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terrestrial Ecology (ITÖ) of the Swiss Federal Institute of Technology (ETH) Zurich and

the Research and Development Fund of the Swiss Gas Industry (FOGA). This

collaboration was initiated as a result of discussions concerning the validity of tolerance

limits which regulate the maximum weights and contact stresses of heavy tracked

machinery used for gas pipeline construction.
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to the success of this study.

Prof. Dr. Rainer Schulin initiated the research project. He enabled me to carry out my
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Springman and Prof. Dr. Hannes Flühler supported me in soil mechanics and physics,

respectively. My three supervisors always took time to discuss with me theoretical and

experimental questions as well as to look carefully through my manuscripts.

Without the generous support of the Research and Development Fund of the Swiss

Gas Industry (FOGA), represented by Dr. Martin Seifert, this project would not have

been possible.

We were allowed to carry out the traffic experiments on farmland of Hans Kunz

(Unterendingen) and Stefan Wirth (Freienstein) as well as on a forest site of Markus

Hossli (forester, Endingen).

Werner Hirschi (Erdgas Ostschweiz AG) followed the project with much interest and

enabled us to carry out the experiments on the pipeline construction site. Dr. Judith

Kemmler (SKS Ingenieure AG, Zurich) as well as Dr. Karl Vogler and Jean-Marc Ob-

recht (both BMG Engineering AG, Schlieren) co-ordinated the complex construction

activities with our field experiments.
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Werner Attinger gave me his advice and support for planning and realisation of field

and laboratory experiments at any time. His dedication, enormous know-how and feeling
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were crucial for the success of the experiments.

I had the opportunity to share the project, in particular the joys and sorrows of the

field experiments, with Beatrice Kulli. From the beginning the co-operation with Bea was

extremely agreeable and a valuable help for my whole work.

I am also grateful to the following people who helped this work in one way or another:

Matthias Achermann, Michael Barnett, Ernst Bleiker, Prof. Dr. Felix Bûcher, Dusan

Bystricky, Dr. Etienne Diserens, Dr. Geri Furrer, Dr. Michael Gfeller, Anna Grünwald,

Dr. Andreas Gygi, Dr. Michael Gysi, Jürg Hoerner, Jeannette Hollinger, Prof. Dr. Rainer

Horn, Hans Huber, Edith Hug, Markus Jauslin, Dr. Christoph Jung, Manfred Kaufmann,

Dr. Achim Kayser, Dr. Armin Keller, Dr. Catherine Keller, Martin Keller, Dr. Mac

Kirby, Kathrin Krähenmann, Hanspi Läser, Peter Lehmann, Jörg Leuenberger, Pierre-

André Mayor, Dr. Uta Neubauer, Hassan Qasem, Tom Ramholt, Christoph Salm,

Manfred Schärer, David Schönbächler, Marco Sperl, Berchtold von Steiger, Dr. Silvia

Tobias, Monika Weber, Dr. Peter Weisskopf, Hans Wunderli, Hannes Wydler, Silvia

Zahner and Stephanie Zimmermann.
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Vorwort

Diese Arbeit entstand im Rahmen einer Forschungszusammenarbeit zum Thema

„Beurteilung und Vorhersage der mechanischen Belastbarkeit des Unterbodens beim

Verlegen unterirdischer Rohrleitungen durch Kulturland" zwischen dem Institut für

terrestrische Ökologie (ITÖ) der ETH Zürich und dem Forschungs- und Entwicklungs¬

fonds der Schweizer Gasindustrie (FOGA). Ausgelöst wurde die Zusammenarbeit durch

die Diskussion um Grenzwerte für den Einsatz schwerer Maschinen beim Gasleitungs¬

bau, um den Unterboden vor bleibenden Verdichtungen zu schützen.

Am Gelingen der vorliegenden Arbeit waren verschiedene Personen und Institutionen

beteiligt, denen ich an dieser Stelle ganz herzlich danken möchte.

Das ganze Projekt wurde von Prof. Dr. Rainer Schulin initialisiert. Ich erhielt von ihm

als Referenten sowohl maximale Freiheit als auch jegliche Unterstützung bei der Ausge¬

staltung dieser Arbeit. Prof. Dr. Sarah Springman und Prof. Dr. Hannes Flühler begleite¬

ten das Projekt als Ko-Referenten von bodenmechanischer beziehungsweise bodenphy¬

sikalischer Seite. Die drei Betreuerinnen waren immer bereit, mit mir theoretische und

experimentelle Fragen zu diskutieren sowie meine Manuskripte durchzusehen.

Ohne die grosszügige Unterstützung durch den Forschungsfonds der Schweizer Gas¬

industrie (FOGA), vertreten durch Dr. Martin Seifert, wäre die Durchführung des Pro¬

jektes nicht möglich gewesen.

Die Befahrungsversuche durften auf den landwirtschaftlichen Betrieben von Familie

Hans Kunz, (Unterendingen) und Herrn Stefan Wirth (Freienstein) sowie im Wald von

Herrn Markus Hossli, (Förster, Endingen) durchgeführt werden. Das Interesse und die

Toleranz von Seiten der Landeigentümer und Bewirtschafter waren eine grosse Hilfe bei

den Feldversuchen.

Herr Werner Hirschi (Erdgas Ostschweiz AG) verfolgte das Projekt von Seiten der

Gaswirtschaft mit viel Interesse. Seine Unterstützung ermöglichte es uns, die Feldversu¬

che während des Leitungsbaus durchzuführen. Dr. Judith Kemmler (SKS Ingenieure AG,

Zürich) sowie Dr. Karl Vogler und Jean-Marc Obrecht (beide BMG Engineering AG,

Schlieren) halfen, den komplexen Bauablauf im Feld mit unseren Versuchen zu koordi¬

nieren.
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Summary

In the past century mechanisation has revolutionised agriculture. In the course of the

desired increase in crop production, negative effects such as an increased risk of soil

compaction due to heavy machinery have also emerged threatening soil fertility. Particu¬

larly problematic is the compaction of subsoils because it is extremely persistent and of¬

ten hard, if feasible at all, to restore to non-compacted state. Apart from agricultural ac¬

tivities, the use of agricultural land as temporary access way for road-, overland high

voltage transmission line- and pipeline construction work has added to the problem of

subsoil compaction. In recent years, heavy tracked machinery weighing up to 6x104 kg

with mean normal stresses in the contact area up to 100 kPa was used for overland gas

pipeline construction work in Switzerland.

To prevent subsoil compaction damages, precompression stress, i.e. the yield point

between elastic and plastic compression behaviour, has been proposed as a key criterion

for allowable mechanic loads on agricultural subsoils. As the available knowledge about

the validity and feasibility of this criterion for such application to heterogeneous, unsatu¬

rated field soils was insufficien, this study was performed. In particular, the study ad¬

dressed the applicability of the precompression stress criterion to regulate the use of

heavy tracked construction machinery. For this purpose the criterion was tested under

real-world conditions in field experiments. A particular problem was the moisture de¬

pendence of soil mechanical parameters of unsaturated structured agricultural soil. A soil

mechanical model was evaluated to predict subsoil compaction by computer simulation.

On three selected field sites along a gas pipeline under construction, wet and dry test

plots were experimentally trafficked with heavy tracked machines used for construction

work. Compaction effects were determined by comparing precompression stress, bulk

density and macroporosity values as well as water flow pattern from trafficked and non-

trafficked soil. Precompression stress was determined by the Casagrande-procedure from

confined uniaxial compression tests carried out in the laboratory on undisturbed samples

at -6 kPa initial soil water potential. For one of the three test sites, a silt loam Haplic

Luvisol, additionally precompression stress, compression- and recompression index were

determined at five different initial water potentials between -1 and -32 kPa. For this site,
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Summary

the outcome of the field trial was interpreted with a finite-element model based on the

concept of critical state soil mechanics.

No significant increase of precompression stress and bulk density and decrease of

macroporosity occurred in the subsoil if the mean stress in the contact area of the tracks

did not reach precompression stress. This findings were supported by the lack of signifi¬

cant changes in water flow pattern. The lack of statistical significance in the subsoil does

not mean, however, that compaction effects can be entirely excluded. They may have

simply remained insignificant in comparison to the rather large background variability of

the parameters used to assess the compaction effects.

A negative logarithmic correlation was found between precompression stress and wa¬

ter potential and a negative linear correlation between precompression stress and gra¬

vimetric water content. Precompression stress increased very strongly with water tension

in the subsoil but was almost independent of soil moisture (in the range between -1 and -

32 kPa water potential) in the topsoil. The compression index slightly increased with

decreasing water potential. But it was stronger correlated to initial void ratio of the

samples. The recompression index slightly decreased with decreasing water potential.

Like precompression stress, also compression and recompression index showed stronger

moisture dependence in the subsoil than in the topsoil. No correlation was found

between stress-compression characteristics and initial water saturation degree.

For the silt loam Haplic Luvisol, both direct measurement and modelling showed that

the dry soil was strong enough to resist compaction. The wet soil was too weak to resist

compaction in the topsoil, strong enough in the ploughpan, and probably also strong

enough in the subsoil. For the wet soil, the modelling results suggested that only partially

drained conditions prevailed in the soil beneath the tracks during passage of the ma¬

chines.

Given the good agreement between experimentally observed and expected compaction

effects and the surprisingly accurate stress predictions of the used critical state soil me¬

chanics model, it was concluded that precompression stress represents a useful and prac¬

tical parameter to access subsoil compaction susceptibility for the used traffic and soil

conditions investigated in this study.
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Zusammenfassung

Die Landwirtschaft wurde im 20. Jahrhundert durch die starke Mechanisierung revolu¬

tioniert. Mit den dadurch erreichten Ertragssteigerungen gehen allerdings auch negative

Einflüsse auf die Umwelt einher. Ein Beispiel dafür ist die Gefährdung der Bodenfrucht¬

barkeit durch Verdichtungen. Unterbodenverdichtungen gelten dabei als besonders pro¬

blematisch, da sie sehr persistent und wenn überhaupt, nur schwer wieder zu entfernen

sind. Zusätzlich zur immer intensiveren landwirtschaftlichen Nutzung wird Kulturland

auch zunehmend mit schwere Baumaschinen im Zusammenhang mit Strassen- oder

Überland-Leitungsbauten befahren. Die in den letzten Jahren beim Gasleitungsbau durch

Kulturland in der Schweiz eingesetzten Raupenfahrzeuge weisen Gewichte bis 6x104 kg

und mittlere Kontakflächendrücken bis 100 kPa auf und können daher Unterboden¬

verdichtungen verursachen.

Um Verdichtungsschäden in Unterböden zu vermeiden, wurde die Vorbelastung, d.h.

der Übergang von elastischem zu plastischem Verdichtungsverhalten des Bodens, als

Schlüsselkriterium zur Beurteilung der zulässigen mechanischen Belastung vorgeschla¬

gen. Da die Kenntnisse über die Verlässlichkeit und Anwendbarkeit dieses Kriteriums für

inhomogene, ungesättigte Kulturböden bisher ungenügend waren, wurde diese Untersu¬

chung durchgeführt. Untersucht wurde, ob sich die Vorbelastung als Kriterium zur Beur¬

teilung der Verdichtungsempfindlichkeit von Unterböden beim Einsatz schwerer Raupen¬

fahrzeuge unter realen Baubedingungen eignet. Ein spezielles Problem stellte dabei die

Feuchtigkeitsabhängigkeit der Verformungseigenschaften des ungesättigten, strukturier¬

ten Bodens dar. Ein bodenmechanisches Modell wurde evaluiert, um Unterbodenver¬

dichtungen mittels Computersimulation vorhersagen zu können.

