a)). However, tests at different
pressure levels show moderately larger penetration depths.

A modification of the mixing water was additionally performed to study its effect on the
formation of these bentonite flocks. 1 g/l of NagCO3 (25 %) was added to the mixing water to
increase pH level to 10. No effect was observed for AN-H, but a significant effect was noted for
AN-M. The AN-M curves already show a large variance with no clear stagnation level. Only
a higher degree of anionicity (AN-MH) seems to show a stable stagnation level. Modifying the
mixing water seemed to significantly impact the effectiveness of the formed flocks. Moreover,
the addition of NaOH (equally resulting in pH 10 of the mixing water) was tested at the same
concentration. It can be seen that this, too, probably even to a larger degree, affects the formation
of these flocks. The hydroxy groups (OH™) chemically degrade the polymer chain to a certain
extent, making it nearly as ineffective as AN-S with respect to the formation of these flocks. This
displays that the usage of this bentonite flocking effect needs to be closely controlled if used,
especially with synthetic polymers at medium chain length.

Altogether, this parameter study on soil fractions shows that the penetration behaviour up to
gravel can be largely influenced by granular additives. With the two polymers of natural origin,
quartz mineral grains have proven to be effective in creating stagnation if adequately fitted with
respect to concentration and size distribution to the relevant soil fraction. As the filter cakes
are relatively thin, it is unclear how stable these cakes are towards agitation from the excavation
tool. Filter cakes with finer soil are probably less sensitive to movement as they are stabilized
by polymer chains to a certain extent (micro-colmation, adsorption, etc.).
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3.4. Results: vertical penetration — small scale (V-S)
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Figure 3.77.: Penetration development of AN range / ANmix (tw) with bentonite suspension
addition

For AN polymers, quartz powder addition can be troublesome and is therefore mainly rec-
ommended at lower molecular weights, but it also functions at high molecular weights. The
higher molecular weight AN products function particularly well in combination with bentonite
suspensions at low concentration. In coarse sand, high molecular weight AN polymers need to
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3. Laboratory experiments

be applied. Care must be taken with respect to the influence of the mixing water or similar.
For coarser soil fractions, AN polymers could to be complemented with polymeric grains. Their

effectiveness will be discussed in section 3.5

Tab. (V-S) summarize a selection of this test range with penetration depths below

1 m and stagnation.

Table 3.10.: CMC-H/XAN: characteristic values for penetration with stagnation with quartz

mineral or bentonite suspension addition (V-S test)

Fluid Additive Soil Serit,1 Serit,2
[mm] [cm)] [cm)]
CMC-H 2.50 tw  Sxg 20 0.125/0.25  1-2 3-4
CMC-H 250 tw B5 0.125/0.25 30 37
CMC-H 2.5 tw  Sxg 20 0.4/0.5 8 17
CMC-H 25 tw  Sxs 20 0.71/1 40 80
CMC-H 25 tw  Sxg/s 2x10 0.71/1 30 60-70
CMC-H 5 tw Sxg 20 0.71/1 10 35-40
CMC-H 5 tw Sxs/s 2x10 0.71/1 30 15
CMC-H 5 tw Sxs/s 2x10 1.6/2 35 75-80
CMC-H 5 tw Sxs/s/m/c 4x80  5.6/6.3 <509 <509
XAN 1.50 tw ~ Sxg 20 0.125/0.25  1-2 3-4
XAN 150 tw  Sxg 20 0.4/0.5 6 8-9
XAN 250 tw ~ Sxg 20 0.71/1 50 80
XAN 250 tw  Sxg/s/myq 4x10  2.8/4 <50 @ <55 %
XAN 250 tw  Sys/s/m/c 4x80  5.6/6.3 <259 <409

) overestimated

Table 3.11.: AN range: characteristic values for penetration with stagnation with quartz mineral

or bentonite suspension addition (V-S test)

Fluid Additive Soil Scrit,l  Scrit,2
[mm)| [cm)] [cm)]
AN-H 0.75 tw  Sxs20 0.125/025 5 18
AN-H 0.75 tw  Sxs 20  0.4/0.5 15 30
AN-H 1.5 tw Sxs 20  0.125/0.25 7 10
AN-H 0.375tw B5 0.71/1 10 279
AN-H0.75tw  B5 0.71/1 10 279
AN-H 1.5 tw Sxs 20 0.71/1 40 80
AN-MH 0.75 tw B5 0.71/1 25 60
AN-S 1.5 tw Sxs 20 0.71/1 40 80-95
ANmix 0.75 tw  B5 0.125/0.25 12 3-4 9
ANmix 0.75tw B 5 0.4/0.5 4 7

) at 0.15 bar
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3.4. Results: vertical penetration — small scale (V-S)

3.4.5. Soil and polymer classification for colmation

Section has shown that the flow behaviour of viscous base fluids in soil can be classified
with reference to the characteristic soil grain diameters dsg or dsp.

Based on a comparison of Tab. (V-S) and Tab. & Tab. (V-L) with Tab.

(soil), it can be concluded that this classification also matches colmation sufficiently well as the
following summary shows:

V-L: AN-H 0.75 dw + Sxs 20 0/2 (dso = 0.45): Serit,2 = 28 cm

VS: AN-H0.75 tw + Sxg 20 0.4/0.5: Serit,2 = 30 cm

V-L: AN-HO075tw +B5 0.5/1.2 (dso = 0.86):  Serit,2 = 25 cm

V-S: AN-HO0.75tw + B 5 0.71/1: Serit,2 = 27 cm

V-L: CMC-H 2.5 tw + Sxs 10 0/2 (d3o = 0.33): Serit2 = 6 — 10 cm
V-L: CMC-H5dw +Sxg 20 0/2 (dg() = 033) Serit,2 = 4 cm

V-S: CMC-H 2.5 tw + Sxg 20 0.125/0.25: Serit2 =3 —4 cm
V-S: CMC-H 2.5 tw + Sxg 20 0.4/0.5: Serit2 = 17 cm

V-L: CMC-H25tw +B5 0/2 (d3g = 0.33): Serit,2 ~ 100 — 120 cm
V-S: CMC-H25tw + B5 0.125/0.25: Serit,2 = 37 cm

V-S: CMC-H25tw + B5 0.4/0.5: Serit2 = 280 — 320 cm

In order to give an estimate on relations to the Terzaghi filter criteria (section [2.3.3)), the
following Tab. summarise the ratios from V-S testing with quartz mineral additives, which
were found to lead to stagnation with CMC-H or XAN. It can be seen that the stable ratio factor
named F' for mechanical filter stability can range significantly above 4-5, which is the respective
value for pure grain filtration. The difference can be probably attributed to enlarged effective
grain sizes through polymer adsorption.

Table 3.12.: Quartz additive matrix - CMC-H / XAN

Quartz mineral additive Stable ratios dpaz,add = dsoit/ F

Soil 0/0.125 0.125/0.25 0.4/0.5% 0.71/1% Fapplied

0.125/0.25 (X) - - - 5

0.4/0.5 X (X) - - 7-10

0.71/1 X (X) - - 5-20

1.6/2 X X (X) X/(X) 2-10

2.8/4 X X X (X) 7.5

5.6/6.3 X X X X 7.0

X necessary, (X) recommended, — not applicable
) Higher polymer dosage (5 g/1) recommended to ensure suspendability
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3. Laboratory experiments

3.5. Results: horizontal penetration — plane (H-P)

General

The following testing regime comprising 26 tests was chosen in order to evaluate the transfer-
ability from V-S and V-L towards horizontal flow with direct soil-fluid contact and related filter
cake formation.

With respect to mineral fines, a range of soils and quartz mineral sequences was tested for
the polymers of natural origin (mainly CMC-H as a representative). Variation with synthetic
base polymers comprised the comparison of quartz powder vs. bentonite suspension addition
exemplarily for AN-H/ANmix. Subsequently, the addition of different compositions of aqueous
grains was tested in varying ground conditions with CMC-H, AN-H/ANmix and AN-M. The
tested soils are coloured in accordance with Fig. (and with their closest representative soil
fractions used for V-S testing).

0/2 green | 3/5 olive
0.5/1.2 Dblue | 3/8 cyan (50% 3/5, 50% 5/8)
1/3 red 5/8 lilac

Penetration behaviour

Fig. show the development of the cumulated outflow over time. In this respect, 4000 g
represent approximately 29 cm of penetration depth based on average calculation.

Concerning the addition of mineral additives (Fig. [3.78)), it can be noted that the penetration
behaviour matches the behaviour found with V-S and V-L testing very well. A quantitative
comparison is given in Tab. The average penetration depths obtained with bentonite
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Figure 3.78.: Plane model penetration test with mineral load (tw)
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3.5. Results: horizontal penetration — plane (H-P)

Table 3.13.: H-P vs. V-L: Maximum penetration depths with mineral additives

Testing device Soil Fluid Smaz |c]
V-L 0/2 1CMC-H 5 dw + Sxg 20 4

H-P 0/2 oCMC-H 5 tw + Sxg 20 4-4.5 (545-620 g)
V-L 05/12 oCMC-H 5 tw + st/s 2x10 11

H-P 0.5/1.2 5CMC-H 5 tw + Sxg/s 2x10 11 (1580 g)
V-L 3/5 oXAN 2.5 tw + SXS/G 4x40 14

H-P 3/5 2XAN 2.5 tw + Syg/q 440 16 (2185 g)
H-P 3/5 2CMC-H 5 tw + Syg/c 4x40 115 (1585 g)
V-L 0/2 1AN-H 0.75 dw + Sxg 20 28

H-r 0/2 2AN-H 0.75 tw + Sxg 20 25 (3470 g)
VL 0/2  1ANmix 0.75 dw + Sxs 20 25

H-P 0/2 1ANmix 0.75 dw + Sxg 20 28 (3810 g)
V-L 0.5/1.2 2AN-H0.75 tw + B 5 25

H-P 0.5/1.2 2AN-H0.75tw + B5 10 (1360 g)
V-L 0.5/1.2 1ANmix 0.75 tw + B 5 25

H-P 0.5/1.2 1ANmix 0.75 tw + B 5 9 (1255 g)

Table 3.14.: H-P vs. V-L: Maximum penetration depths with aqueous grains

Testing device  Soil Fluid Smaz [cm]
V-L 0.5/1.2 1ANmix 0.75 tw + Pg 1 22

H-P 0.5/1.2 1ANmix 0.75 tw + Pg 1 9 (1180 g)
H-P 0.5/1.2 JAN-M 0.75 tw + Pg 1 21 (2885 g)
V-L 5/8 2AN-S 1.5 tw + Py 1 80

H-P 5/8 JAN-H 0.5 tw + Py 0.8 112 (15.4 kg)

suspension addition are even below what was tested in V-L. This can possibly be explained by the
low overpressure applied with this device (0.025 bar). In addition and to underline the findings
from V-S testing, one test with CMC-H 5 in coarse sand (0.5/1.2 mm) was performed with a
quartz sequence addition (Sxg/g) vs. only sandy grains (Sg) at cumulated same concentration.
The results displayed in Fig. clearly show the importance of the smaller grain fraction
(or more generally of grain sequences from a maximum required grain size to quartz powder)
in adequately sealing the earth wall. No stagnation could be measured by only applying Sg =
0.125/0.25 mm.

Aqueous grain addition covered a broader range of variation (Fig. [3.79) with coarse sand to
gravel. Tab. gives a comparison of V-L vs. H-P testing with relatable mixes. It can be
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Figure 3.79.: Plane model penetration test with SAP load (tw)

seen that the V-L tests generally seem to produce higher penetration depths in combination
with the synthetic base polymers. It is likely that this, too, is mainly related to the significant
overpressure difference. It can be rationalized that the rough surfaces of the mineral grains are
more easily trapped at the earth wall for colmation. In contrast, aqueous bentonite flocks or
aqueous polymeric grains may ‘slip away’ more easily at higher pressure level. This ‘slippery’
effect is also visible with uncharacteristic deviations of certain curves in Fig. They were
created by refilling of the fluid level, which apparently influenced the stability of the aqueous
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3.5. Results: horizontal penetration — plane (H-P)

filter cake.

Relative comparisons of penetration depths and the overall behaviour obtained with this testing
device, however, are still meaningful when considered at scale. It can be concluded based on
Fig. that aqueous polymeric grains can be used both for synthetic base polymers and for
polymer bases of natural origin. In this respect, CMC-H 5 even seems more effective than the
synthetic products, especially when the polymeric grain sequences do not adequately match the
soil conditions.

For coarse sand (blue) to gravel sand (red), CMC-H and ANmix show comparable results
with Pg addition, though inversed concerning their deviation (Amgy,=500-1000 g ~ Saverage =
4 — 7 cm). AN-M, in comparison, proves less effective. This can possibly be related to thinner
(compared to CMC-H) and shorter (compared to ANmix, so less interactions) chains. In 5/8 mm
gravel (scale difference in Fig.[3.79d!), CMC-H 5 needs significantly lower fluid volumes than AN-
Hat Pg/n/a = 0.1/0.8/0.1. In this respect, it can be seen that an increase in finer grains (Pg)
nearly halves the penetration depth (Fig. [3.79D).

Moreover, a comparison of this aqueous grain mix to single fractions use was performed with
AN-H (Fig. [3.79d)). It can be seen that with solely applying large grains (P¢), which do not
adequately match the soil pores, clearly no effect can be achieved. In fact, a significant increase
in the lower water level was observed during flow initiation. The medium fraction, however,
resulted in further penetration than with the addition of a small fraction of finer grains. But
eventually, a filter cake was built. This effect could never be observed with quartz mineral grains
within the tested ranges and can be probably attributed to the behaviour of these aqueous
grains. One possible explanation could be that the grains were in fact not fully swollen at test
start even though intended. Consequently, they could penetrate the soil more easily and then
swell further, which more effectively seals the ground. Or, enough penetration eventually pressed
enough grains into the soil, which is possible as they are moderately flexible. The former effect
can be considered a useful effect on site, but cannot be safely calculated.

Generally, the following conclusions can be drawn. The behaviour of quartz mineral grains is
clearly immediately transferable from vertical testing at higher overpressure and with granular
filter material to horizontal testing at low overpressure with direct fluid-soil contact. All mixes
except for CMC-H 5 + Sg were able to stabilize the small earth wall section and maximum pen-
etration depths compared between V-L and H-P are very close. Bentonite flocks and polymeric
grains have also proven to be applicable for horizontal penetration and filter cake formation.
However, the effect of filtration in this context seemingly depends upon overpressure levels to a
certain extent. Higher overpressure may result in a moderately higher maximum level of pen-
etration for these types of grains. Moreover, an adequate grain size distribution with enough
small fractions has proven to be favourable for effective colmation.

Filter cakes

In the context of filter cake stability, especially with respect to the influence of movement dur-
ing excavation, the following Fig. give a representative overview on filter cake types
observed with this testing device.

Generally, it can be seen that the filter cakes formed with quartz minerals are relatively thin
(<1 mm), especially the filter cakes with the polymers of natural origin XAN/CMC-H are only
barely visible and even thinner (externally) than observed during V-L testing. This can be clearly
attributed to wall effects with V-L testing. In sand (Fig. [3.80), CMC-H (or equally XAN) forms
a visibly stable thin layer around the larger sand grains. As the grain surface is still clearly
visible, it may be assumed that this cake will not have a significant influence on wall friction
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Figure 3.80.: H-P filter cake CMC-H with quartz powder (left) and quartz powder and fine sand
(right)

mobilization of the later structure. Moreover, the polymer penetration and membrane formation
have formed a certain degree of cohesion between the particles at the earth wall, which will
possibly markedly contribute to internal stability.

In gravel (5/8 mm) (Fig. , these cohesion effects do not seem possible. Consequently, the
equally thin filter cake easily breaks once the overpressure is reduced. It will likely easily reform
if adequate grains are available, but otherwise it may be considered potentially unstable towards
agitation. With enough overpressure, it is, however, perfectly stable.

The filter cake formed by AN polymers and quartz powder (Fig. [3.82) is clearly thicker, but
still < 1 mm in thickness. It seems to have formed more like an external filter cake, but the same
cohesion effect could be observed here, which additionally stabilizes the earth wall locally.

The filter cakes produced by aqueous grains, bentonite flocks or polymeric grains, are visibly
thicker and more diffuse. In this respect, the deformable bentonite flocks seem to interconnect
the grains and thereby equally locally stabilize them as above. The polymeric grains seem to
form a rather thick external wall in combination with the viscous base fluid with a certain degree
of internal clogging. In these illustrated soil conditions it may be possible that the viscous
aqueous polymeric grain layer can be moved by an excavation tool. This 'peeling’ effect showing
an easily removable front formed by polymeric grains can be seen in Fig. (left). However, it
is possible that this external wall reflects the remaining filtration material rather than the main
pressure-absorbing membrane.

Especially with AN-based polymers, which create a more slimy surface, it is unclear how the
filter cake will interact with concrete placement. Generally, for temporary stability under fluid
support, all filter cakes in sand seem relatively stable against agitation from excavation. Gravel
soil could be potentially unstable.
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Figure 3.81.: H-P filter cake CMC-H with quartz sequence in gravel

Figure 3.82.: H-P filter cake AN-H/Anmix with quartz powder
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Figure 3.83.: Filter cake with bentonite flocks (AN-H/ANmix)

Figure 3.84.: Filter cake with polymeric grains (AN-H/CMC-H)
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3.6. Results: horizontal penetration — radial (H-R)

Four exemplary circular test piles were produced in order to analyse the effect of aqueous grains
on the final filter cake. Tab. summarizes the results with regard to bulk rheology and
penetrated volume. Fig. give an impression on skin and filter cakes after concreting
and removal of surrounding soil.

Average penetration values (assuming the same penetration depth along the height) based on
penetrated volume are indicated as sg. The penetrated volume is differentiated as initial volume
for filter cake formation and subsequent volume for filtration. The Marsh values are given with
indication of maximum deviations to reflect homogeneity of the mixes. The homogeneous mixes
were performed with the mixing device shown in Fig.[3.5] The other two mixes show considerably
higher deviations due to problems during mixing.

Firstly, it can be noted that the obtained penetration depths can all be categorized as relatively
low. The results with 0.5/1.2 mm soil match the results obtained from plane penetration with H-
P testing relatively well despite higher overhead (approximately 1.25 m). It needs to be noted in
this context that the curvature of the pressure drop in this radial case should be even steeper due
to radial penetration, i.e. pressure should drop more rapidly. Moreover, in the case of bentonite
suspension addition, a certain piping effect started after filter cake formation, which resulted in
a certain drop in overhead due to the rise of some fluid between the fluid-containing pipe and
the soil. This indicated a relatively impermeable filter cake, but could also be the reason for the
lowest level of subsequent penetration depth.

The penetration depth calculated for {ANmix in gravel is astonishingly low. This can be
attributed to a certain degree to the mixing process which produced a relatively thick mix.
Moreover, it is possible that not properly dissolved polymer aggregates functioned as small
polymeric pore blockers and that the Pj; products were not yet fully swollen at penetration
start.

With respect to resulting skin optics, it can generally be noted that the concrete surfaces in all
cases are sufficiently well formed. The figures can be considered representative. They show the
transition zone between cased (top) and fluid-supported (bottom) areas. Differences between
these zones were observed in all cases. It was found that the surrounding soil was easier to
remove along the fluid-supported fractions (visible especially in Fig. [3.85b| and [3.86a)). It may be
concluded that the surface film created by the viscous polymer solution is not entirely removed,

Table 3.15.: Radial model penetration tests — overview

Soil Polymer Additive Marsh 1L Bulk visc. Penetrated volume
fraction Qizzzf Ni=1.10-2  Vinit + Veubs = Viot (52)
8/1] [&/1] [s] [Pa-s] [1] ([em])
05/1.2 CMC-H5 Pg1 7212 0.8 27+13=40 (14.5 cm)
0.5/1.2 AN-H 1 Pg 1 260757 19 37+7=42 (15.0 cm)
0.5/1.2 ;ANmix 0.75 B5 20512% 6 20.5+0.5=21 (8.5 cm)
56/8  JAN-Mix1 Py 2 153131 22 37+2=39 (14.2 cm)
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3. Laboratory experiments

(c¢) Exemplary details

Figure 3.85.: Skin and filter cake: 0.5/1.2 -CMC-H/AN-H with Pg 1 (tw)

which may have a negative effect on the mobilizable skin friction at the soil/concrete interface.
The pile toes are not shown, but they were found even without any visible filter cake depositions
or badly spread concrete. Only the pile produced with ;AN-H (Fig. 3.85| centre) showed a small
intrusion at the transition zone between soil contact and pipe (Fig. centre left). This can be
attributed to the device restrictions creating a low concrete overhead during the last concreting
step when the pipe is pulled up. As overheads are usually higher, this effect may be neglected
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(a) Pile (b) Detail

Figure 3.86.: Skin and filter cake: 5/8 -fANmix 1 + Py 1 (tw)

here.