An drei Untersuchungssstandorten entlang einer Gasleitungsbaustelle wurden feuchte

und trockene Versuchsflächen mit schweren Raupenfahrzeugen, wie sie beim Bau ver¬

wendet wurden, befahren. Um Verdichtungseffekte festzustellen, wurden Vorbelastung,

Lagerungsdichte und Grobporenvolumen sowie die Fliesspfade von Wasser in befah¬

renem und unbefahrenem Boden untersucht. Die Vorbelastung wurde mit der Ca-

sagrande-Methode, angewendet auf Drucksetzungskurven aus Ödometerversuchen an

ungestörten Proben bei 6 kPa Anfangssaugspannung, bestimmt. Für eine der drei Ver¬

suchsflächen, einer Parabraunerde aus lehmigem Schluff, wurden zusätzlich zur Vorbe-
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Zusammenfassung

lastung auch die Kompressions- und Wiederverdichtungsbeiwerte bei verschiedenen

Anfangssaugspannungen zwischen 1 und 32 kPa bestimmt. Für dieselbe Versuchsfläche

wurden die Resultate des Befahrungsversuches mit einem Finite-Elemente Modell,

basierend auf dem Konzept der critical state soil mechanics, interpretiert.

In den Unterböden wurden keine signifikant grösseren Vorbelastungen und Lage¬

rungsdichten sowie kleinere Grobporenvolumina gefunden, sofern der mittlere Kontakt-

flächendruck unter den Raupen die Vorbelastung im Boden nicht erreichte. Auch wurden

keine signifikanten Veränderungen der Fliesspfade für Wassers festgestellt. Fehlende

Signifikanz bedeutet nicht, dass Verdichtungen vollständig ausgeschlossen werden kön¬

nen. Kleine Verdichtungseffekte könnten durch die natürliche Variabilität der untersuch¬

ten Parameter überdeckt worden sein.

Die Vorbelastung war positiv logarithmisch mit der Anfangssaugspannung, sowie ne¬

gativ linear mit dem gravimetrischen Wassergehalt korreliert. Im betrachteten Saugspan-

nungsbereich zwischen 1 und 32 kPa war die Vorbelastung im Unterboden, im Gegen¬

satz zum Oberboden, sehr stark saugspannungsabhängig. Der Kompressionsbeiwert

wurde mit zunehmender Anfangssaugspannung tendentiell grösser. Er war jedoch deut¬

lich stärker mit der Anfangsporenziffer als mit der Feuchtigkeit korreliert. Der Wieder¬

verdichtungsbeiwert wurde mit zunehmender Anfangssaugspannung tendentiell kleiner.

Wie die Vorbelastung waren auch Kompressions- und Wiederverdichtungsbeiwert im

Unterboden stärker feuchtigkeitsabhängig als im Oberboden. Zwischen dem Anfangs¬

sättigungsgrad und der Vorbelastung sowie dem Kompressions- und Wiederverdich¬

tungsbeiwert wurden keine Korrelationen gefunden.

Für die Parabraunerde aus lehmigem Schluff zeigten Messung und Modellierung, dass

der trockene Boden sowie die Pflugsohle im feuchten Boden durch die Befahrung nicht

verdichtet wurden. Der Oberboden der feuchten Versuchsfläche wurde signifikant ver¬

dichtet, während der Unterboden wahrscheinlich nicht weiter verdichtet wurde. Die

Modellrechnungen zeigten auch, dass während der Belastung im feuchten Unterboden

unter den Raupen Porenwasserüberdrücke auftraten und diesen damit möglicherweise

vor Verdichtung schützten.

Die gute Übereinstimmung zwischen erwarteten und experimentell beobachteten Unter¬

bodenverdichtungen sowie die überraschend gut zutreffenden Modellvorhersagen lassen

den Schluss zu, dass die Vorbelastung, zumindest unter den gewählten Belastungs- und

Bodenverhältnissen, einen brauchbaren und praktischen Parameter darstellt, um die Ver¬

dichtungsempfindlichkeit von Unterböden zu beurteilen.
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Introduction

In the past century, mechanisation has revolutionised agriculture. Apart from the desired

increase of crop production this has, however, also brought negative impacts on the envi¬

ronment. Among these, the risk of soil compaction by using heavy machinery has been

recognised as a major threat to soil fertility. Oldeman et al. (1991) estimated that com¬

paction is by far the most important type of physical deterioration of agricultural soils,

being responsible for soil degradation of an area of 6.8><104 km2 world-wide of which

3.3xlO4 km2 is found in Europe. Compaction does not only adversely affect crop pro¬

duction by decreasing rootability and conductivity for water and air and increasing the

requirement for fertilisers and energy but also on environmental quality (emission of

greenhouse gases, runoff of water and pollutants into surface waters, movements of ni¬

trate and pesticides into ground water) as reviewed by Soane and van Ouwerkerk

(1995). What makes the problem worse is that the restoration of compacted soils by

technical means is difficult, if feasible at all. Subsoil compaction especially is regarded as

very persistent. Structural regeneration by natural processes (reviewed by Hâkansson and

Reeder, 1994) or artificial techniques (Kooistra et al, 1984) seems to be in most cases

extremely slow, except for the topsoil, while artificial deep loosening often leads to sec¬

ondary compaction which may be even worse.

Not only agricultural activities but also the use of agricultural land as temporary access

way during construction of roads, overland high voltage transmission lines and gas pipe¬

line construction work bears a high risk of soil compaction. Since the early 1990s, con¬

troversy about the use of heavy machines for the construction of transport gas pipelines

through agricultural land led to an increased awareness of the problem of physical soil

degradation in Switzerland. Farmers worried because of negative experiences with per¬

sistent soil damages caused by pipeline construction work in the 1970s and demanded

tight restrictions on the allowable use of construction machines. Soil protection agencies

saw the main problem in subsoil compaction since many of the tracked vehicles used for

gas pipeline construction weighed 3><104 kg and more; some even exceeded 6x104 kg. In

order to protect subsoils from mechanical overloading, regulations were set and enforced
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Chapter 1

as part of the pipeline concessions. Limits were imposed on the allowable weight and

contact stress of the used construction machinery as a function of water tension in the

subsoil (0.3-0.35 m depth). As a sound data basis was lacking, these tolerance limits had

to be based primarily on expert opinions and were set rather restrictive for precautionary

reasons. As the resulting restrictions on the construction works were not only costly for

the construction but also felt undue in many cases, the present study was initiated in or¬

der to establish a sound data basis for setting tolerance limits which would still warrant

sufficient soil protection without being over-restrictive for construction work.

Following Horn (1981; 1988), Lebert (1989) and Kirby (1991b), precompression stress,

i.e. the yield point in the transition from elastic to plastic compression behaviour, has

been proposed as a key criterion in the regulation of tolerable mechanic stresses on agri¬

cultural soils. The concept of precompression stress states that compression of a soil is

elastic and thus reversible up to a certain limit, the precompression stress. Only stresses

above that limit cause plastic and, thus, thermodynamically irreversible deformation.

Thus, if stresses beyond the precompression stress are avoided, there should be no irre¬

versible mechanical damage to the soil. The underlying soil mechanical concept appeared

to be well suited to account for the mechanical stress situation in particular under wide,

rigid steel tracks of construction machinery, without being too complex for regulative

purposes.

Although theoretically very appealing, the practical applicability and suitability of pre¬

compression stress as a regulatory criterion to prevent soil compaction under real-world

conditions was not evident a priori. Precompression stress is usually measured in the

laboratory on undisturbed samples, which are subjected to defined stress conditions.

Such conditions can never exactly reproduce the mechanical stress as well as the air and

water drainage situation in the soil environment of the field, even if the sampling does

not cause any damage to the sample itself. How representative a laboratory test is, may

also depend on the size of the sample. This should be sufficiently large to reproduce the

structural features of the soil, which determine its mechanical properties, adequately. The

mechanical representative elementary volume of soil will in general be much larger for

undisturbed field soils than for fine grained, remoulded 'engineering' soils.

Further complications arise from the fact that we deal with unsaturated soils and that,

therefore, the influence of soil moisture on the mechanical properties has to be taken into

account. A number of previous studies (Söhne, 1953; Söhne, 1958; Greacen, 1960;

Larson et al, 1980; Stone and Larson, 1980; Leeson and Campbell, 1983; Hettiaratchi

and O'Callaghan, 1985; Culley and Larson, 1987; Horn, 1988; Kirby, 1991a; Petersen,

1993; O'Sullivan et al, 1994; O'Sullivan and Robertson, 1996; Panayiotopoulos, 1996;

2



Introduction

Adams and Wulfsohn, 1997) have clearly shown that the compression behaviour of un¬

saturated agricultural soils, including precompression stress, can strongly depend on

moisture status.

Moisture dependence also complicates the task of determining the stresses which are

exerted by the load of a machine in the subsoil. Apart from the problem of calculating the

stress propagation in the soil profile a major difficulty already consists in assessing stress

boundary conditions at the soil surface below the wheels or tracks of a vehicle.

While the available literature suggests that the precompression stress concept is very

promising for regulatory application in soil protection, it does not provide sufficient an¬

swers to these questions. Addressing the task to show the feasibility of applying the pre¬

compression stress criterion to real-word situations, the specific objectives of this study

were to

• assess whether precompression stress, experimentally determined in the laboratory,

can provide a suitable criterion for the compressibility of unsaturated agricultural soils

under field conditions and stresses exerted by tracked heavy construction machinery.

• describe the stress propagation under such conditions in the continuum by an appro¬

priate soil mechanics constitutive model.

• determine the dependence of relevant compression properties on the moisture status

of undisturbed soil samples.

This study accordingly proceeded in three main steps which are described each in one of

the following chapters:

• Field experiments were performed along a gas pipeline under construction on three

test sites in which heavy tracked construction machinery trafficked test plots of vari¬

ous soil moisture under controlled and well-defined mechanical conditions. Precom¬

pression stress, bulk density, coarse porosity and water flow paths of trafficked and

non-trafficked soil were compared (chapter 3).

• Soil samples from one test site were conditioned to different initial moisture status

and then subjected to confined uniaxial compression tests. From the resulting stress-

strain curves effects of soil moisture on precompression stress, compression and re¬

compression index were evaluated (chapter 4).
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• For one field experiment, stress propagation in the soil was calculated using the criti¬

cal state soil mechanics model 'Modified Cam Clay', implemented in the finite-ele¬

ment code 'Crisp' (Britto and Gunn, 1987). Compression characteristics including

their moisture dependence determined in the previous step and shear properties addi¬

tionally measured from the same site were used as input parameters. Calculated verti¬

cal stresses were compared with measured precompression stresses (chapter 5).
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2

Soil physics and soil mechanics - theoretical aspects

2.1 Objectives

This study was carried out at the interface of 'classical' soil physics and soil mechanics.

Although both disciplines deal with the same material, i.e. the soil, different notation and

terms for the same properties are in use. Therefore the first aim of chapter 2 is to define

the terms 'topsoil', 'subsoil', 'compression' and 'compaction' as well as the volume and

mass relationships of the soil constituents used in this study. Secondly an introduction

into the soil physical/mechanical concepts of 'soil water potential', 'tensiometry' and

'soil water characteristic', as well as a short introduction into critical state soil mechanics

is given.