The formed filter cakes are clearly thicker and denser than was observed during H-P testing.
This effect is also common for bentonite suspensions as described e.g. by Arwanitaki .
The skin of the piles executed with polymeric grains is still covered with a certain amount of
aqueous grains. In this respect, the two piles concreted in 0.5/1.2 mm soil with Pg both show
a relatively small amount, only a few grains can still be located, the filter cake has clearly been
removed to a significant degree by the rising concrete. The larger polymeric grains used for
gravel are still present in a considerable quantity (Fig. [3.86b)). This may be explained by the
geometrical roughness of the soil, which impedes the removal of these grains through upwards
flowing concrete to a larger degree. While the low percentage of remaining grains in 0.5/1.2 mm
soil will have no significant influence on the mobilizable skin friction, the same cannot be said for
the gravel soil. The possibility that these grains are chemically degraded at some point should
be considered as this could reduce the mobilizable friction.

The pile concreted with bentonite suspension addition is visibly covered with a thin gum-like
bentonite-polymer layer similar to a filter cake created by means of polymer-modified bentonite.
It is rather difficult to remove, but it can still be considered flexible to a certain degree, so its is
unclear to what extent this type of filter cake influences the mobilizable skin friction.

It can be concluded that the application of these types of additives can produce filter cakes,
whose effect on skin friction is not clear. It can be said, however, that concrete can remove,
solidify or drain the filter cake formed during fluid support. It is likely that this happens to a
larger degree with higher concrete overpressure.
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(b) Cut

(c) Filter cake residues

Figure 3.87.: Skin and filter cake: 0.5/1.2 —;ANmix 0.75 + B 5 (tw)
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3.7. Conclusions from soil penetration testing

The experimental investigation has shown that the penetration behaviour of viscous polymer
solutions into non-cohesive soil is governed by interaction mechanisms between these two systems,
which can be associated with the effective grain diameters dsg or dsg of the subsoil and the specific
structure of each polymer type (complexity, anionicity, etc.).

In this regard, the penetration behaviour of pure viscous base products can be generally
classified as ’viscous penetration’, i.e. with a pressure drop curvature following the successively
advancing penetration depth rather independently of the overpressure level (Apj,q. investigated:
0.7 bar). This curvature is moderately non-linear and characteristic to the specific conformation
the individual polymer type can form within the specific porous medium. Consequently, the
nonlinearity to the pressure drop is not as pronounced in finer soil fractions with comparably
narrow pore channels likely limiting the conformational flexibility of the polymer chains.

Accordingly, polymer bulk rheological characterisation cannot be immediately transferred to
this ’in-situ’ situation. However, by taking into account correction factors enabling a verti-
cal shift (dilution) and pronounced plateau formation, it was found possible to relate high-
shear-rate bulk rheological behaviour to the in-situ rheology observed by means of capillary
bundle approximations. In this context, it was observed that the capillary bundle parameters
(&, Yerit,nmins Yeritymaz) do not markedly change from medium to fine sand, but that they are
rather influenced by changing polymer concentration and polymer type.

In addition to this viscous flow behaviour, a certain micro-colmation effect was observed in
finer soil material with CMC-H and especially XAN during V-L and V-S testing. This resulted in
a steeper decrease of measured penetration depths with decreasing representative grain diameter
as found with AN polymers and a moderately higher pressure transfer immediately at the earth
wall associated with higher mobilizable earth wall gradients.

The analysis of the effect of granular additives on the colmation behaviour and related support
pressure mobilization generally matched with practical experience in the sense that the presence
of relatively small amounts of fines was found to significantly influence maximum penetration
depths and the effectiveness of pressure transfer in many cases.

Especially the polymers of natural origin were found the be very effective in combination with
quartz granular material in eagily taking up and dispersing fines and forming thin and sufficiently
sticky filter cakes in sand relatively quickly, if the grain size fractions necessary for colmation
were present to a sufficient degree. In accordance with filtration theory, for colmation to take full
effect and enable full pressure transfer, the additive grain size fraction must contain a distribution
of fractions down to quartz powder at equal individual fraction concentrations. Otherwise, i.e.
e.g. if the smallest grain size fractions are missing, the penetration behaviour will slow down to
a certain degree but not sufficiently well to visibly stagnate. On the other hand, with suitable
grain size distributions, formed filter cakes were found stable at all tested overpressure levels.

In this regard, it was observed that an effective filter cake formation process follows a charac-
teristic behaviour describable by two critical penetration depth parameters scri;,1 and sepit2. In
an initial phase, the flow behaviour follows the development of the curves of the same polymer at
equal polymer concentration without fines, until the colmation process takes effect sq.;;,1. This
deviation point from viscous flow behaviour visible in v — s or v — ¢ plots coincides with the
starting increase of pressure transfer at the earth wall. Here, a significant decrease in v of several
decimal powers can be related to full pressure mobilization at the earth wall with formation
of a filter cake. An increase in the amount of fines leads to an earlier deviation and quicker
stagnation.
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It was further found that even a very small amount of fines taken up by the support fluid from
the native ground can already create a marked filtration effect and thus significantly increase
the stability against the removal of grains from the earth wall (tested for 1 g/l of quartz fines in
medium sand). Likewise, a synthetic manufacturer mix was found to already contain a certain
amount of additives to create a certain degree of colmation zone. However, in both cases, this
effect cannot be safely taken into account as it is not pronounced enough to be reflected as a
marked change in filter velocity. This, however, conversely shows that a significant decrease in
filter velocity with the presence of fines is a strong indicator for full pressure transfer through
filter cake formation.

These observations were generally also made for AN polymers in combination with quartz
powder. However, as these polymers do not easily take up quartz fines and effectively release
them for colmation (at at least medium molecular weight values), this method is not suggested
for this group of polymers. Instead, they were found to function well with addition of bentonite
suspension at low concentration as this mix forms aqueous flocks, more effectively with larger
molecular weight. Aqueous polymeric grains, too, were found to be applicable at least to coarser
soil materials with all tested polymer types. If stagnation occurred, both categories were found
to exhibit the same behaviour with respect to these critical penetration depth levels as polymers
of natural origin with quartz minerals. However, stability at high pressure levels was not found
to be guaranteed in all cases.

With respect to the characteristics of formed filter cakes, it was observed that they are relatively
thin and seemingly stable against mechanical agitation at least in sand material owing to a certain
cohesion created by the polymer film connecting the filter cake. They are therefore generally
considered not to be detrimental to the following concreting stage if fluid and based are properly
cleaned beforehand. However, clearly, a clean polymer solution would be favourable in this
regard. Likewise, it cannot be ruled out that especially bentonite flocks and polymeric grains
may create adverse effects for final skin resistance as gum-like remains were found to a marked
degree after concreting, even though the rising concrete seemingly removed a significant amount
of the soft filtration remains of the filter cake.

Overall, it can be concluded based on this experimental investigation that it is indeed possible
to relate soil properties and specific polymer characteristic to values, which can be used for sta-
bility design. Moreover, it may indeed be possible to take into account the positive effect of fines
suspended anyway in the support fluid, e.g. from previously excavated layers. However, cur-
rent testing methods cannot adequately reflect the requirements which have to be met regarding
adequate grain size distributions and amounts of fines.
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4.1. Stability concept

On the basis of the previous investigation, stability considerations can be differentiated into two
categories:

(1) viscous flow with ‘clean’ polymer solutions and
(2) colmation effects with granular additives

In this context, the concept presented below focusses on the determination of

m the characteristic support force Sy based on the mobilizable pressure Ap;,,» within the failure
body (related to fso),

m the characteristic mobilizable earth wall pressure gradient fso waur and especially

m the critical time t..;; defining the worst and therefore decisive case.

to be applied within the general stability concept described in section [2.1.2]

4.1.1. Viscous flow

With viscous flow, the pressure drop curvature continuously follows the penetration depth s,
but the penetration rate also decreases with increasing s. Consequently, stability can only be
guaranteed for a limited time interval with s,,4, representing the critical state, i.e.

terit = Tmaz = t(smax)

An adequate safety level should therefore not only take into account material deviations, but
also a sufficient tolerance on time to be defined for the respective application.

A realistic prediction of the time-dependent penetration behaviour of the support fluid into
soil is essential. This can be provided for by an analytical formulation based on capillary bundle
models or by means of soil penetration tests, also from comparable soil-polymer combinations.
For capillary bundle models, bulk rheological parameters cannot be applied without correction
factors considering the specific interaction between soil and polymer. Otherwise, the penetra-
tion depth could be underestimated by far. Capillary bundle parameters for common polymer
products and medium to fine sand are provided in section [3.3.3]

For a given point in time, a penetration depth can then be derived and a linear pressure drop
can be assumed as a conservative approach for the pressure drop curvature. For fine to medium
grained sand, the curvatures displayed in Fig. can be used to take into account the
non-linearity of the pressure drop. They are based on the previous experimental investigations
and on the assumption that the curvature depends upon relations between the polymer chain
and the porous environment and not on the polymer concentration. Three sections with linear
course are assumed to simplify subsequent calculations. As these curvatures are based on s,, a
constant correction factor As is suggested for the determination of the input parameter s, with
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Asxan = Ascye =2 cm and Asgy = 5 cm (Eq. 4.1]). This stretches the displayed curvatures.
It is yet unclear how different overpressure levels affect these values.

sp=5+As (4.1)

With a given penetration formulation and related curvature, the mobilizable pressure can be
determined, which forms the basis of micro- and macro stability consideration. Fig. summa-
rizes the determination of the mobilizable pressure for macro stability, i.e. for the calculation of

the support force Si(¢,9) (Eq. [4.2).

Su(t,9) = / Aprop(t, 9)d2 (4.2)

For a given slip surface angle 9 and time ¢, the following parameters need to be determined in
order to calculate the effective support force:

(1) the course of the penetration depth along Z (Fig. blue illustration)

(2) the points of intersection between penetration level and slip surface to differentiate areas
of full pressure transfer (s,(z;) < [(z;)) and areas of partial pressure transfer (Fig. 4.1{ Zc,it)

(3) the percentage of Ap,,p based on a linear pressure drop curvature or based on Fig.

(example Fig. yellow line)
(4) the resulting course of Ap,,qp along 2

The mobilized support pressure transferred to the slip body for the example in Fig. should
then amount to the area marked in orange. The horizontally hatched area represents the amount
of Ap transferred to the soil outside the failure body. This concept can be equally applied to

__________ AN
sp{zl,rll)
Sptza t) 5
3
8
hw | qg:
— x/sp
11 =N 9

Figure 4.1.: Macro stability: determination of Ap,,. for a given penetration course s at time t;
and slip surface angle ¥ and homogeneous soil conditions
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Figure 4.2.: Idealized pressure drop curvatures and mobilized pressure: medium

layered soil conditions. With a more permeable intermediate layer, it is possible that several
Zerit Need to be defined.

As explained in section [2.1.2] an iterative process is necessary to determine the critical values
for ¥ and S for the given time ¢ as both earth pressure and support force depend upon 9.

For micro stability the earth wall pressure gradient can be determined in accordance with
the procedure used to interpret the experimental data. That is, a minimum reference depth of
b = 2 cm is suggested to determine the earth wall gradient based on Apy,e following Eq. 2.7]
H The respective mobilized earth wall pressure Apy,opwan can then be determined based on a
linear pressure drop curvature or Fig. f.2}/4.3] with z = b. Consequently, for micro stability, it
suffices to verify the earth wall pressure gradient at the level of maximum penetration depth

#(Smaz), i-e. (Eq. [1.3):

N Apiob 2
fs(),wall,crit,k(t) = fs(),wall,crit,k(ty Z(Smax)) = % (43)
This method can be used iteratively to determine critical stand-up times for all excavation
levels based on either the micro or the macro criterion failing. For fine and medium sand and
based on the capillary bundle parameters and idealized pressure drop curvatures, this iteration

!Higher values for b are possible as a safe-side choice, but lower values should only be applied with knowledge
about guaranteed support pressure mobilization along this depth. b = 2 cm represents the limit value guaranteed
by the experimental tests performed within the scope of this work.
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Figure 4.3.: Idealized pressure drop curvatures and mobilized pressure: fine sand

Table 4.1.: Increase factor fso wali lin/ fs0waiijin for micro stability for fine and medium sand

based on Fig.

Soil CMC-H XAN AN-S/AN-H AN-MH
Medium sand 0.15/0.05=3 0.2/0.05=4 0.2/0.1 =2 0.35/0.15 = 2.3
Fine sand 0.3/0.25 =1.2 0.25/0.2 =1.25

process can be solved numerically for a chosen resolution of Z, which facilitates the otherwise
still complex analysis.

Furthermore, for fine and medium sand and the tested polymers types, the earth wall pressure
gradient can be derived directly from the linear calculation (fso wair,iin = Ap/sp) by means of a
correction factor based on Fig. as shown in Tab. [f.I] Thus, the increase factor frontin
of fs0.wau towards a linear calculation ranges between 1.2 and 4 for fine to medium sand, if the
respective non-linearity of the pressure drop curvature is taken into account. With reference
to the visualization of reachable values for fso wait,req,d (Fig- , it can be concluded that the
design value for the required earth wall pressure gradient for medium to fine sand amounts to
max. fsowallreqd = 25 kN/m? (¢ > 30 °, 4/ < 12 kN/m3). With y¢ = 1.00 (GEO-3), this
leads to a critical penetration depth (Eq.

A
Sp,crit,micro = fnonlin : 275 100 (44)

with Ap in [kPa] and S it micro in [cm|. For medium sand and a minimum overpressure level of
0.15 bar, sp.critmicro(Ap = 15 kPa)= 3.3—6.7 m based on Tab. for fine sand, sp crit,micro(Ap =
15 kPa)= 2.0 — 2.1 m (given that no further safety factor is considered). It can be assumed that
macro stability is critical at an earlier stage (s, < 2 m). Therefore, micro stability is not likely
to be the critical case. Safety levels in this regard are further discussed in section

4.1.2. Colmation

When colmation is considered, critical stability states depend on characteristic penetration
depths during the formation of the filter cake. Once the filter cake is formed, full pressure
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drop at the earth wall can be assumed, i.e. internal stability is guaranteed and Ap,.p = Ap.
The remaining filter cake permeability was not found to markedly impact pressure transfer at the
filter cake. Consequently, the critical time for stability is related to the filter cake formation, i.e.
it requires a sufficient amount of colmated solids. It is therefore more accurately described by a
critical penetration depth s..;; independently of time. The time t..;; related to sq-;; depends on
the overpressure level Apy,q.. With a higher overpressure level, the same s..;; is reached faster.

Two methods have been found plausible for the determination of the critical penetration depth
Serit In this context, which depend upon two characteristic penetration depths during the forma-
tion of the filter cake:

m Sqrqt,1 reflects the transfer between viscous flow behaviour and the start of the colmation
process
m Sqqt2 reflects the penetration depth at which the filter cake can be considered fully formed

The dependency of Appobwatr 00 Serit,1 and Sepie1 is explained in Fig. . The first limit
criterion Sep¢,1 can be interpreted as an Syisc,maz With pressure mobilization following viscous
flow behaviour. It therefore represents the state of minimum pressure mobilization at the earth
wall (defined by depth b in Fig. . During serit,1 < 8(t) < Serit,2, APmobwall increases and only
the remaining Appob rest = AP — ADmob,watr follows the penetration depth until sc.,2 is reached.

The critical state for micro stability therefore is serit,1. APmobwali(Serit,1) can be determined
as described in the previous section based on a type-specific curvature of the pressure drop with
Sp = Scrit,1 + As and o = b.

As a safe-side choice, macro stability can then be determined based on a fixed non-linear
curvature independently of time as shown in Fig. with one intermediate level at © = b
with its pressure drop value Appopwail(Serit,1) defined by the course at sepir1 as described in
the previous paragraph. For simplicity or as the determination of a definite s..;1 may not be
possible, a linear pressure drop could even be assumed until s..;+2 as a safe-side criterion. This
corresponds to the approach by DIN 4126:2013 with s = 5.4 2. The pressure gradient along s is
then constant with fyo according to Eq. [4.5

Ap

Serit,2

st,wall,crit,k = st,lin,crit,k = (45>

The calculation of the mobilized pressure for a given depth x = [(2) based on a linear pressure
drop along s¢pt,2 is then trivial and the iteration process for macro stability reduces to finding

T A A
Pr(z;) A pr(z) - pr(zi) -
|} I )
1 1 I
1 1 1
pw(z;) L —— Pw(Z;) | S B Pw(z;) ; S
- S = =
—| Seritl Seriez —| Serit1 Serit2 —|—|5Cﬂr'1 Serit,2
(a) Limit for viscous flow: (b) Limit for membrane (c) Suggested curvature
Secrit,1 formation: scpit2 for macro stability

Figure 4.4.: Filter cake and membrane formation during colmation and critical penetration pa-
rameters
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Uerit. This approach is particularly recommended for small penetration depths s.pit.2, €.g. below
50 cm, as it significantly simplifies the calculation and reduces the impact of underestimated
penetration depths, which is particularly critical at lower penetration depths combined with a
non-linear pressure drop curvature.

This concept, however, is based on the assumption that s..;;2 and possibly sci,1 are known.
Three methods are suggested for the determination of these parameters:

(1) classification of the targeted soils within available data from penetration testing in the

form of suitability matrices (e.g. Tab. or Tab. to obtain Serito and Sepi
with reference to similarity of the following parameters

msoil: porosity n, grain diameter d3p (XAN/CMC-H polymers) or dsg (AN polymers)

m viscous base polymer solution: type (molecular weight My relevant for AN), polymer
concentration, mixing water chemistry

m granular additive: type, size distribution, concentration of each fraction (for bentonite
flocks defined by the viscous base polymer)

(2) penetration testing with upwards flow (similarly to V-S) with the targeted soils and poly-
mers and a variation of fines concentration similarly to the basis for (1)
(3) comparable experience values based on previous testing according to (2)

The following Tab. summarize suitable polymer-additive combinations as a reference.
On site, adequate testing needs to be performed in order to ensure the availability of the needed
grain size distribution and amount of fines. This will be addressed in section [4.3] Section
quantifies this stability concept by means of an example with parameter variation.

Table 4.2.: Additive matrix - CMC-H/XAN

d3p [mm)] Quartz grains Bentonite suspension Polymeric grains
0.125/0.25 T+t + -
0.4/0.5 ++ 0 _
0.71/1 + - o
1.6/2 1 - L
2.8/4 o® - +
5.6/6.3 o® - +

+ recommended, o possible, — not applicable; ® influence of excavation tools on filter cake unclear

Table 4.3.: Additive matrix — AN-S/-M/-H

dso [mm| | Quartz grains Bentonite suspension Polymeric grains

0.125/0.25 |+ /0% /0% o/+/+ -
0.4/0.5 +/0% /0% —/o/+ -
0.71/1 ~/0% /o ~/o/+ 0
1.6/2 - - +
2.8/4 - - +
5.6/6.3 - ~ +

+ recommended, o possible, — not applicable; @ difficult to disperse
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4.2. Exemplary calculation

Fig. shows the results of an exemplary calculation for viscous penetration based on the
stability concept presented in the previous sections. The following parameters are used (similar
to V-L test XAN 2.5 dw 0/2, but with higher overpressure):

Type diaphragm wall
Depth guide wall 1.2 m
Polymer solution: XAN 2.5
Capillary bundle parameters: x* = 0.78

m = 0.35

f.ycrit,nmin =25 1/S
’ycrit,nmax =0.16 ]—/S

Soil: medium sand

n = 0.3625

kw =3.1-107* m/s
Overpressure: Ap = 0.25 bar
Exemplary slip angle: ¥; = 68 °
Exemplary excavation depth 5 m
Time frame: 5/10/24/72 hr

The failure body for this exemplary slip angle and the penetration depths for the selected time
steps are shown in Fig. .5al The penetration depths were calculated by means of the capillary
bundle concept applied in section [3.3.3] Fig.[d.5b|displays the applied overpressure Ap along the
depth of the excavation (black) in comparison to the mobilizable pressure thereof for the first
and the last time step. The dashed lines represent the linear approach, the solid lines take into
account the non-linear curvature of the pressure drop along the penetration depth. These Ap,op
curves deviate from Ap where the penetration depth exceeds the boundary of the failure body
for the respective time step. It can be noted that the additionally mobilizable proportion from
taking into account the non-linearity of the pressure drop is clearly visible, but not particularly
pronounced. Consequently, the resulting characteristic support force Sy (integral of Ap,,.p along
the earth wall) is increased only slightly. In this respect, Fig. illustrates the development
of the support force mobilized within the failure body with reference to the total transferred
force (based on Ap) over time. It can be clearly seen that Sj decreases over time due to the
progressing penetration depth. However, nearly 80 % of the total applied overpressure can still
be mobilized within the failure body with the chosen support fluid. In this respect, the difference
between the linear and the non-linear calculation amount to approximately 7 %. The influence of
the curvature on the decisive earth wall pressure gradient (Fig. is more pronounced by far.
While the linear calculation reaches critical levels (25 kN/m?), taking into account the actual
curvature gives a significant safety level. Moreover, the levels for S; and fs wen do not decrease
over time as in the viscous case.