2.2 Definitions

In soil science, the topsoil (in agricultural soils usually identical with the A-horizon) is

defined as the top layer of a soil which is characterised by the incorporation of humified

organic matter and/or the loss of mineral constituents (e.g. by dissolution and leaching)

resulting in a relative enrichment of the organic matter content of the mineral soil (sand,

silt, clay) relative to the soil below. Usually the organic matter content is above 0.02 kg

organic matter per kg dry soil. In arable land the topsoil is in general equivalent with the

plough layer, i.e. the layer in which the soil is more or less regularly mixed by cultivation.

The subsoil is the part of a soil profile below the topsoil which is enriched by

pedogenic mineral phases due to weathering and transformation of the primary, i.e.

geogenic, minerals and/or accumulation of constituents from the topsoil by illuviation. In

general, the subsoil is equivalent to the B-horizon, i.e. the layer between the topsoil and

the non-weathered parent material of the underground below (C-horizon).

In geotechnical engineering compression denotes a decrease in void space due to

external (applied load) or internal (suction) forces. In soil science a reduction in pore

volume is called compaction. Often compaction is used to refer to any change in pore

size distribution resulting in a reduction of permeability for water or air. In contrast to

this wide meaning of the term in soil science, geotechnic reserves its use strictly for the

7
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mechanical operation applied to a soil to increase its dry bulk density (i.e. densification)

(Fredlund and Rahardjo, 1993, p. 33). In this study compaction in the sense of reduction

of porosity, in particular of coarse porosity, is used following its usage in soil science.

Table 2.1. Volumetric and mass properties of soil constituents

Parameter Definition Definitions according to

M.
Bulk density Pb=

—

r
t

Jury et al. (1991)

Mineral density Ps=
V

s

Jury et al. (1991)

Porosity
V +V

n=
w

vt
Wood (1990)

Void ratio
V +v

e=
w

K
Wood (1990)

Specific volume Wood (1990)

Gravimetric water content
8

Ms
Jury et al. (1991)

Volumetric water content

V
0 =-^

v

vt
Jury et al. (1991)

Degree of saturation
V

sr= K—

V +v
w a

Wood (1990)

Mt : total soil mass; Ms, Mw, Ma : fraction of soil solid (s), water (w) and air (a) mass.

Vt : total soil volume; Vs,Vw,Va: fraction of soil solid (s), water (w) and air (a) volume.

The notation for the definitions given in Table 2.1 were chosen according to the text¬

books of Jury et al. (1991) and Wood (1990) being aware that most of the definitions

were already formulated earlier e.g. by Terzaghi (1925).
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2.3 Soil physics

2.3.1 Soil water potentials

According to the Soil Science Society of America (SSSA, 1997) the total soil water po¬

tential is defined as «the amount of work that must be done per unit quantity of pure wa¬

ter in order to transport reversibly and isothermally an infinitesimal quantity of water

from a pool of pure water at a specific elevation at atmospheric pressure to the soil water

(at a specific point)». The total soil water potential x¥t can be thought of as a sum of

separate components due to system variables. Jury et al. (1991, p. 52) give the following

definitions:

n=^+^ (2-la"c)

Vm=Vb+Vw

where x¥z = pw g(zsoll -z0) is the gravitational potential, x¥s is the solute potential and

Yç, is the tensiometer pressure potential. The tensiometer pressure potential can be

subdivided into the air pressure potential x¥a and the matric potential x¥m. The former

arises due to different air pressures in the soil and the atmosphere. The latter results from

the capillary and adsorptive interactions between water and soil matrix. If the soil is as¬

sumed to be a non-rigid material, it is useful to subdivide the matric potential x¥m into an

overburden pressure potential x¥b and a wetness potential x¥w (Jury et al, 1991, p. 52).

x¥w is the result of the adsorptive forces between water and soil matrix. x¥b arises due

to mechanical pressure exerted by the solid soil on the soil water as the result of e.g. the

weight of the overlying soil material or a load on the soil surface.

In practice, the gravitational water potential at a point zsoû is given by ist elevation from a

reference level z0. The solute potential is measured as the pressure difference across a

semi-permeable membrane and the tensiometer potential as the hydraulic water pressure

in the ceramic cup of a tensiometer (see Fig. 2.1a). The ceramic cup of a tensiometer is

permeable for solutes, thus the tensiometer potential refers to the soil solution in its ac¬

tual composition and the solute potential is zero. Except for conditions of trapped air or

very low air permeability of the soil,
differencesinsoilairandatmosphericairpressurecanusuallybeneglected.Inthisstudy,tensiometerpotentialwasconsideredtobeequivalenttomatricpotentialbecausesufficienttimewasalwaysgivenforairpressureequilibration.Withsoluteandairpotentialbeingzero,tensiometerpotentialwassimplyreferredassoilwaterpotential.9
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2.3.2 Soil water characteristic

The functional relationship between the matric potential x¥m and the gravimetric or

volumetric water content ( 0g, 0V ) is called the soil water characteristic, characteristic

curve or water retention curve (SSSA, 1997) The desorbtion curve is the drying branch

of this hysteretic relationship It can be determined by drying a soil sample using a hang¬

ing water column for matrix potentials down to -20 kPa (see Fig 2 lb) or a pressure

membrane apparatus (eg Richards, 1941, Richards and Fireman, 1941, ASTM, 1994)

for matric potentials down to -1500 kPa The water characteristic function depends on

texture (Fig 2 2a) as well as on structure (Fig 2 2b) Changes in the soil water charac¬

teristic can be interpreted as an equivalent change in pore size distribution This provides

an indicator for structural soil deformation (Hillel, 1998, p 157) Compaction will pri¬

marily decrease coarse porosity (matric potential 0 to -6 kPa, equivalent pore diameter

> 5xl0"5 m) while the amount of finer pores (matric potential -6 to -30 kPa, equivalent

pore diameter 5><10"5-5xl0"6 m) may increase due to the collapse of coarser pores

Matric

potential
[kPa]

1

Clayey soil

a)
Water content [-]

Matric

potential
[kPa]

-1000

-100

-10

-1

\\
\\

.. \ \ Compacted,
\ \ /dense soil
\ \/

\ X.
s

^

/* **
"«.

Aggregated, \ X

loose soil
1 Lb»,

b)
Water content [-]

Fig 2 2 The effect of soil texture (a) and soil structure (b) on the water characteristic

function (adapted from Hillel (1998))
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2.4 Soil mechanics

The design of structures made of soil or founded on or in soil is a basic objective in civil

engineering work. These structures may not collapse, should experience only moderate

soil deformations and should be built with an adequate factor of safety. To solve these

design problems in practice, since the mid 18th century (Coulomb, 1776; Rankine, 1857;

Terzaghi, 1925) soil mechanics has developed to provide constitutive laws which allow

soil deformation and failure states to be predicted as a function of the applied load as

well as the soil stiffness and strength (see e.g. Terzaghi and Peck (1967)). In the 1940s,

soil mechanics concepts were recognised as potentially valuable for understanding dete¬

rioration problems in agricultural soils (Söhne, 1958). As a first step, mainly soil com¬

paction, i.e. the increase of bulk density due to the trafficking of agricultural land with

heavy machinery, should be prevented. For that purpose, soil mechanics frameworks like

the 'critical state concept', presented by Roscoe et al. (1958) and Schofield and Wroth

(1968), could be a suitable way to understand the processes which lead to non-reversible

soil compaction. The critical state concept considers that a continuously deformed par¬

ticulate material will come to a critical state in which further deformation proceeds with

no change in stress or volume. Critical state constitutive models describe soil as elasto-

plastic material that undergoes changes in bulk density due to applied compressive and

shear stresses.

Although very appealing for agricultural soil mechanics (Kurtay and Reece, 1970; Reece,

1977; Hettiaratchi and O'Callaghan, 1980; Koolen and Kuipers, 1983), the applicability

of the critical state concept to unsaturated agricultural soils was not obvious (Spoor and

Godwin, 1979; Towner, 1983; McKyes, 1986, p. 33) since it was developed for satu¬

rated 'engineering' soils (see chapter 2.4.1). However, a number of authors (Greacen,

1960; Bailey and VandenBerg, 1968; Hettiaratchi and O'Callaghan, 1980; Leeson and

Campbell, 1983; Hettiaratchi, 1987; Kirby, 1989; Kirby, 1991; Petersen, 1993; Kirby,

1994; Adams and Wulfsohn, 1997; Kirby et al, 1997) successfully applied the critical

state concept to unsaturated agricultural soils. Most ofthem worked with total instead of

effective stresses. The total stress approach is simpler and seems more convenient for the

usually very complex loading and soil characteristics under wheels and tracks in practice.

But it has the disadvantage that it cannot describe properly the influence of water and air

pressure on the stress-strain behaviour of the soil. Toll (1990), Alonso et al. (1990) and

Wheeler and Sivakumar (1995) presented critical state frameworks for unsaturated soils,

introducing water suction as an additional independent stress parameter (chapter 2.4.2).

12
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2.4.1 Critical state soil mechanics for saturated soil

The critical state concept for saturated soils is usually described for triaxial stress condi¬

tions (Fig. 2.3) in terms of the mean effective stress/»' and the deviator stress q (Britto

and Gunn, 1987; Wood, 1990) where

pt _ _j 2 3_ js ^ mean effective stress and (2.2)

q = a[-<j3 the deviator stress. (2.3)

<j[,<j'2,<j'3 are the effective principal stresses and sus2,£3 are the corresponding

principal strains (see Fig. 2.3). According to Terzaghi (1936), the effective principal

stresses <j[,<j'2,<j'3 are defined as

a\ = <J\- u^ °"2 = ^2
"

U^ cr'3 = a3- uw (2.4 a-c)

where cru(j2,(j3 are the total principal stresses and uw is the pore water pressure.

A change in effective principal stresses applied to a cylindrical soil sample (Fig. 2.3)

leads to changes in volumetric strain (ep) and, if q ^ 0, to deviator strain (eq)

dsp = dsx + ds2 + ds3 (2.5)

(dsl - ds2 ) + (dsl - ds3 ) + (ds2 - ds3 )2

de =-L
3

Ô£i,Ô£2,ôs3 are the total strain increments in the principal stress directions.

(2.6)
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Fig. 2.3. A cylindrical soil sample under triaxial principal stress conditions.

The volumetric state of a sample during a triaxial test is usually expressed as specific

volume v = 1 + e. e is the void ratio. The volumetric strain increment dsp is related to

the specific volume v according to

ds„
-dv

(2.7)

The work input increment per unit volume dW of a soil sample under triaxial stress

conditions can be defined as

ÔW = p' ds +q ds (2.8)

14
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The critical state concept can be broadened to incorporate the idea of state boundary or

yield surfaces. The critical state is defined by a unique line in deviator stress-mean effec¬

tive stress-specific volume space. With reference to Fig. 2.4, a soil can exist in a stress

state on or within a yield surface in deviator stress-mean effective stress-specific volume

space. Within the yield surface, behaviour is assumed to be elastic, and can be described

as 'elastic walls' along an unload-reload line.

Deviator

stress q

Specific volume v

Fig. 2.4. The critical state line and an elastic wall depicted in the deviator stress-mean

effective stress-specific volume space (adapted from Kirby (1989)).

For instance, a sample with a mean effective stress on the isotropic normal consolidation

line P (Fig. 2.4) would, on removal of the mean effective stress to 0, experience an in¬

crease in volume due to elastic rebound (specific volume = vK). The elastic wall is, there¬

fore, not parallel to the mean effective stress axis. The elastic walls increase in size with

decreasing specific volume, i.e. the sample is becoming stronger with increasing density.

According to Wood (1990, p. 69), the yield surface can be regarded as generalised pre-

15
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compression stress, determined under various mean effective stress and deviator stress

conditions. The precompression stress observed in a uniaxial compression test corre¬

sponds to just one point on this yield surface.