Fig. shows the results of a small parameter variation based on the previous example (dis-
played in black) to visualise the impact of a certain degree of tolerance especially with respect to
the estimated corrected power-law flow parameters m and k* (= o - k). Again, the dashed lines
represent linear calculation, the solid lines are based on curvature evaluation. The parameter
variation comprises a deviation of 10 % for each parameter except for ky (factor 2), which is
mainly visualised to illustrate the effect of different ground conditions. The red reference lines
represent the case of colmation as tested during V-L testing with 20 g/l of quartz fines and
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Figure 4.5.: Stability concept — example
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Serit,2 = 7 cm. They are calculated conservatively, i.e. based on a linear pressure drop along
Serit2 (Eq. . Despite not taking into account the non-linearity of the pressure drop, approx-
imately 97 % of the maximum support force can be mobilized with this approach due to the
small penetration depth (Fig. & Fig. . The related earth wall pressure gradient is
still sufficiently elevated. Moreover, the safety level does not decrease over time as with viscous
penetration as the displayed level is considered the critical level independently of time.
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Figure 4.6.: Stability concept: example — parameter variation

The parameter variation displayed here is considered adequate to capture normal deviations.
The results for both the characteristic support force and the characteristic earth wall pressure
gradient do not seem significantly influenced by these chosen deviations. A maximum deviation
of 5-10 % can be considered to capture these variations including the variation produced by kyy.
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4.3. Safety levels

The experimental investigations, which form the foundation of this concept, have covered a broad
range of soil-polymer-additive combinations with a few repetition tests. The repetition tests show
a relatively good repeatability, but still a certain variability. In order to account for these uncer-
tainties and differing conditions encountered on site, a multiplicator for Sj in the sense of nr for
bentonite suspensions in the order of 0.9 is suggested based on the exemplary parameter variation
in the previous section. In the case of relatively small penetration depths targeted for colmation,
it may be reasonable to add a constant safety factor for the critical reference depths, on which
the colmation concept is based. As = 5 cm is suggested based on evaluation of the experimental
tests if the curvature calculation is used (instead of the conservative linear approach), because
this approach is more sensitive to deviations (due to the non-linearity). However, these param-
eters should be considered as a first estimation. The variability of parameters at construction
sites with polymer application cannot be captured by the present study.

With respect to micro stability, it needs to be noted that the related stability verification
does not take into account any effects related to an increase in cohesion between the particles
provided by the viscous polymer, which was observed with all tests in sand, particularly with
synthetic polymers of high molecular weight. In addition to a certain clogging effect within the
soil, a small external filter cake in the form of a very thin polymer film additionally provides
local support for individual grains when colmation is considered. This behaviour is considerably
different to what is known from bentonite suspensions as these do not possess this pronounced
degree of viscosity and the possibility of entanglements as polymer chains.

It can therefore be assumed that the safety level is significantly underestimated even without
considering testing variability with respect to the value for s. It may therefore be concluded that,
in the case of sand material, this calculative concept for micro stability is already conservative
by itself and does not require further safety correction.

This increase in apparent cohesion may also contribute to macro stability to a certain extent.
However, it is unclear how far this influence reaches into the ground and how to quantify this
observation along a larger depth. It should therefore not be taken into account for macro stability,
but rather be considered as an additional (incalculable) safety level.
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4.4. Discussion on testing methods for quality control on site

Quality control on site should be based on relatively simple testing methods which can be easily
and quickly performed on site. The necessary properties for fluid support comprise two main
aspects

(1) in-situ viscosity
(2) suspendability of the correct size fraction and amount of necessary granular additive (only
for colmation)

A combination of Marsh funnel and filter testing is suggested to control a relatively constant
level of viscosity. Marsh funnel testing does not provide any viscosity values, which can be
immediately related to flow parameters. However, it seems a good estimate to control any change
in fluid behaviour based on a reference value unique to each polymer type. Power-law parameters
can be determined based on simple viscometer testing, as the capillary bundle analysis found that
bulk viscosity values at high shear rates around 100-500 1/s are related to in-situ parameters.
This can be considered a relatable basis for stability calculation beforehand, but it may not be
necessary for quality control on site.

Filter testing seems a reasonable tool to verify that the flow behaviour tested by means of a
Marsh funnel is not overestimated by the presence of fines creating a soil-water mix rather than
a stable support fluid. If filter testing gives a significantly different time for the saturation of the
filter paper, this suggests that the mix is not stable anymore as it contains a significant amount
of free water. It is suggested to use a larger filter paper than recommended by the guideline
DVGW W 116:2019. This test is even more important in swelling ground conditions to verify
the capability of water retention of the support fluid.

If colmation of quartz mineral fines is considered within the stability concept, most likely
for XAN or CMC-H, then quality control must equally comprise the testing of the grain size
distribution of the contained fines and their respective concentration. This may be performed
by regular sieving and areometer evaluation and at higher concentration by means of the mud
balance. Sieving may be performed to determine the amount of necessary sand fractions.

Areometer tests with 1 1 of support fluid for an individual test may then additionally provide
the remaining density after settlement of the larger grain fractions, which is a good indicator for
the amount of finer material contained in the fluid. A minimum of three mixes should be tested
in order to guarantee the reliability of the results.

Moreover, in order for sieving of the additives to give reliable results, the sieve must be
cleaned of polymer which may block the sieves. Also, the polymer solution needs to be diluted
significantly or viscosity broken down by chemical additive addition. Exemplary testing with
CMC-H 5 tw + Sxg/g 4x10 of fines (0/0.125, 0.125/0.25, 0.4/0.5, 0.71/1 [mm]) showed that
dilution to a polymer concentration of 0.5 g/l (i.e. addition of 91to 11 of CMC-H 5) gave the
correct results for the medium to coarse sand fractions. The same test wiht XAN 2.5 tw showed
that the amount of sand fines may be reproduced until 0.125/0.25 mm with a dilution down to
0.17 g/1 (i.e. the addition of 14 1 of water to 111 of XAN 2.5). Polymeric grain sizes range around
sizes of sand and gravel, so they may equally be controlled by dilution sieving.

The effectiveness of bentonite flocks from addition of bentonite suspensions into polymer so-
lutions of long-chain synthetic AN products cannot as easily be determined. The aqueous flocks
can be visually evaluated, large flocks must be visible. However, this may not provide sufficient
reliability, so it may be useful to perform penetration index tests, e.g. by means of a filter press
filled with the relevant soil material. As aqueous grains from bentonite suspensions do not settle,
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4. Stability conclusions

downwards flow testing can be performed. In the best case, this filter press should reflect pressure
levels as encountered on site. Pressure levels within the experimental investigations presented
before never exceeded 1 bar (i.e. 10 m level difference). It can therefore not be concluded that
higher pressure levels create the same penetration and filtration behaviour, especially for aqueous
grains from bentonite suspension addition.
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5.1. Summary and interpretation

Water-soluble polymers are used more and more frequently around the world as a support fluid
basis for pile drilling and diaphragm walling as well as for tunnel construction as a promising al-
ternative to clay suspensions. Reasons for the application of polymer solutions are diverse. They
may be related e.g. to environmental requirements, operational or economic advantages or the
assumption of improved soil-concrete skin friction mobilization and concrete quality for the final
structure. However, polymer solutions are not always applied with success, as parameters and
testing methods for quality control on site are still the subject of research and not state-of-the-
art. Moreover, the stabilizing behaviour of polymer solutions is not yet sufficiently understood
theoretically to result in a quantitative prediction and safe classification of mobilizable support
during fluid-supported earth wall stabilization. Against this background, a broad theoretical and
experimental investigation was performed within the scope of this work in order to improve the
understanding of the polymer category with respect to its impact on penetration behaviour and
support mobilization during temporary earth-wall stabilization.

Summary of the theoretical context — section

Following section generally, three failure mechanisms need to be considered for a calculative
quantification of earth wall stability, of which two are influenced by the penetration behaviour
of the support fluid and therefore potentially depend upon time: micro (internal) and macro
(external) stability. Additionally, swelling problems in clay may have to be taken into account,
e.g. related to a potential loss of integrity of the ground or clogging effects. As elaborated
in section these can be enhanced with certain support fluids, but equally controlled and
reduced by an adequate choice of support fluid chemistry.

With physicochemical stability guaranteed, the analytical stability concept underlying DIN
4126:2013 can be used to assess micro and macro stability. It can be employed for all consid-
ered fields of application by taking into account the respective earth wall geometry, overpressure
level and spatial earth pressure approaches available for each field as listed exemplarily in sec-
tion [2.1.2] However, knowledge on pressure-penetration relationships was found to be lacking for
polymer support fluids, firstly as a basis for the definition of worst-case scenarios for each failure
mechanism, secondly to quantify pressure mobilization within the critical failure body (Apy,op)
in the assessment of macro stability and locally (fs0,wai) at the earth wall in the assessment of
micro stability.

Specifications for the calculation of critical penetration depths and related pressure variables
given in DIN 4126:2013 reflect empirical parameters specifically defined for ’clean’ bentonite
suspensions and can therefore not be applied directly to polymer solutions. They base upon
the definition of a support fluid shear strength mobilizable at rest, i.e. when the suspension
stagnates in the pore channels due to its yield strength, which is related to a critical grain
diameter djg. This parameter is considered representative to reflect the interaction between soil
and bentonite suspension. Both variables cannot be transferred to polymer solutions as their
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penetration behaviour is rather defined by viscosity values significantly higher than for bentonite,
but with negligible shear strength at low shear rates (or at rest) (sections &[3:2.2).