Deviator

stress q

A

Critical state line

Yield surface
-p
y^ \

0 =

v„ A D P = Po' Mean effective

stress p'

Fig. 2.5. Projection of an elastic wall onto the deviator stress-mean effective stress

plane (adapted from Kirby (1989)).

The locus of critical states in the deviator stress-mean effective stress plane (Fig. 2.5) is

described by the critical state line in thep
'

- q space.

-Mp'cs (2.9)

where qcs is the deviator stress and p 'cs is the mean effective stress at the critical state.

The slope of the critical state line M under triaxial compression can be calculated with

the effective angle of internal friction <j>' as

M
6 sin^'

3 -sin^'
(2.10)

Fig. 2.5 shows the projection of an elastic wall onto the deviator stress-mean effective

stress plane. The shape of the elastic wall projection in Fig. 2.5 is assumed to be ellipti¬

cal. This is one possible idealisation of the yield locus/surface of the findings of numerous

investigations which was also used for the constitutive model 'Modified Cam Clay'

(Roscoe and Burland, 1968).
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The elliptical elastic wall can be defined as

q2=M2(p'p'0-p'2) (2.11)

withMthe slope of the critical state line andp0
'

the isotropic precompression stress.

On the yield locus on the left of the critical state line, shearing causes strain-softening

and is accompanied by a volume increase. On the yield locus to the right of the critical

state line, shearing is strain-hardening and is accompanied by a volume decrease. Shear at

constant mean effective stress (stress paths BC and EF) to the original locus defined by P

causes the loci to develop as shown in Fig. 2.5, once yielding has began at points B and

E, respectively.

Projecting the yield surface onto a specific volume-ln(mean effective stress) plane gives

Fig. 2.6.

Specific
volume v

Critical state line

Isotropic normal

compression line

In (mean effective stress p')

Fig. 2.6. Projection of the critical state line and an elastic wall onto the specific

volume-ln(mean effective stress) plane (adapted from Kirby (1989)).

17



Chapter 2

The isotropic normal compression line is that formed by isotropic triaxial compression

(p '=<j'i = (j'2 = o'î, q
= 0) and can be expressed as

vlso = N-A\np'lso (2.12)

where N = vlso (p'lso = 1 kPa).

In the specific volume-ln(mean effective stress) plane, the critical state line is parallel to

the isotropic normal compression line but has a lower specific volume

vcs=T-A\np'cs (2.13)

where Y = vcs(p'cs=\kPa).

An elastic wall projects as an unload/reload-line with a slope k

v = vK-Jclnp' (2.14)

where vK = v(/>' = 1 kPa) .

A remoulded soil sample loaded with isotropic stress will travel down the isotropic nor¬

mal compression line (Fig. 2.6), and upon unloading it will rebound back along the elas¬

tic wall. It can be seen that isotropic compression involves both elastic (recoverable) and

plastic (irrecoverable) strain. The strain hardening and strain softening behaviour de¬

picted by the stress paths BC and EF in Fig. 2.4 and Fig. 2.5 is shown also in Fig. 2.6.

The specific volume decrease (bulk density increase) of the latter, and specific volume

increase (bulk density decrease) of the former is readily apparent.

Since critical state soil mechanics considers elastic as well as plastic deformations, volu¬

metric strain dsp and deviator strain dsq are divided up into an elastic and a plastic part,

given by equation (2.15) and (2.16)

dep =Seep+Sepp (2.15)

ds, =&'+&,' (2.16)

dsp is the elastic and dspp the plastic volumetric strain increment, dseq is the elastic anddsvqtheplasticdeviatorstrainincrement.18
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The elastic stress-strain behaviour, i.e. the behaviour inside the yield surface, can be

described with the vector equation (2.17) in terms of two of the four (dependent) elastic

material properties (Timoshenko and Goodier, 1970). In critical state soil mechanics, the

slope of the unload-reload line k and the effective shear modulus G
'

are usually used as

elastic material properties (Wood, 1990).

de;
del

K (v /?') 0

(3G-)- öq
(2.17)

Critical state soil mechanics uses a plastic potential approach to describe plastic stress-

strain behaviour, i.e. the behaviour on the yield surface of a soil. A plastic potential g can

be defined as given in equation (2.18) as a scalar function of the mean effective stress/» ',

the deviator stress q and a factor Çwhich controls the size of the potential (Wood, 1990,

p. 106).

g(p\q,C) = 0 (2.18)

The plastic strain increments depp and de? form a mechanism of plastic deformation re¬

lated to the normal to the plastic potential g at the current effective stress state p '-q so

that

p

dp'
(2.19)

dspa =k^-
q

dq

where k is a scalar multiplier, characterising soil hardening.

(2.20)

For the 'Modified Cam Clay' model, normality is assumed, i.e. the plastic potential g and

the yield function/, defined by equation (2.21)

f = q2-M2(p'p'0-p'2), (2.21)

(see also equation (2.9) for the definition of the elastic wall) coincide and, hence, g =f.
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The plastic strains dsp, dsp and dsq can be depicted graphically for the 'Modified Cam

Clay' model as given in Fig. 2.7.

Critical state line

q,Se,

p\Se/

Fig. 2.7. The plastic strains dsp, dsp and dsq'm the/» '-q space.

For dep > 0, compaction and for dspp < 0 dilation (loosening) occurs. For dep = 0 and

dsp =

oo, the soil reaches its critical state which means infinite shear deformation at with

no change in stress and volume occurs. This can be expressed mathematically according

to Wood (1990, p. 139) with equation (2.22)

dp}
_

dq
_

8v

deq deq deq
0 (2.22)
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With equations (2.19) to (2.21), the normality condition and the plastic soil hardening

characteristic, given by Wood (1990, p. 94)) as

del \X-k) (2.23)

the plastic stress-strain behaviour can be described with the vector equation (2.24)

del

del

(X-k)

with rj

vp'(M2+ri2)

M2 -if 2rf

2 77 4î]2(m2-î]2J
ôp'

öq
(2.24)

Â is the slope of the isotropic compression line (equation (2.12) and (2.13)), k is the

slope of the unload-reload line (equation (2.14)), v is the specific volume and M is the

slope of the critical state line (equation (2.9)). For the detailed derivation of equations

(2.17) and (2.24) refer to Wood (1990, p. 84ff).
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2.4.2 Some remarks on critical state soil mechanics for unsaturated soil

Volume change and shear strength of unsaturated soil cannot be related to a single effec¬

tive stress as shown e.g. by Jennings and Burland (1962). Instead, the total stress <j
,

pore-air pressure ua and pore-water pressure uw must be combined in two independent

stress variables, typically chosen as the net stress o -ua and the water suction ua - uw

(Bishop and Blight, 1963). Net stress o -ua and water suction ua - uw can be combined

to define the effective stress a
' under unsaturated conditions as

a' = cj-ua+x(ua-uw) (2.25)

as proposed by Bishop (1959), where ^is a function of water content as well as wetting

and drying history {x= 1 for fully water saturated and ^= 0 for dry soil). Toll (1990),

Alonso et al. (1990) and Wheeler and Sivakumar (1995) presented critical state frame¬

works for unsaturated soils. The general idea is to define the effective stress as given in

equation (2.25) instead of (2.4a-c). Thus, equation (2.2) changes to

P = —^ ~

-K + X{ua~uw) (2.26)

while equation (2.3) q = a[-a[ stays the same. Not only the stress state parameter/?'

but also the specific volume v, the critical state parameter À, k and M as well as the

precompression stress p0
'

become a function of water suction ua - uw and pore-air pres¬

sure ua. These considerations are supported by practical experience with unsaturated ag¬

ricultural and forest soils. Their compression and shear behaviour depends considerably

on suction or water content (see chapter
4).Thusthecriticalstateconceptforunsatu¬ratedsoilprovidesrealisticconstitutivemodelstodescribestress-strainbehaviourofag¬riculturalandforestsoils.Unfortunatelythedeterminationofstressesandmaterialpropertiesundercontrolledsuctionandpore-airpressureconditionsisstillverydifficult.22
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Abstract

Precompression stress has been proposed as a criterion for subsoil compression sensiti¬

vity in regulations, limiting mechanical loads by vehicles, trafficking on agricultural and

forest soils. In this study we investigated the applicability of this criterion to the field

situation in the case of tracked heavy construction machinery. 'Wet' and 'dry' test plots

at three different test sites along an overland gas pipeline construction site were experi¬

mentally trafficked with heavy tracked machines used for the construction work. The

comparison of samples taken from beneath the tracks with samples taken from non-traf¬

ficked areas beside the tracks showed that no significant increase in precompression

stress occurred in the subsoil. Comparing calculated vertical stress with precompression

stress in the subsoil, only little compaction effects could have been expected. Precom¬

pression stress was determined by the Casagrande procedure from confined uniaxial

compression tests carried out in the laboratory on undisturbed samples at -6 kPa initial

soil water potential. Dye tracer experiments showed little differences between water flow

patterns of trafficked and non-trafficked subsoils, in agreement with the results of the

precompression stress, bulk density and macroporosity measurements. The results indi¬

cate that the existing precompression stress may be a suitable criterion to define the

maximum allowable stress in the contact area of a rigid track in order to protect agricul¬

tural and forest subsoils against compaction.
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3.1 Introduction

Compaction has been recognised as a major threat to soil fertility of large areas of culti¬

vated land. It is estimated to be responsible for the degradation of an area of 6.8><104km2

world-wide, of which 3.3 xlO4 km2 is located in Europe (Oldeman et al, 1991), adversely

affecting crop production as well as environmental quality (Soane and Van Ouwerkerk,

1995). Compaction of subsoils is regarded as particularly problematic because of its per¬

sistence and the difficulty to remediate it. Natural regeneration can result from activity of

soil fauna and flora (von Albertini et al, 1995) as well as from abiotic processes such as

drought and frost induced shrinkage. Research reviewed by Hâkansson and Reeder

(1994) showed that the effectiveness of these processes, however, decrease rapidly with

depth beneath the main root zone of the topsoil. Artificial loosening by deep ploughing,

on the other hand, may aggravate rather than solve problems. For example Kooistra et al.

(1984) reported that secondary soil compaction was even worse than the first compac¬

tion because subsoil structure had been disrupted and weakened by the loosening opera¬

tion. Neilsen et al. (1990) found that reduced crop yields due to subsoil compaction were

only partially compensated by fertiliser treatment.

The review by Hâkansson and Reeder (1994) shows that the risk of subsoil compaction

may be considerable for soils with high moisture content under vehicles with high axle

loads. Other important factors, apart from axle load and moisture content, are tyre di¬

mensions, contact stresses, number of passes, soil strength and stress history (Hadas,

1994). While many studies investigated soil compaction caused by wheeled traffic, only a

few publications deal with the extent of (sub-)soil compaction in agricultural land due to

tracked heavy construction machinery. McKyes (1980) found an increase in bulk density

down to 0.3 m depth and a slight decrease in crop yield one year after construction of

high voltage transmission lines in Canada. Culley et al. (1982) found that porosity and

hydraulic conductivity were reduced and bulk density and penetration resistance were in¬

creased down to 0.3 m depth in a medium-to-fine grained soil, affected by oil pipeline

construction in Ontario, Canada. Moreover, yields of corn, soybeans and cereals were

depressed for up to 10 years after the installation of the oil pipeline (Culley and Dow,

1988). Dumbeck (1984) carried out traffic experiments on arable land in Germany with

heavy excavators (weighing up to 4.7x104 kg, mean stress in the contact area up to

100 kPa) under 'dry' (-30 to -100 kPa soil water potential) and 'wet' (» -6 kPa soil

water potential) soil conditions. He found a decrease in the amount of macropores down

to 0.65 m in the 'dry' and 1 m in the 'wet' soil. Hâkansson (personal communication)

found a decrease in crop yield of about 35% in the first year
andabout5%fromthe
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third to the fifth year on agricultural land trafficked by machines in the course of gas

pipeline construction in Sweden.

In Switzerland, subsoil compaction has raised particular concern because of the use of

agricultural land as temporary access way for heavy machinery required in construction

work. Apart from road and railway line construction, the construction of overland gas

pipelines has become a topical issue in this respect. Tracked vehicles weighing more than

3xl04 kg are routinely used in this construction work. Even machines weighing more

than 6xl04 kg have been used. In a first study, von Rohr (1996) found changes in bulk

density, porosity and pore size distribution down to 0.65 m depth of a soil trafficked with

tracked pipeline construction machines weighing up to 3.3x104 kg (mean normal stress in

the contact area: 73 kPa). While due to the relatively large contact area, the mean normal

stress in the contact area is smaller than of some agricultural machines, however the

stress reaches deeper into the soil. This was already reported by Söhne (1953; 1958) ap¬

plying the theory of Boussinesq (1885) and Fröhlich (1934) on traffic induced stress

propagation in agricultural soils.

The limited reversibility of subsoil compaction calls for measures to prevent it. That is to

avoid stresses exceeding the soil's range of elastic behaviour and thus leading to plastic

deformation. Horn (1981; 1988), Horn and Lebert (1994) and Kirby (1991b) proposed

to use the precompression stress as a limiting criterion. According to this concept, re¬

loading a soil at a given moisture status up to a stress which it had previously experi¬

enced will cause only elastic (i.e. reversible) and no plastic (i.e. non-reversible) compres¬

sion (e.g. Terzaghi and Peck, 1948 p. 106f). This concept appears to be particularly ap¬

propriate for application in setting tolerance limits for the use of tracked construction

machinery on agricultural land. These machines drive slowly and exert compression

stresses primarily through their weight, which is supported by a rather large contact area

compared to wheeled machines. Consequently, precompression stresses determined un¬

der static stress conditions, as they occur in confined uniaxial compression tests, were as¬

sumed to represent critical stresses under the tracks of such construction machines ade¬

quately enough for practical purposes.

While the precompression stress concept is theoretically very appealing, only few in¬

vestigations have been performed to test its suitability to access soil compaction sensiti¬

vity under field conditions (Culley and Larson, 1987; Hammel, 1993; Blunden et al,

1994; Gysi et al, 1999). For example, differences in drainage conditions between field

and laboratory experiments were considered as potentially limiting to the validity of labo¬

ratory determined precompression stresses. Furthermore, laboratory tests on intact

samples cannot reproduce stress conditions of the undisturbed soil under field conditions
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exactly as it is not possible to reproduce the field boundary conditions in any detail.

Oedometer tests e.g. subjecting a sample to uniaxial compression with lateral extension

confined by a steel cylinder, offers different boundary conditions of strain to those expe¬

rienced by undisturbed soil in the field, which is loaded by a tracked vehicle. Also pre-

compression stress is usually not evident as a sharp bend in the stress-volumetric strain

curve but rather an operationally defined point in an often rather gradual transition bet¬

ween recompression curve and virgin compression line, indicating that there is no abrupt

change from purely elastic to plastic compression. In addition, precompression stress has

to be as sensitive to changes of compactness as bulk density and pore size distribution,

and additionally easy to determine under practical conditions.

While the mechanics of water saturated 'engineering' soils (Atkinson and Bransby,

1978 p. 2) has been extensively investigated, much less is known about the more compli¬

cated mechanical behaviour of unsaturated agricultural soils, in which structure is pre¬

dominantly influenced by biological factors, i.e. the activity of organisms and their or¬

ganic residues. Given these uncertainties about the feasibility of precompression stresses,

the validity of this criterion in predicting subsoil compressibility under tracked heavy

construction machinery and field conditions has to be demonstrated unequivocally.

To test the applicability of precompression stress as a criterion for susceptibility to com¬

paction under 'real world' conditions, field traffic experiments were performed with

tracked machinery in the course of pipeline construction work. For this purpose, wetted

and non-wetted test plots of three different soils along the construction site were traf¬

ficked under controlled conditions. Precompression stress, bulk density, coarse- and

coarse-to-intermediate porosity of samples taken from trafficked soil beneath tracks were

compared to reference measurements of non-trafficked soil. In addition, dye tracer ex¬

periments were carried out in order to compare the flow patterns of water in the traf¬

ficked and non-trafficked subsoils. We expected precompression stress, bulk density and

coarse-to-intermediate porosity to increase, coarse porosity to decrease and flow path¬

ways to disappear if the predicted stress in the soil below the tracks exceeded the pre¬

compression stress.
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3.2 Material and methods

The traffic experiments were performed in autumn 1996 and spring 1997 on the three

different sites 'Freienstein', 'Güllenhau' and 'Ruckfeld', which were situated along the

gas pipeline TRAWO, running from Zuzgen to Winterthur/Ohringen in northern

Switzerland. Soil properties at the three test sites are given in Table 3.1.

Table 3.1. Soil parameters at the three test sites Freienstein, Güllenhau and Ruckfeld

Site Depth Silt1 Clay1 Gravel Organic Bulk

[m] [kg kg1] [kg kg1] [m3 m"3] matter1

[kg kg1]

density

[kgm-3]

Freienstein 0.07-0.17 0.31 0.25 2 0.028 1510

0.27-0.37 0.34 0.24 < 1 0.012 1620

0.47-0.57 0.34 0.25 < 1 0.011 1590

0.67-0.77 0.43 0.32 < 1 0.013 1510

Güllenhau 0.07-0.17 0.52 0.17 8 0.044 1130

0.27-0.37 0.51 0.20 8 0.010 1330

0.47-0.57 0.48 0.19 12 0.007 1530

Ruckfeld 0.07-0.17 0.55 0.14 <0.01 0.033 1310

'wet' plot 0.27-0.37 0.60 0.12 <0.01 0.011 1570

0.47-0.57 0.57 0.17 <0.01 0.011 1510

0.67-0.77 0.57 0.18 <0.01 0.010 1520

Ruckfeld 0.07-0.17 0.57 0.16 <0.01 0.031 1360

'dry' plot 0.27-0.37 0.55 0.16 <0.01 0.025 1530

0.47-0.57 0.58 0.16 <0.01 0.015 1540

0.67-0.77 0.56 0.17 <0.01 0.012 1610

t Determined with the pipette method
1 Measured as weight loss after oxidation by H202.

Soil types according to FAO (1990) were an Eutric Cambisol at Freienstein, a Dystric

Cambisol at Güllenhau and a Haplic Luvisol at Ruckfeld. The Freienstein and Ruckfeld

site were under crop rotation and used as grassland in the year of the experiment. The

Güllenhau site was situated in a pine forest.
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Freienstein

3.5 m

2 m

0.7-0.9 m

1.6-1.7 m

0.7-0.9 m

Wetted area
Traffic direction
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Traffic direction.
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Ruckfeld

3.5 m
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Fig. 3.1. Situation of the test plots at the three experimental sites with sampling and

sprinkling areas: NT non-trafficked, T trafficked.
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The situation of the experiments at the three sites is depicted in Fig. 3.1. The experimen¬

tal trafficking was part of the pipeline construction process, i.e. under 'real-world' con¬

ditions.

At Freienstein and Ruckfeld, test plots were wetted prior to trafficking by sprinkling for

one day at a rate of 0.1 m d"1 at Freienstein and five days at a precipitation rate of

0.1 m d"1 at Ruckfeld. Thereafter, the soil was left to redistribute the infiltrated water for

one more day. At the forest site of Güllenhau, space allowed only for one trafficked plot.

Due to the weather conditions during the experiment, this site was relatively wet. In or¬

der to assess compaction effects from all test plots, samples were taken from non-traf¬

ficked areas beside the tracks.

Table 3.2. Characteristics of the machinery used in the experiments

Machine type Net Length of the Width of the Net mean

machine contact area contact area normal stress in

weight [m] (twice track width) the contact area

[kg] M [kPa]

Fiat FH 300 3.02xl04 4.0 1.8 42

Fiat Allis PL 40 C 2.56xl04 3.5 1.4 51

Cat 583 3.8xl04 3.2 1.5 78

For the traffic experiment, three different types of construction machines were used, as

given in Table 3.2. The machinery used in the experiments were Fiat FH 300 excavators

and Fiat Allis PL 40 C as well as Cat 583 sidebooms, specially constructed for placing

large diameter pipes into trenches. The machines were driving directly on the soil surface

without a protecting layer put on top of it. Table 3.3 gives the sequence, duration and

mean normal stress in the contact area performed by these machines in the three experi¬

ments.
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Table 3.3. Test sequence for the three test sites

'Wet' plot 'Dry' plot

Machinery used Load duration Mean normal Load duration Mean normal

[s] stress in the [s] stress in the

contact area contact area

[kPa] [kPa]

Freienstein

1st Fiat FH 300 20 42 20 42

1st Fiat Mis PL 40C 20 51 20 51

2nd Fiat Mis PL 40C 20 51 20 51

3rd Fiat Mis PL 40C 20 51 920 86!

2nd Fiat FH 300 920 72! 920 72!

Güllenhau

Fiat FH 300 40 42 - -

Ruckfeld

1st Fiat FH 300 140 42 140 42

Fiat Mis PL 40C 140 51 140 51

Cat 583 140 78 140 78

2nd Fiat FH 300 140 42 140 42

Normal stress under the trench closest track during the placement of pipe.

At the Freienstein site, a Fiat FH 300 followed by three Fiat Mis PL 40 C and a second

Fiat FH 300 trafficked slowly over the two plots at a velocity of 0.1-0.2 m s"1. The

second Fiat FH 300 stayed for 900 s on each plot while placing the pipe in the trench.

The third Fiat Mis PL 40 C stayed for 900 s on the 'dry' plot holding up the pipe.

Holding up and placing the pipe leads to an additional load of 4x103 kg per excavator or

sideboom and increases the mean normal stress in the contact area of the trench closest

track up to 72 kPa for the Fiat FH 300 and to 86 kPa for the Fiat Mis PL 40 C.

At Güllenhau, only a Fiat FH 300 was available which trafficked the plot once for¬

ward and backward with a velocity of 0.1-0.2 m s"1. The machine did not perform any

other working action and also did not carry any additional load during the experiment.

In the experiment at Ruckfeld a Fiat FH 300 was followed by a Fiat Mis PL 40 C, a

Cat 583 and a second Fiat FH 300. These machines drove at a velocity of 0.1-0.2 m s"1,

34



Compaction of agricultural and forest subsoils

stopping on each of the plots for 120 s. Again the machines did not perform any working

action and also carried no additional load during the experimental passages.

'Wet' and 'dry' conditions varied considerably between the three sites and between

depths as shown by the tensiometer readings taken immediately before the passage of the

machines (Table 3.4). In the subsoil of Güllenhau and the wetted plots at the other two

sites, water potential was around -7 kPa or higher, while in the subsoils of the non-wet¬

ted plots of Freienstein and Ruckfeld they were around -15 kPa or lower down to 0.55 m

depth. Below that depth, the subsoils showed the same water potential of around -6 to

-7 kPa in both plots at Freienstein, whereas the same difference as in the upper subsoil

was also found at 0.7-0.75 m depth at Ruckfeld.