The approach by Steinhoff (1993)) therefore suggested the prediction of time-dependent pene-
tration depths and related pressure mobilization based on polymer bulk rheology in combination
with basic capillary bundle models and the assumption of a linear pressure drop along the pre-
dicted penetration depth. This approach was generally found to be relatively complex and
conservative compared to experience from construction sites. Furthermore, experience from con-
struction sites suggests that the uptake of fines by the support fluid may in certain cases be
decisive in realizing effective support mobilization.

It could be concluded that categorization into viscous flow behaviour vs. colmation provides a
reasonable basis for the analysis of pressure-penetration relationships, related interaction mech-
anisms and possible subsequent classification by means of laboratory experiments.

As a basis for the choice of suitable polymer products for variation, section showed that the
polymer category comprises a broad range of components, which are not necessarily commonly
associated with this term and which can provide a large variability both of natural or synthetic
origin. Polymeric base products useful for support fluids therefore need to be grouped according
to their supportive use as viscosifiers, pore blockers and clay swelling inhibitors with different
requirements for each category (section . While the bulk properties of groups of polymeric
materials, especially of viscosifiers, are relatively well understood, it is less broadly investigated
how they behave in the narrow pores of a soil matrix, and especially whether bulk parameters
can be used to describe processes at pore scale, which are essential for the classification of
penetration behaviour in the targeted fields of application, e.g. in the context of capillary bundle
approximations (section , . With respect to colmation effects, it was further found
that criteria are needed to guarantee this effect both in terms of effective filtration, i.e. here
reduction in penetration rate nearing stagnation, and membrane behaviour, i.e. full pressure
transfer, if they are to be considered for stability. A geometric classification was therefore
suggested comparable to Terzaghi’s filter criterion referring to mechanical filter stability for the
choice of adequate granular material sizes to be added in coarse-grained soils (section [2.3.3)).

Summary of laboratory results, classification and stability — sections

Based on these conclusions, a laboratory concept was developed to experimentally assess these
open questions based on four different soil penetration testing devices and prior material classifi-
cation with focus on bulk rheology and fluid stability of the viscous base products and granular
additive characterization for pore blocking. The experimental investigations indeed revealed
certain characteristic relationships between viscous base solutions, granular additives and soil
properties. Based on the experimental investigation on viscous flow in non-cohesive soil (sec-
tion (3.3.243.3.3| & [3.4.2)), it is concluded that the in-situ viscosity is governed by interactions
between the specific structure of each polymer type and the porous soil matrix. These mecha-
nisms can be associated with:

m effective grain diameters dsy (CMC-H/XAN) and dsp (AN) of the subsoil,

m characteristic moderately nonlinear pressure drop curvatures, which follow the penetration
depth with a small offset, for CMC-H and XAN, they seemingly take into account a certain
degree of micro-filtration at the earth wall,

m characteristic capillary bundle correction parameters (a*, Verit,miny and %,«it"mam) based on
bulk rheological characterisation at high shear rates (around 100-500 1/s), which mainly
result in a vertical shift (dilution) and more pronounced Newtonian plateaus than are found
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with bulk rheology and are clearly influenced by polymer type and concentration.

Subsequently, the colmation behaviour was investigated taking into account quartz mineral
grains, aqueous bentonite flocks and aqueous polymeric grains as granular material. It could
be shown that the polymers of natural origin CMC-H and XAN function considerably well with
quartz mineral grains in creating stagnation with complete pressure drop at the earth wall in soils
ranging from medium sand to gravel, if the amount and size distribution of the granular additives
were adequately fitted (sections & . The formed filter cakes were found to be stable
at all tested pressure levels (0.15-0.7 bar). Successful small-scale tests were implemented within
a suitability matrix, which showed that applicable ratios of F' = dgoit ref/dmaz,add With reference
to Terzaghi’s mechanical filter criterion can in some cases reach factors F > 10 (Tab. [3.12).
Filter cake evaluation (section indicates that this colmation process in sand creates a rather
sticky, dense and cohesive inner filter cake that is not easily removed by mechanical agitation.

With the large-chain AN representative AN-H, bentonite flocks created by shortly dispersing
(or just pouring into one another) bentonite suspension at low concentration (10 g/1) into the
AN polymer solution .... to be the optimal colmation material. The formation of these flocks
here highly depends upon the viscous base polymer applied, so it can only safely be assured
for AN-H and only to a smaller degree for AN-M (sections & [3.3.5). These flocks create a
gum-like, but thin filter cake similar to that for polymer-modified bentonite, which is not entirely
removed by rising fresh concrete (section [3.6). The related effect on the shear resistance of the
created contact zone requires further investigation regarding wall friction. Aqueous polymeric
grains (hydrogels) as a possible choice for all types of viscous base polymers for coarser subsoils
to be supported were found to work moderately well and also raised questions concerning the
resulting quality of the contact zone (sections and .

With respect to classification of colmation mechanisms for stability regardless of the type of
granular additive, the laboratory investigations showed that the process can be described by
two characteristic penetration depths. At these points, the penetration velocity deviates clearly,
which coincides with changes in pressure transfer from viscous penetration (serit1) to membrane
formation (scpir2). With a significant decrease in penetration velocity of several decimal powers
at Scrit,2, it can be derived that the membrane is fully built. Supported by comparison between
V-L and V-S testing, it could be concluded that:

B Scrit,1 and Sepit2 can be obtained from simple (small-scale) soil penetration testing (preferably
upwards flow) and that

m these parameters reflect the critical times for stability and can therefore form the basis of
stability calculations formulated independently of time.

A stability concept differentiating between the two categories:

(1) viscous flow with 'clean’ pure polymer solutions (time-dependent)
(2) colmation (with full membrane formation) by means of granular additives (independently
of time)

was derived on this basis (section . The first category still essentially follows the approach
developed by Steinhoff (1993), i.e. it still formulates stability verification in terms of critical
stand-up times, but additionally enables the consideration of the non-linearity of the pressure
drop curvature for the three types of polymers investigated. This significantly increases the
mobilizable pressure gradient at the earth wall and therefore micro stability. With respect to
the implementation of capillary bundle models for the prediction of penetration depths in this
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regard, it is considered important to use adequately corrected capillary bundle parameters, e.g.
based on Tab. [3.6] Otherwise, especially with respect to dilution effects, these approaches may
underestimate penetration depths, which is critical for stability.

The stability approach suggested for colmation is considerably simpler as it does not require
the variation of time steps. It is based on the evaluation of small-scale penetration tests (or
comparable experience values) with reference soil material chosen related to the effective diam-
eters dgp (CMC-H/XAN) or dso (AN) of the targeted ground conditions. Moreover, suitability
matrices were provided with recommendations on granular additive types for a given polymer
type and the related effective grain diameter of the subsoil (section .

Summary of testing methods for quality control — section

Taking into consideration the critical stability parameters described above, typical and additional
testing methods for construction sites were evaluated with respect to their suitability in assuring
the functionality of polymer support fluids to provide sufficient stabilizing qualities (section .
The following devices were found suitable in this regard:

m viscosity

o Marsh funnel
o filter paper test (ring apparatus, preferably with larger filter paper)

m colmation

© appropriate sieves

o areometer (for lower concentrations of fines)

¢ mud balance (for higher concentrations of fines)

o e.g. Bauer filter press filled with soil and fluid (for bentonite flocks)

The Marsh funnel test is considered sufficient to monitor changes in the fluid behaviour, even
if rheological parameters cannot be directly derived. The filter paper test is considered suitable
to verify the chemical stability of the fluid mix linked to viscosity, which would be considerably
different for a soil-water-slurry than for a functioning fluid. It therefore seems suitable as a
complement to Marsh testing, which may not be able to differentiate in this regard.

The testing range suggested for colmation effects envisages at ensuring the correct grain size
distribution and amount of each necessary fraction. For sieving to be applicable, the polymer
solutions need to be sufficiently diluted (or chemically broken) so that the sieving results do not
overestimate the available sizes of the grain fractions.

Conclusions and perspective

Polymer support fluids can still be considered a relatively new and growing field in geotechnical
engineering applications, especially in Germany. In this context, the presented investigations
were targeted at drawing a conclusive picture of the diversity of applicable polymers and their
interaction mechanisms with the ground. It was shown that the polymer category can provide a
broad range of useful properties and products, which need to be differentiated in order to clarify
the respective base mechanisms. Examples for viscosifiers in this respect are the formation of
flocks with addition of bentonite suspensions in certain boundary conditions only or their differing
reaction with respect to the dispersibility of fines. Yet, only three polymer types and one mixed
product were tested in detail. They represent the most commonly applied product range. The
obtained results can therefore be considered relatively well applicable to practical application in
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this respect. The tested variability in polymer types allows a certain degree of transferability to
other types of polymers as well. The large number of tests and the relatively good coherence
despite differing testing conditions are considered a sufficient bagis to conclude that the main
results are robust and relatable for both practical and calculative stability-related considerations.

As far as the implementation within standards is concerned, it is still suggested that these
experimental results are evaluated against a range of experiences from construction sites based
on the refined focus on necessary parameters gained with this study. This would provide a
more solid basis for the quantification of parameter variability, which can be influenced e.g. by
operational handling at construction sites.

The presented investigation tried to critically evaluate the obtained results e.g. with respect to
different excavation techniques where possible. However, a detailed discussion on every attended
field is considered to be beyond the scope of this work, which focusses rather on the basal
understanding of underlying mechanisms as a first step.

However, it can be generally concluded that polymer support fluids are a promising alternative
to bentonite suspensions. Reluctance with respect to the application of these types of support
fluids in Germany is thought to mainly be related to a lacking understanding of the working
mechanisms, especially with respect to the predictability of penetration depths and related poly-
mer concentrations needed. It is hoped that the present work can provide a basis for reevaluation
in this regard in combination with the procedure initiated and framed by Lesemann (2010)) in
the context of environmental impact analysis.
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5.2. Related topics

Loaded bentonite suspensions

Owing to their yield strength, bentonite suspensions are usually loaded with fines during ex-
cavation, which requires the application of complex treatment plants to subsequently remove
these fines from the fluid, e.g. for regeneration. They may even be considered more capable of
carrying and subsequently filtering fines at the earth wall than polymer solutions because of this
property. Arwanitaki (2009) found a sufficient amount of sand in filter cakes taken from con-
struction sites, which were found to significantly influence the shear resistance of the formed filter
cake. Thienert (2011) found a marked reduction of maximum penetration depths of bentonite
suspensions resulting from the presence of sand particles.