Table 3.4. Soil water potential of the three test sites at different depths immediately
before the passage of the machines

Test

Soil water potential [kPa]

Site 0.1-0.15 m 0.3-0.35 m 0.5-0.55 m 0.7-0.75 m

plot depth depth depth depth

Freienstein 'dry' -70.1 -48.3 -14.7 -5.7

'wet' -17.3 -6.7 -5.5 -7.2

Güllenhau 'wet' -3.9 -4.2 -1.7 -0.7

Ruckfeld 'dry' <-85.0 -85.0 -33.4 -16.3

'wet' -5.2 -2.7 -0.7 -0.2

To measure the stress distribution under the vehicle tracks, four Boiling probes (Boiling,

1987) were placed in the centreline of the track at a depth of 0.32 m in the 'wet' test plot

at Ruckfeld. Pressure readings were taken electronically every 2 s. In order to compare

measurements of different Boiling probes, pressure values were expressed as relative

pressure i.e. pressure readings, taken as a function of time, divided by the mean of the

pressure readings over the measured time interval.
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After trafficking, soil profiles were opened across the plots at right angles to the direc¬

tion of the passage and soil cores were sampled using sharpened thin-walled metal cylin¬

ders. Size and number of the samples used for the determination of precompression

stress, bulk density, coarse- and coarse-to-intermediate porosity are given in Table 3.5.

Table 3.5. Size (D/H: diameter/height) and number of samples of the three test sites

Precompression Bulk density Coarse porosity Coarse-to-

stress intermediate

porosity

Site D/H No. D/H No. D/H No. D/H No.

[m/m] [m/m] [m/m] [m/m]

Freienstein

topsoil 0.1/

0.06

16 0.1/

0.06

16 0.1/

0.06

16 -

subsoil 0.108/ 4-6 0.108/ 4-6 0.05/ 8 0.05/ 8

0.11 0.11 0.02 0.02

Güllenhau

topsoil 0.108/

0.11

8 0.108/

0.11

8 0.108/

0.11

3 -

subsoil 0.108/

0.11

8 0.108/

0.11

8 0.108/

0.11

3 -

Ruckfeld

topsoil 0.108/

0.11

6 0.108/

0.11

6 - - -

subsoil 0.108/ 6 0.108/ 6 0.05/ 8 0.05/ 8

0.11 0.11 0.02 0.02

Given the asymmetric loading situation at the Freienstein site, trafficked soil was sampled

only beneath the track adjacent to the trench. Non-trafficked soil samples were also

taken from the trench area between the 'wet' and 'dry' trafficked plot before the traffic

experiment took place. At Güllenhau and Ruckfeld trafficked soil beneath the track most

removed (distant) from the trench was sampled. Non-trafficked soil samples were taken

2 m at right angles from the centreline of the track farest the trench, in order to avoid in¬

fluence of the load but also to be as close as possible to minimise the influence of spatial
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heterogeneity (see Fig. 3.1). It was not possible to take undisturbed soil cores at

Güllenhau beneath 0.4 m depth due to the high gravel content.

For the dye tracer experiment, test plots of 'wet' and 'dry' trafficked and non-trafficked

soil were chosen adjacent to the sampling areas of the three test sites. The dye 'Brillant

Blue FCF' (Flury and Flühler, 1995) was dissolved in water (4 kg m"3) and sprinkled by a

constant rate of 5 mm h"1 during 8 h on an area of 1.5 by 1.5 m using the apparatus

described by Flury et al. (1994). The sprinkling rate was kept so low in order to avoid

dye ponding on the soil surface. For the Freienstein and Güllenhau soil 0.09 m3 and for

the Ruckfeld soil 0.225 m3 of dye tracer were applied on each test plot. At Freienstein,

the topsoil was removed first and then the dye was applied directly on the subsoil surface

in 0.2 m depth. At Güllenhau, the dye was applied on the undisturbed topsoil. At

Ruckfeld, the topsoil was loosened manually down to 0.3 m depth in order to create

similar surface conditions for the application of the tracer on trafficked and non-traf¬

ficked soil. One day after sprinkling, a 1.5 m deep trench was dug with the face perpen¬

dicular to the border of the sprinkled area. For the trafficked plots, the trench centreline

was aligned with the centreline of the track. Between 3 and 10 vertical profiles of 1 by

1 m (0.1 m horizontal distance between the profiles) were prepared at the trench face,

exposing the infiltrated dye. Each profile was photographed with a 35-mm camera. The

pictures were digitalised, their geometrical distortion and illumination were corrected and

the colours adjusted in order to distinguish the dye in the flow paths from the

surrounding soil (Forrer et al, 2000). In order to obtain the flow pattern of the whole

test plot we laid the resulting 'maps' of the flow paths of each profile on top of each

other.

Precompression stress was determined from confined uniaxial compression tests. Prior to

the compression test, the samples were conditioned to an initial soil water potential of

-6 kPa (values with respect to the sample's centre) by applying a hanging water column.

Samples were kept within the coring cylinders which were built into the compression cell

and subsequently subjected to stepwise increased stress. Stresses from a range of 8 to

2000 kPa were applied through a piston, which fitted the inner diameter of the cylinders.

Each compression step lasted for 1800 s after which the stress was increased to the next

level. This stress duration was assumed to represent the duration a machine stays at the

same place during normal construction work. Precompression stress was determined

from the resulting stress-strain curves using the graphical procedure of Casagrande

(1936). After the oedometer test, the samples were

driedat105°Cforatleast24hoursandweighedtodeterminethedrybulkdensity.37
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For the subsoil from Freienstein and Ruckfeld, coarse- (equivalent pore diameter

> 5xl0"5 m) and coarse-to-intermediate (equivalent pore diameter 5xl0"5-5xl0"6 m)

porosity was determined using 4xl0"5 m3 core samples with a pressure cell apparatus

(Richards, 1941; Richards and Fireman, 1941). Because of the higher gravel content,

samples to determine coarse porosity taken from Freienstein topsoil and Güllenhau top-

and subsoil were larger i.e. of 4.73xlO"4 m3 and 10"3 m3 volume, respectively. After

saturation, the samples were drained by applying a 0.6 m hanging water column. The

drained volume fraction was interpreted as representing the coarse porosity of the sample

at -6 kPa soil water potential.
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3.3 Results

The comparison of the samples from trafficked and non-trafficked parts of the plots (Fig.

3.2, 3.5 and 3.8) indicates that precompression stress was significantly (P < 0.05) in¬

creased by trafficking only in the wetted topsoil of the Ruckfeld site.

Precompression stress [kPa]
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Fig. 3.2. Precompression stress (left) and bulk density (right) of the non-trafficked

(D), 'wet'-trafficked (•) and 'dry'-trafficked (A) Freienstein soil.

3 -3

Coarse porosity [m m ]

0 00 0 04 0 08 0 12 0 16

Coarse-to-intermediate porosity [m m ]

0 00 0 02 0 04 0 06 0 08 0 10

0 07-0 17

£ 0 27-0 37

0 67-0 77

"1 1 1 1

D D «3D^ D

AÂàà. A

0 27-0 37

Q

0 67-0 77

"1 1 1 1 1

Fig. 3.3. Coarse porosity (left) and coarse-to-intermediate porosity (right) of the non-

trafficked (D), 'wet'-trafficked (•) and the 'dry'-trafficked (A) Freienstein

soil.
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Fig 3 4 Flow pattern of dye tracer in the 'wet', 'dry' and non-trafficked Freienstein

soil

At Freienstein the subsoil samples of 0 67-0 77 m depth, at Gullenhau the topsoil and

subsoil samples (0 07-0 17 m and 0 27-0 37 m depth) and at Ruckfeld the samples of the

'dry' subsoil (0 47-0 57 m depth) from the trafficked plot tended to have higher precom-

pression stresses than the samples from the non-trafficked plot However, these

differences were not significant (P < 0 05)
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Fig. 3.5. Precompression stress (left) and bulk density (right) of the trafficked (#) and

the non-trafficked (O) Güllenhau soil.
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Fig. 3.6. Coarse porosity of the trafficked (•) and non-trafficked (O) Güllenhau soil.

Statistically significant differences in bulk density between trafficked and non-trafficked

soil were found at Freienstein in 0.07-0.17 m and 0.67-0.77 m depth of the 'dry' plot, in

the topsoil of Güllenhau and in the wetted plot of Ruckfeld in 0.07-0.17 and 0.47-0.57 m

depth. In 0.27-0.37 m depth at Güllenhau, bulk densities tended to be higher in the traf¬

ficked than in the non-trafficked plot. The increased bulk density in the topsoil of the

'wet' Ruckfeld plot and the absence of a similar increase in the 'dry' plot agree with the

corresponding effects on precompression stress.
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Fig. 3.7. Flow pattern of dye tracer in the trafficked and non-trafficked Giillenhau soil.

At Freienstein, we found significantly (P < 0.05) decreased coarse porosity in the 'dry'

trafficked compared with the non-trafficked topsoil (0.07-0.17 m) and higher coarse po¬

rosity values in the 'dry' compared with the 'wet' trafficked subsoil (0.27-0.37 and 0.67-

0.77 m depth). Also at Giillenhau, coarse porosity was significantly lower in the traf¬

ficked than the non-trafficked subsoil (0.27-0.37 m). In contrast, coarse-to-intermediate

porosity was significantly higher (P < 0.05) in the 'wet' than in the 'dry' trafficked sub¬

soil (0.27-0.37 m) at Freienstein and higher in the 'dry' trafficked than in the non-traf¬

ficked subsoil (0.27-0.37 m) at Ruckfeld. No significant effects on coarse porosity were

found, however, in the topsoil at Giillenhau and in the 'wet' plot at Freienstein. It may

therefore be questioned whether the before mentioned differences in the subsoil of

Giillenhau and the 'dry' plot of Freienstein were caused by trafficking or rather repre¬

sented pre-existing differences between the plots. A comparison between the non-traf¬

ficked reference plots at Ruckfeld shows that such differences must be taken into ac¬

count (Fig. 3.8). The absence of effects on the precompression stress in these cases also

suggests such an interpretation of the apparent inconsistency of porosity and density ef¬

fects in this pattern.

Further support derives from the analysis of the flow patterns. We found less flow paths

in 0.4-0.6 m depth of the 'wet' trafficked and below 0.6 m of the 'dry' trafficked

Freienstein subsoil compared with the flow pattern of the non-trafficked soil. Neither in

the Giillenhau nor in the Ruckfeld subsoil we did observe differences in flow patterns

between trafficked and non-trafficked plots. The pattern in the 'wet' trafficked was
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slightly more distinct than in the 'dry' and the non-trafficked subsoil at Ruckfeld, due to

the higher moisture content which allowed more dye to flow from coarser into finer

pores. The absence of significant effects on flow pattern and precompression stress

agrees well.

Precompression stress [kPa]
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Fig. 3.8. Precompression stress (left) and bulk density (right) of the 'wet' trafficked

(#), 'dry' trafiicked (A), 'wet' non-trafficked (O) and 'dry' non-trafficked

(A) Ruckfeld soil.
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Fig. 3.9. Porosity of the non-trafficked (D), 'wet' trafiicked (•) and 'dry' trafiicked

(A) Ruckfeld subsoil at 0.27-0.37 m depth.

Lack of statistical significance does not mean that compaction effects can be entirely ex¬

cluded. Minor effects may have been concealed by the rather large scatter of the

measured values, which was primarily due to a high degree of short-range spatial varia¬

bility of these parameters.
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Fig. 3.10. Flow pattern of dye tracer in the 'wet', 'dry' and non-trafficked Ruckfeld

soil.

The total variation between samples from the same horizon and site was much larger

than the analytical error e.g. in respect of the determination of bulk density. The variation

coefficient of bulk density measurements in this study was larger than 1.3% while the

analytical error was smaller than 0.7%. Likewise the differences in bulk density and po¬

rosity of the subsoils described above may simply represent spatial variability at longer

range. For example at 0.67-0.77 m depth of the Ruckfeld site, the difference between

bulk density of the 'wet' and 'dry' plot is larger than between the values of trafficked and

non-trafficked plot. From a strictly objective point of view, however, it also cannot be
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excluded that spatial variability instead of traffic influence is the reason for the significant

effects in precompression stress and bulk density in the 'wet'-trafficked topsoil at

Ruckfeld.
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Fig. 3.11. Relative Boiling probe pressure (pressure readings as a function of time di¬

vided by the mean of the pressure readings over the measured time interval)
determined at 0.32 m depth of the 'wet' plot at Ruckfeld under the tracks of

the machinery used for the traffic experiment. The error bars indicate stan¬

dard errors.
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Relative Boiling probe pressure showed that stress at 0.32 m depth along the track cent¬

reline was rather 'triangularly' than 'rectangularly' distributed over time (Fig. 3.11). The

relative pressures of the Fiat Allis PL 40 C and the Cat 583 showed a distinct maximum.

This maximum was under the Fiat FH 300 1.5, under the Fiat Allis PL 40 C 2.2 and un¬

der the Cat 583 1.9 times the measured mean relative pressure. Koolen and Kuipers

(1983) stated that for tracked machinery under practical conditions the maximum stress

in the contact area is 1.4 to 3.0 times the mean normal pressure.
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3.4 Discussion and conclusions

The results show that no consistent compaction effects were observed in the subsoil

(Table 3.6). The only clear compaction, which was likely due to the trafficking, occurred

in the wetted topsoil at Ruckfeld. At Güllenhau, a similar topsoil effect was likely but the

evidence was less constant.

While these scarcity of significant and consistent compaction effects may partially be

due to the large spatial variability of soil properties within and between plots, it also does

not contradict expectations, if we compared the measured precompression stresses with

estimates of the normal stresses exerted by the trafficking machines. Since stress is not

homogeneously distributed beneath the track centreline (Fig. 3.11), peak rather than

mean stress in the contact area could govern compaction.

To check for this, we compared two contact stress scenarios. In the 'best case' scenario,

the normal stress in the contact area was taken to be the mean normal stress, i.e. the

weight of machine and load divided by the total contact area (Table 3.3). In the 'worst

case' scenario the normal stress in the contact area was assumed to be 2.2 times the

mean normal stress for the Fiat Allis PL 40 C, 1.5 times for the Fiat FH 300 and 1.9

times for the Cat 583. We assumed that the Fiat FH 300 for the 'wet' and the Fiat Allis

PL 40 C for the 'dry' Freienstein plot, the Fiat FH 300 for Güllenhau and the Cat 583

vehicle for the Ruckfeld site was likely to govern compaction. In both scenarios, soil-

vehicle interaction was simplified as a plane strain problem. Stress propagation in the soil

was modelled according to Fröhlich (1934) with the track idealised as an infinite strip

load with homogeneous contact stress distribution on 'dry' (concentration factor v = 4)

and 'wet' (concentration factor v = 5) soil. In addition to traffic induced stress, vertical

stress due to the weight of the overlying soil at each depth was considered.

The calculated total vertical stresses in the soil below the track centreline were com¬

pared with the precompression stresses in the respective depths of 0.12, 0.32, 0.52 and

0.72 m. The median of precompression stress values depicted in Fig. 3.2, 3.5, and 3.8

were chosen in order to calculate the vertical stress/precompression stress ratio. Since

precompression stress depends on soil moisture conditions (e.g. Culley and Larson,

1987; Horn, 1988; Kirby, 1991a), its values in the field were assumed to be higher or

lower than the measured values at -6 kPa initial water potential if water potentials in the

field were lower or higher than -6 kPa, respectively. Compaction effects were expected if

the total vertical stress/precompression stress ratio exceeded 1 and the soil water poten¬

tial in the field experiment was above -6 kPa and vice versa. In all other cases compac¬

tion effects were considered as 'possible'. The results are given separately for the three

sites in Table 3.7, 3.8 and 3.9.
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Table 3.7. Effects expected at the Freienstein sites for 'wet' and 'dry' trafficked

compared with non-trafficked plots under the assumption of a minimum

('best case') and maximum ('worst case'}1 normal stress at the soil surface

Scenario Depth Total vertical Total vertical stress/pre- Compact-ion effect

[m] stress [kPa] compression stress [-] expected

'wet' 'dry' 'wet' 'dry' 'wet' 'dry'

Best case1^ 0.12 74 88 1.18 1.39 possible possible

0.32 76 84 1.22 1.35 possible possible

0.52 73 74 0.89 0.90 possible no

0.72 69 66 0.79 0.75 no possible

Worst case* 0.12 107 185 1.7 2.94 possible possible

0.32 108 172 1.74 2.78 possible possible

0.52 102 147 1.25 1.80 yes possible

0.72 95 126 1.08 1.43 possible yes

'best case': Normal stress = net mean stress + stress due to pipe weight under the trench closer

track of Fiat FH 300 for the 'wet' and Fiat Allis PL 40 C for the 'dry' plot.

'worst case': Normal stress = (net mean stress + stress due to pipe weight under the trench closer

track of Fiat FH 300 for the 'wet' and Fiat Allis PL 40 C for the 'dry' plot) x 1.5 (Fiat FH 300), 1.9

(Cat 583) or 2.2 (Fiat Allis PL 40 C) for maximum stress along the track.

Table 3.8. Effects expected at Güllenhau for the trafficked compared with the non-

trafficked plot for a minimum ('best case') and maximum ('worst case')
normal stress at the soil surface

Scenario Depth Total vertical Total vertical stress/pre-

[m] stress [kPa] compression stress [-]

Compaction effect

expected

case' 0.12 44

0.32 46

st case* 0.12 63

0.32 65

0.72

1.25

1.04

1.75

possible

yes

yes

yes

t 'best case': Normal stress = net mean stress in the contact area of Fiat FH 300.

1 'worst case': Normal stress = net mean stress x 1.5 (Fiat FH 300) for the maximum stress along the

track.

49



Chapter 3

Table 3.9. Effects expected at Ruckfeld for 'wet' and 'dry' trafficked compared with

non-trafficked piots for a minimum ( 'best case') and maximum ('worst

case') normal stress at the soil surface

Scenario Depth Total vertical Total vertical stress/pre- Compact!ion effect

[m] stress [kPa] compression stress [-] expected

'wet' 'dry' 'wet' 'dry' 'wet' 'dry'

Best case1^ 0.12 80 80 1.95 1.70 yes possible

0.32 79 77 0.53 0.70 possible no

0.52 74 70 0.75 0.74 possible no

0.72 68 62 0.80 0.49 possible no

Worst case* 0.12 153 152 3.72 3.24 yes possible

0.32 148 144 0.99 1.39 possible possible

0.52 135 126 1.36 1.26 yes possible

0.72 119 109 1.40 0.85 yes no

t 'best case' : Normal stress = net mean stress in the contact area of Cat 583.

1 'worst case': Normal stress = net mean stress x 1.9 (Cat 583) for the maximum stress along the

track.

Comparing expected (according to the scenario analysis, Table 3.7-3.9) with observed

effects (Table 3.6), it emerges that the 'worst case' expectations did not agree better

with observed effects in the subsoil than the 'best case' scenario. The 'worst case' sce¬

nario predicted compaction in the subsoil of the 'wet' plot in 0.27-0.37 and 0.67-0.77 m

depth at Ruckfeld, although no effect was found. For the 'best case' scenario, the in¬

creased bulk density in the 'dry' Freienstein plot at 0.67-0.77 m depth and the 'wet'

Ruckfeld plot at 0.47-0.57 m depth (Table 3.6) disagreed with expectations. The in¬

creased bulk density in the 'wet' Ruckfeld plot at 0.47-0.57 m depth, however, was in¬

consistent with the lack of an increase in precompression stress or an effect on the flow

pattern. As pointed out already in the results, this inconsistency may have been due to

natural variability.
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In summary, the 'best case' scenario tended to underestimate while the 'worst case' sce¬

nario overestimated subsoil compaction. Under the investigated experimental conditions,

it appears to be adequate to estimate the effective normal stress in the contact area under

the tracks as about 1.5-times the mean normal stress. For the prediction of topsoil com¬

paction, however, the inhomogeneity of the load distribution may not be negligible. An

indication for this are the results observed at Güllenhau where only the 'worst case' sce¬

nario clearly predicted such compaction whereas it could not necessarily have been ex¬

pected according to the 'best case' scenario.

As discussed before, such interpretations should be taken with caution. Inconsistency

may also have arisen from factors such as the natural heterogeneity between the plots

and sites which is not captured by replicate measurements within plots. Differences in the

experimental conditions between field and laboratory are other factors of uncertainty and

possible inconsistency within the results. Taking these limitations into account as well as

reservations concerning the exact physical meaning of the precompression stress as de¬

termined by the procedure of Casagrande (1936), the agreement between expectations

and measurements is surprisingly good. Therefore, we conclude that the precompression

stress may provide a useful and practical criterion for assessing the compaction sensiti¬

vity of soils under field conditions.
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Abstract

Efficient protection of agricultural and forest soils against compaction requires know¬

ledge of the mechanical behaviour and properties of structured unsaturated soils and, in

particular, their dependence on soil moisture. In this study, we performed confined

uniaxial compression tests on undisturbed top- and subsoil samples from a silt loam

Haplic Luvisol in Switzerland at five different initial water potentials between -1 and

-32 kPa.

We found a positive correlation between the precompression stress and the logarithms

of negative soil water potential, a negative correlation between precompression stress

and water content and no correlation between precompression stress and degree of water

saturation of the samples. The influence of soil moisture was much stronger in the sub-

than in the topsoil. For the compression index we found a small positive correlation to

initial water potential but no correlation to water content and saturation degree. The re¬

compression index slightly decreased with decreasing water potential but no correlation

was found with water content and saturation degree. Initial void ratio was strongly cor¬

related with the compression index but weakly correlated with precompression stress and

recompression index.
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4.1 Introduction

Compaction of agricultural soil due to heavy vehicle traffic has been recognised as a

major threat to soil fertility world-wide. Efficient protection against compaction requires

knowledge of the mechanical behaviour and properties of the affected soils. Compared to

water-saturated soils, an additional complication in the understanding of the mechanics

of unsaturated soils arises from the fact that these properties may strongly depend on soil

moisture. Already in the 1950s, Söhne (1953; 1958) emphasised the influence of mois¬

ture conditions on the compressibility of agricultural soils. He observed that in order to

compact an undisturbed soil sample to a specific porosity, increasing stress had to be

applied with decreasing moisture content.