However, the analytical design approach in Germany for bentonite suspensions DIN 4126:2013
bases on ’clean’ suspensions only. Favourable impacts from suspended fines are not taken into
account. It can be suspected that this impact can be considered based on the same concept
as loaded polymer solutions. First laboratory penetration tests with fines addition have shown
that it is indeed possible to predict stagnation effects based on geometric criteria for the choice
of suitable granular additives. In this context, it can be assumed that the lowest fraction nec-
essary for polymer solutions (quartz powder) is not needed, as the bentonite grains themselves
provide a minimum filterable size. Taking into account these effects could prove cost-effective
and favourable with respect to stability calculations.

Polymer-modified clay suspensions

Polymer modification of bentonite is a common procedure to improve the properties of acti-
vated bentonite, e.g. by means of low-molecular weight CMC (CMC-L) or low-molecular weight
synthetic additives (section . The interaction mechanism explaining the positive effect
of certain polymers on bentonite suspensions is referred to as ’steric stabilization’. It is also
accompanied by an increase in salt stability, as Jasmund and Lagaly (1993) stated.

Apart from low-molecular weight polymeric additives, regular CMC-H has also proven to be
suitable to enhance bentonite suspension properties (own laboratory tests). Medium molecular
weight synthetic polymers AN-M are also appliedﬂ In this context, suitable concentrations range
around 0.4-0.5 g/1 of polymer with 10-30 g/1 of bentonite suspension. The resulting product then
behaves similarly to a bentonite suspension of higher concentration, i.e. the polymer addition
reduces the amount of bentonite needed to reach a certain shear strength level.

It remains to be answered what concentration combinations of polymer vs. bentonite are
needed for the mix to either be governed by polymer solution or by bentonite suspension be-
haviour, or possibly even destabilize at a certain concentration ratio as described by Jasmund
and Lagaly (1993]).

Swelling-related stability

The swelling inhibition effect of viscous polymer solutions is often explained by their low water
activity values, i.e. a good water retention capacity and general solution stability. This parameter
is linked to the measurements performed with filter testing. It would be helpful to be able to
quantify this water activity level achievable with these solutions and to relate it to respective
filter test propagation times. This way, this test could be used more precisely for problematic

'Ref.: Laurent Giuranna (SNF), personal communication, July 9, 2020
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5.2. Related topics

soils, also as a form of an on-site quality control technique for the support fluid, if the respective
water activity of the soil can be equally determined.

Final stability — skin friction

The mobilizable skin friction is an important factor for stability calculations of the final concrete
structure. First laboratory tests from literature suggest that the mobilizable skin friction with
clean polymer solutions is superior to bentonite suspensions as they do not form filter cakes
(Lam, Jefferis, and Martin, |2014b)). It can be expected that the skin friction is comparably lower
when bentonite flocks or aqueous grains are used for colmation. On the other hand, the geometric
roughness of the excavated earth wall may govern the mobilizable skin friction between concrete
surface and soil (Arwanitaki, 2009).

However, even though the support with CMC-H/XAN and quartz mineral grains seemingly
creates negligibly thin filter cakes, it cannot be assured that skin friction can be fully mobilized
due to the presence of polymers. No shear tests have been performed with loaded polymer
solutions yet.

A suitable testing device for shear testing after previous horizontal penetration was developed
by Arwanitaki (2009) for bentonite suspensions. Filter cake shear tests by means of this testing
device will be performed within the scope of a subsequent project in order to systematically
analyse the effect of load on the skin friction of both bentonite suspensions and polymer solutions
to allow for a direct comparison.
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A. Basic equations at capillary and soil level
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Figure A.1.: Force balance at pipe level (Steinhoff, |1993)

Force balance at pipe level according to Fig. [AT}
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pu— A.l
T=S T (A1)
Bulk rheology of a Newton fluid:
=17 (A.2)
Definition of wall shear rate:
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Combination:
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Integration & initial condition v(r = R) = 0:
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Integration along pipe:
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Average velocity definition (Hagen-Poiseuille equation):
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B. Materials

B.1. Polymers

(g) SAP G (h) SAP L

Figure B.1.: Polymer granules — viscosifier (top) and superabsorber (bottom)
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B. Materials

(b) CMC-H 2.5 + Sxs — mixed dry, At = 10 min between images

(d) CMC-H 2.5 & 0/0.1 mm — mixed in solution, At = 10 min between images

Figure B.2.: Influence of method of insertion of quartz powder (Sxg)
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B.2. Fluid mixing devices

B.2. Fluid mixing devices

(c) Large container (ca. 200 | fluid)

Figure B.3.: Polymer fluid mixing devices for larger quantities
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B. Materials

B.3. Concrete mix design

Table B.1.: Mix design of the concrete used for H-R

Component Specification Mix design

Water Wuppertal tap water 197.0 kg/m3
Cement CEM III/B 42,5 N-LH/SR(na) 370.0 kg,/m3
Fly ash Hard coal fly ash 60.0 kg/m3
Aggregate 0/16 mm quartz sand/gravel 1692.2 kg/m3
Superplasticiser Polycarboxylate ether 0.20-0.25(0 % (w/w)
SUM 2319.2 kg/m?

) Usage with a target flow spread category F5
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C. Bulk rheology

C.1. Rheometer properties

Figure C.1.: RS 600 rheometer with double-gap geometry

Rheometer
Measuring geometry

A factor

M factor

Inertia moment [

Torque range

Angular velocity range

Gap

Volume

Radius gap 1

Radius gap 2

Shear rate range

Shear stress range

Viscosity range (min - max)
Viscosity range (10-min - max/10)
Viscosity range (optimal)

Rheostress RS600, with temperature control unit

DG43Ti double-gap cylinder

3723.000 Pa/Nm

31.080 (1/s)/(rad/s)

3.513 -107° kg-m?

0.1 xNm - 200000 Nm

1-1077 1/min - 1500 1/min

5.1 mm

11.5 ml

R; = 17.750 mm, R, = 18.350 mm
R; =20.990 mm, R, = 21.700 mm
3.25577 1/s - 4882.04 1/s
0.0003723 Pa - 744.6 Pa

7.626e - 1078 Pa-s - 2.28778 - 10° Pa-s
7.626~7 Pa-s - 2.28778 - 10® Pa-s
0.1525 Pa-s - 1143.89 Pa-s
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C. Bulk rheology
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C.2. Rheometer interpretation

C.2. Rheometer interpretation
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Figure C.3.: Rheometer interpretation — two exemplary measurement interpretations
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C. Bulk rheology

C.3. Bulk rheological characterization — boundary effects

Fig. shows the variability of rheometer bulk viscosity results as influenced by the type of
solvent (tap water tw vs. deionized water dw), storage conditions and supply charge (indicated by
preceding numbers). It is illustrated that the influence of dissolved ions increases with decreasing
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Figure C.4.: Viscosity results — influence of environmental conditions: type of solvent, storage
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190



C.3. Bulk rheological characterization — boundary effects

shear rate and polymer concentrations in the double-logarithmic viscosity plot. With respect to
chain length (A-S vs. AN-H), the impact is higher with smaller chain length. ANmix is not
displayed, but behaves similarly to AN-H. In comparison between CMC-H and XAN at the same
concentration (2.5 g/1), the effect of dissolved ions is higher with CMC-H than with XAN.

Deviations between the first and the second supply charge of CMC-H and XAN in equal solvent
and at equal concentration can be explained by biological or chemical degradation processes
during storage and an influence of air humidity (storage age difference ca. 1.5 years). In these
cases, the effect of degradation during storage surpasses the impact of dissolved ions. The
synthetic products were applied with shorter storage time resulting in smaller deviations between
the different supply charges.

The deviation increase at lower shear rates can be explained by the influence of both degra-
dation and dissolved ions on the polymer chain length. The polymer chain length becomes
insignificant at high shear rates, when the polymer chains are stretched to a maximum and ar-
ranged in parallel. With increasing concentration, a constant amount of dissolved ions has a
smaller effect. The polymer composition of XAN visibly makes the polymer more stable against
the influence of ions.

Fig. displays the evolution of solution viscosity over time for CMC-H, XAN and AN-H
(as a representative of the synthetic group) for an exemplary mixture each. Fig. shows a
comparison of viscosity values at 4 = 107 1/s with Marsh outflow times at 1 1 of the same
polymer solutions over time. The influence of the type of solvent is also evaluated in Fig.
for CMC-H and XAN as these are considered to be more easily degraded over time than the
synthetic polymers. The figures show that CMC-H and AN-H are relatively stable even after
one month. However, small deviations can already be measured around 4-7 days. The XAN
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Figure C.5.: Degradation of solution viscosity
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C. Bulk rheology

curves show gull degradation within 28 days as expected, as XAN is classified as biodegradable.
A marked and then a significant degradation is already noted after 5 and 9 days, respectively.

Generally, a comparison of rheometer and Marsh results (Fig. shows that this degradation
tendency is visible in both representations indicating comparable applicability of both measuring
techniques in this regard.

Fig. show an evaluation of the influence of shear history, rheometer measurement
repeatability and thixotropy for XAN, CMC-H and both AN-H and AN-S to reflect the influence
of polymer chain length. The rheometer measurements for this purpose are performed in six
stages. The first four stages are executed at low shear with an upper boundary at 4,4, = 10 1/s,
which represents the maximum shear rate the polymers were exposed to during mixing (max.
550 rpm = 9.2 1/s). The measurements with stepwise increase in shear rate 4 (>) are marked
by dotted lines, measurements with stepwise decrease in % (<) are marked by dashed lines. The
upwards stages 2 and 3 are preceded by a pause of At = 10 min for thixotropy evaluation.

Bentonite suspension at 40 g/l is displayed for comparison showing a distinct shear stress
plateau around 7 = 3.4 Pa stable until 4 ~ 2 1/s and an increase in mobilised shear resistance
after 10 min pause up to 7 = 5.5 Pa.

Before detailed comparison of each stage, it can already be noted that the lower viscosity
solutions CMC-H and AN-S do not show any variability resulting from the different stages, i.e.
no influence of shear history, decreasing or increasing shear rate or any thixotropic effect.

AN-H and XAN, however, do show an influence of shear history, but no significant dependency
on time (thixotropy). The first stage (‘up 1’) serves for even distribution of the fluid in the
measuring geometry and therefore deviates from the following stage curves for the polymer
solutions of higher viscosity (XAN and AN-H), which do not spread as easiliy in the double
gap geometry. The second downwards curve (‘down 2’) resumes the downwards curve of the
preceeding downwards stage precisely revealing no influence of shear history so far and reflecting
the accuracy of the rheometer measurement. Both upwards stages 2 and 3 follow comparable
paths with only slight measuring deviations. These upwards stages also reveal a temporary
increase and then decrease of 7 around 4 = 1072 — 10° 1/s for both XAN and AN-H in the
shear stress plot, though more pronounced with the synthetic polymer. This behaviour leads to
a moderate deviation from the ideal power law straight line in the double-logarithmic plot in this
range and could be considered as a very moderate plateau formation. This effect is also found
— though flatter — in downwards measurements with synthetic polymers at high-viscosity levels
displayed in Fig.

The final upwards and subsequent downwards stage then reveal a certain degree of shear
degradation. This takes effect as a constant viscosity shift over the whole shear rate range for
AN-H similar to a drop in concentration, while for XAN the change is visible as a deviation
increasing with decreasing shear rate.
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C. Bulk rheology

C.4. Influence of polymer granule size
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Figure C.9.: Effect of polymer granule size on rheometer viscosity curve of AN polymer
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C.5. Bingham approximation

C.5. Bingham approximation

The bentonite suspensions were tested by means of a rotational rheometer with double-gap geom-
etry at controlled shear rate (CR) with 7 gradient control (see section . The experimental
results are given in Fig. (black) showing the values obtained with stepwise decrease of the
shear rate 4. The blue lines show the Bingham approximation (Eq.

TBingham = T0 +nB - '7 (Cl)

evaluated based on the experimental values of 74, obtained at ¥ = 1000 1/s and 4 = 300 1/5E]
with np as the respective secant modulus (Eq. [C.2)) (Fig. [C.10b blue)

_ At _ Texp (’Y = 1000) — Teap (fy = 30())

_ 2T C.2
B = A 1000 — 300 (©2)

and the related intercept (Eq. [C.3)
T0 = Teap (4 = 300) + 0 - 300 (C.3)

The viscosity n as displayed in Fig. |[C.10b| (black) is calculated based on the experimental values
Tezp for 4 € [300,1000] according to Eq.

Nexp = M (C4)
Yexp

Fig. illustrates that the Bingham model accurately describes the bulk rheology of these
bentonite suspensions for shear rates around 4 = 200 — 1000 1/s. However, the experimental
results show a shear stress plateau formation for shear rates above 4 =0 1/s, i.e. it can only be
underestimated by the shear strength parameter 79 as determined according to Bingham. This
deviation increases with increasing bentonite concentration.

The shear stress values obtained by means of these shear tests are designated as dynamic values
Tayn @s they are obtained at controlled shear rates. Shear resistance is measured as resistance
against movement (torque), i.e. no true “static” values can be obtained. However, if the shearing
velocity induced by the rotor is small enough, thixotropic effects may be rendered possible, which
could then influence the registered values and be reflected in the measured plateau. However, it
should be noted that these test results are linked to the used geometry, i.e. they can be indicative
of a certain behaviour and may be transferred to similar shearing conditions (e.g. pipe flow).

!Similarly to the approach according to APT RP 13D:2017, which bases on the viscometer readings at 1022 1/s
and 511 1/s respectively, but adjusted to take into account the full measured shear range
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Figure C.10.: Bulk rheology of bentonite suspension at 20 °C
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C.6. Power-law parameter determination
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D. V-L

D.1. Device

Figure D.1.: Testing device with three elements
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Figure D.3.: Test initiation: even inflow conditions jAN-H 0.75 + Sxg 20
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D.1. Device

(b) SOl] 3/5 mm — XAN 2.5 SXS/S/M/G 4x40

Figure D.4.: V-L: filter cake formation with XAN/CMC-H
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D. V-L

D.2. Start of polymer penetration

In order to clarify the definition of the start of polymer penetration into the test soil, Fig.
show the ‘raw’ development of the penetration depth over time for 0/2 soil for the first
30-40 cm of penetration depth. Fig. illustrates the related development of the pressure
transfer shown exemplarily for the the pressure mobilized (transferred) between the first two
sensors (pp — Ps1 = Dmobwaii) With increasing penetration depth. A full illustration of the
development of all sensors is given in appendix Fig. show the same relationships for
the tests in finer sand material (0.125/0.355). The different methods for the determination of
the point where the polymer solution likely reaches the test material as described in section3.3.1
are marked by reference lines.

40 40
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Figure D.5.: 0/2 — no additives: ‘raw’ penetration depth including water penetration (CMC-H,
XAN, AN-S, AN-MH)

The initial water penetration can be distinguished by an initially linear increase in penetration
depth, i.e. a relatively constant penetration rate. However, a deviation from this line as well
as the start of pressure transfer to the ground start before the polymer solution is calculated
to reach the sand interface, which is indicated by the black lines (volumetric determination).
Deviations range around

AN-S/AN-MH (ca. 5 cm) > AN-H/ANmix (ca. 3 cm) > CMC-H/XAN (ca. 1-2 cm)

The peak of the earth wall pressure transfer p,,op wau is reached at a higher penetration depth
(after the black reference line) for the polymers of natural origin (CMC-H and XAN) than the
peak of the synthetic representatives (at or slightly before the black reference line).

One possible explanation could be that polymer solution and water mix at their interface
before reaching the sand bottom. Visual evaluation immediately before reaching the soil filter
material found no visible mixing effect, but rather a clear front (exemplarily shown in appendix
Fig. . It cannot be ruled out, however, that mixing occurs to a small degree, e.g. when
passing the soil filter.
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D.3. Pressure sensor development

D.3. Pressure sensor development

Vertical lines of the same colour as the pressure curve indicate where s(t) reaches the level of the
respective sensor:

m solid lines: as calculated from water volume in the system
m dashed lines: from start of pressure transfer / deviation in penetration rate
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Figure D.9.: Pressure transfer p,op(s): 0.125/0.355 mm — o AN-H
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D.3. Pressure sensor development
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D.3. Pressure sensor development
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D.4. Pressure drop curvatures normalized along s — no additives

D.4. Pressure drop curvatures normalized along s — no additives

(based on s instead of sp)
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D.5. Capillary bundle approximation

D.5. Capillary bundle approximation

D.5.1. Determination of Newtonian plateaus

The points of intersection between Newtonian plateau and power-law viscous flow behaviour are
determined based on equal gradients (v) at equal penetration depth s; (related to 7)

(1) Determine point of intersection i; (= Ap/s1) between lower Newtonian plateau behaviour
(top red) and viscous behaviour (blue) (Fig.|D.22)) based on:

BY = dsNewton,nmin/dt (Eq
m v = dsysk/dt (Eq.

(2) s(T) = SNewton,ymin(t) until sq

(3) s(T) = syisk(t) after s1

(4) Determine point of intersection so between viscous behaviour (blue) and upper Newtonian
plateau behaviour (bottom red) (Fig. based on:

By = dsNewton,nma:r/dt (Eq ’
m v = dsy;sr/dt (Eq. [2.22)

(5) Determine time frames for the respective stages via superposition (Fig]D.23|) for a given
time frame T until T = T},40

log(v)
wn
™
\

ki - visk
|

T #  dalal |
¥ data®
datal
8 :
-1.5 1 .5 1.5 2.5 3

0 5|og|:'|] 1

Figure D.22.: Determination of points of intersection at v — i (blue: power law, red: Newtonian
plateaus)
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D.5. Capillary bundle approximation

D.5.2. Examplary display of the influence of individual approximation
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D. V-L

D.5.3. Results
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Figure D.25.: Rheology and filter velocity approximation: 0/2 mm — 1 XAN 2.50 dw
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Figure D.26.: Bulk rheology and filter velocity approximation: 0/2 mm — AN-H 0.75 dw
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D.5. Capillary bundle approximation
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Figure D.27.: Bulk rheology and filter velocity approximation: 0/2 mm — ;AN-MH 1.50 dw
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Figure D.28.: Bulk rheology and filter velocity approximation: 0/2 mm — ;AN-S 1.50 dw
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E. V-S/H-P/H-R

(a) Soil 0.125/0.25 mm - XAN 1.5 + Sxgs 20

(b) Soil 0.4/0.5 mm — XAN 1.5 + Sxg 20 (c) Soil 0.71/1 mm — XAN 2.5 + Sxg 20

Figure E.1.: V-S: filter cake formation with XAN in sand
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E. V-S/H-P/H-R

(a) Soil 0.71/1 mm — CMC-H 5 + Sxs 20 (effective, but slightly slower filter-cake formation with visible
colmation zone)

(b) Sail 0.71/1 mm — CMC-H 5 + Sxg/s 2x10 (immediate clear-cut filter cake from effective colmation
with addition of a larger fines fraction)

Figure E.2.: V-S: filter cake formation with CMC-H in sand
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S

(a) Soil 5/8 mm — CMC-H 5 + Sxs/s/m/c 4x80 (effective colmation, but no clear outer filter cake line
due to surface effects)

(b) Soil 2.8/4 mm — XAN 2.5 + Sxg/s/nm/a 4x10  (c) Soil 2.8/4 mm — XAN 2.5 + Sg 20 (no colma-
(effective immediate colmation with adapted tion due to missing fine fraction)
grain size distribution of fines)

Figure E.3.: V-S: filter cake formation with CMC-H/XAN in gravel
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E. V-S/H-P/H-R

(a) Soil 0.125/0.25 mm ~AN-H 1.5 + Sxgs 20

(b) Soil 1.6/2 mm —~ AN-H 0.75 + Sxg/s 2x10 (no colmation, visible ~ (c¢) Soil 0.71/1 mm — AN-M 0.75
flow paths through filtered fines) + Sxs 20 (colmation)

(d) Soil 1.6/2 mm — AN-H 0.75 + B 5 (no colmation, visible flow  (e) Soil 0.71/1 mm — AN-H 0.75
paths with oriented bentonite flocks) + B 5 (colmation)

Figure E.4.: V-S: filter cake formation with AN-M/AN-H in sand
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-S: testing device

Figure E.5.: 'V
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E. V-S/H-P/H-R

Figure E.6.: H-R: testing device
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Figure E.7.: H-R: testing device at penetration stage
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E. V-S/H-P/H-R

] 1

1

Figure E.8.: H-R: testing device at concreting stage
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