The influence of soil moisture on compression characteristics was investigated by a num¬

ber of authors for disturbed unsaturated engineering (Jennings and Burland, 1962;

Matyas and Radhakrishna, 1968; Maâtouk et al, 1995; Wheeler and Sivakumar, 1995)

and agricultural (Larson et al, 1980; Stone and Larson, 1980; Leeson and Campbell,

1983; Hettiaratchi and O'Callaghan, 1985; Petersen, 1993; O'Sullivan et al, 1994;

Adams and Wulfsohn, 1997) soils. Soil susceptibility to compression strongly depends on

its structure and stress history (Dexter and Tanner, 1974; Horn et al, 1994). This means

that measurements of mechanical properties of disturbed samples are of limited value for

the prediction of soil compaction of undisturbed soils under field conditions. Nonethe¬

less, except for the early work of Söhne (1953; 1958), only a few researchers analysed

undisturbed samples. Culley and Larson (1987) determined the effects of various tillage

systems and wheel traffic loads on stress-compression curves at -5, -10, -20, and -40 kPa

initial matric potential for a clay loam Haplaquoll topsoil. They found increasing precom-

pression stresses but no clear trend of the slopes of virgin and recompression lines for

decreasing water potential. Horn (1988), Lebert (1989) and Semmel (1993) measured

higher precompression stress values at lower water content of a variety of German soils

at two different initial soil water potentials (-6.3 and -31.6 kPa). Kirby (1991) investi¬

gated the influence of initial soil moisture conditions on critical state soil mechanical pa¬

rameters of 18 Vertisols in Eastern Australia. He found a negative correlation between

moisture content and precompression stress, but no correlation with compression and re¬

bound index. O'Sullivan and Robertson (1996) measured higher precompression stresses

and higher slopes of the rebound and virgin compression lines for dry than for wet samp¬

les of a sandy loam Eutric Cambisol and a clay loam Gleysol in Scotland.

Panayiotopoulos (1996) found that Young's modulus increased by about two orders of

magnitude as water potential was decreased from -1 to -105 kPa in three Greek Alfisols.
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A more detailed knowledge of the moisture-dependence of the mechanical behaviour

of agricultural soils is desirable for various reasons. In particular, mathematical modelling

of compaction under variable moisture conditions requires that these dependencies are

defined quantitatively. Furthermore, knowledge of the moisture dependence of soil me¬

chanical characteristics may also be important from the regulatory point of view. Pre-

compression stress, i.e. the yield point between elastic and plastic compression beha¬

viour, has recently been proposed as a key criterion in the regulation of allowable me¬

chanic loads on agricultural soils in Switzerland (BEW, 1997).

The objective of this study was to determine the influence of soil moisture on the stress-

compression curves of undisturbed samples of a Haplic Luvisol, a common soil type

found as arable land in Switzerland. For this purpose, confined uniaxial compression tests

were performed with undisturbed samples conditioned to different initial moisture con¬

tent. Following Kirby (1989) we used total instead of effective stress to represent the re¬

sults. The reason is that primarily the effective stress concept, as it is used for saturated

soils, has no thermodynamic meaning under unsaturated conditions as it depends on con¬

stitutive assumptions. Secondly, to use total instead of effective stresses is quicker, easier

and more useful in practice. The use of total stress as a stress state variable has been dis¬

cussed and experimentally verified by Hettiaratchi and O'Callaghan (1985) and

Hettiaratchi (1987).
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4.2 Material and methods

Soil samples were taken from a Haplic Luvisol (FAO, 1990) in Switzerland. The site was

an agricultural field in the 'Ruckfeld', a plateau area in the north-west of Zurich.

Reflecting the parent material, i.e. loess deposited in the forefleld of a glacier during the

Riss glaciation, the soil was a loamy silt (see Table 4.1) with less than 1% gravel content.

In the season preceding sampling, potatoes had been grown on the field.

Table 4.1. Soil parameters of the test plot

Depth Sand Silt Clay Organic matter Mineral density

[m] [kg kg1] [kg kg1] [kg kg1] [kg kg1] [kgm-3]

0.07-0.17 0.28 0.59 0.13 0.028 2600

0.27-0.37 0.31 0.56 0.13 0.023 2610

0.47-0.57 0.29 0.58 0.13 0.008 2630

0.67-0.77 0.23 0.59 0.18 0.007 2640

Samples were collected on the 16th October 1998 after harvesting. The soil had freely

drained in the days before and approached conditions of field capacity as monitored by

tensiometers installed at various depth (Table 4.2).

Table 4.2. Soil water potential in the field at the sampling date with standard errors

Depth of Soil water potential

tensiometer cup [kPa]

[m] Average Standard error

0.12 -6.9 0.16

0.32 -4.4 0.22

0.52 -4.0 0.31

0.72 -3.1 0.15
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Between 25 and 30 replicate soil samples were taken from 0.07-0.17, 0.27-0.37, 0.47-

0.57 and 0.67-0.77 m depth each, by coring with sharpened 10"1 m3 steel cylinders

(0.108 m inner diameter and 0.11 m height). In order to minimise disturbance, the

samples were kept in these cylinders throughout the following preparation procedures

and compression tests. For transport and storage, the cylinders were sealed with plastic

caps and tightly packed into plastic bags to avoid loosening of the soil and water losses.

Prior to the compression tests, the samples were first saturated with water for at least

24 h and then conditioned to soil water potential of-1, -3, -6, -16 and -32 kPa, applied at

the bottom of the samples by hanging water columns through sand and kaolin tension

tables. The above water potentials spanned the range of values measured in the subsoil of

the sampling site between April and June in the year before. In the topsoil, water poten¬

tials occasionally were below -85 kPa during that period. The conditioned samples were

trimmed to 0.11 m height, weighed and than built into the compression cell (Fig. 4.1).

Porous top plate

Cylinder fixing

Soil sample

Coring cylinder

Porous bottom plate

Drainage

Cell base

Fig. 4.1. Cross section of the compression cell used for the uniaxial compression test.

J I I ! 1 I L.

0.05 0.1 m
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Fixed traverse

Displacement gauge

Force gauge

Soil sample

Compression cell

Step motor

Fixed frame

Fig. 4.2. Cross section of the compression apparatus used for the uniaxial compres¬

sion test (not to scale).

Stress were subsequently increased stepwise from 8 to 2000 kPa between the cell base

and the top plate, which fitted the internal diameter of the cylinders (Fig. 4.2). Each

compression step lasted for 1800 s, then the stress was increased to the next level.

During the compression test, water and air were allowed to drain freely through the top

and bottom plate of the compression cell (see Fig. 4.1).
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Fig. 4.3. Definition of precompression stress (left graph), compression index Cc and

recompression index Cr (right graph).

Precompression stress was determined from the resulting applied normal stress-

vertical strain curves using the graphical procedure of Casagrande (1936). In addition,

we evaluated the slope of the virgin compression line, denoted as compression index Cc

and the gradient of the curve at 8 kPa, denoted as recompression index Cr (see Fig. 4.3).

Relative void ratio was defined as the ratio of the void ratio after a compression step to

the initial void ratio of the sample at the beginning of the test. After the compression

tests, the samples were dried at 105 °C for at least 24 hours and weighed to determine

their dry bulk density.

61



Chapter 4

4.3 Results

The dry bulk density of the topsoil samples (0-07-0.17 m depth) was significantly smaller

than that of the subsoil samples in 0.27-0.37, 0.47-0.57 and 0.67-0.77 m depth

(Table 4.3).

Table 4.3. Initial values of soil water conditions and dry bulk density of the samples
used for the compaction experiment (standard errors in parentheses)

Depth No. of Water Water content Saturation Dry bulk

[m] samples potential [m m"3] degree^ density

[kPa] [m m"3] [kg m"3]

0.07-0.17 - 0 0.449 (0.004) 1.000 -

5 -1 0.393 (0.003) 0.900 (0.010) 1465 (13)

5 -3 0.370 (0.002) 0.828 (0.009) 1438(10)

5 -6 0.370 (0.005) 0.822(0.015) 1428 (29)

5 -16 0.366 (0.007) 0.798 (0.012) 1406 (23)

4 -32 0.337(0.001) 0.743 (0.016) 1418 (24)

0.27-0.37 - -0 0.405 (0.003) 1.000 -

5 -1 0.365 (0.003) 0.920 (0.008) 1573 (18)

5 -3 0.340 (0.002) 0.834(0.013) 1547(15)

5 -6 0.325 (0.003) 0.816(0.018) 1567(16)

4 -16 0.319(0.004) 0.772 (0.021) 1530(21)

5 -32 0.294 (0.005) 0.724 (0.022) 1546(22)

0.47-0.57 - 0 0.396 (0.002) 1.000 -

5 -1 0.336 (0.002) 0.859(0.014) 1601 (18)

5 -3 0.311 (0.001) 0.793 (0.007) 1598 (7)

9 -6 0.300 (0.002) 0.750 (0.007) 1579(6)

5 -16 0.286 (0.003) 0.716(0.011) 1579(5)

6 -32 0.260(0.013) 0.666 (0.033) 1602(11)

0.67-0.77 - -0 0.418 (0.002) 1.000 -

5 -1 0.357(0.001) 0.857 (0.004) 1539(6)

5 -3 0.335 (0.003) 0.810(0.013) 1548(13)

5 -6 0.318(0.001) 0.752 (0.006) 1522(7)

5 -16 0.309 (0.002) 0.731 (0.006) 1524(5)

5 -32 0.289 (0.012) 0.699 (0.020) 1550(23)

Water content at saturation (0 kPa water potential) was assumed to be equal to porosity.
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Fig. 4.4. Void ratio versus initial water potential, water content and saturation degree
of the investigated samples.

There was no significant difference in dry bulk density between subsoil samples of

different depth, whereas macroporosity, defined as the pore volume drained at a water

potential of-6 kPa, clearly increased with depth in the subsoil.

We found higher void ratios related to higher initial water content but no relationship

between void ratio and initial soil water potential or saturation degree although the initial

moisture conditions of the samples were controlled by soil water potential (Fig. 4.4).
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To allow a better comparison, stress-compression curves were plotted in terms of rela¬

tive void ratio (Fig. 4.5).
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water potential. Each curve represents the average of 4 to 9 replicate

samples as specified in Table 4.3.
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In general, the stress-compression curves tend to be shifted to the right, i.e. to higher

stresses with decreasing water content. The same behaviour was reported by Greacen

(1960), Larson et al. (1980) and Adams and Wulfson (1997) for disturbed and by Söhne

(1953; 1958) for undisturbed samples. This trend was clearer in the lower subsoil, in

particular for 0.47-0.57 and 0.67-0.77 m depth. Differences were comparably small for

the upper two depths. While a decrease in moisture content tended to shift the stress-

compression curves towards higher stresses, it also tended to increase the slope of the

virgin compression line with the result that the curves tended to converge with increasing

stress. The change of slope was particularly apparent in the transition from -1 to -3 kPa

initial water potential. This indicates that compression was increasingly limited by

drainage as the initial water content approached saturation. These observations are sub¬

stantiated if we consider the indicated parameters characterising the stress-compression

curve, i.e. precompression stress, compression index and recompression index. All

curves show a very gradual transition from the recompression to the virgin compression

line. However, because they are also very smooth, precompression stresses could be de¬

termined very precisely by the Casagrande method (Casagrande, 1936). The relationship

between precompression stress and moisture variables reflects the shifts in position with

changing initial moisture conditions described above (Fig. 4.5).
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Fig. 4.6. Precompression stress versus initial values of water potential, water content,

saturation degree and void ratio.

The subsoil samples of the lower two depths (0.47-0.57 and 0.67-0.77 m) showed a clear

and strong increase in precompression stress with decreasing water potential or water

content (Fig. 4.7 and 4.8). For these depths, linear relationships were found between

precompression stress and the initial water content and the logarithm of the water poten¬

tial, respectively.
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of 0.07-0.17, 0.27-0.37, 0.47-0.57 and 0.67-0.77 m depth.

In the topsoil samples (0.07-0.17 m depth), no clear trend is visible, while the upper

subsoil samples (0.27-0.37 m depth) show a weak trend and thus a behaviour in between

topsoil and lower subsoil. Interestingly, in the case of the upper subsoil (0.27-37 m

depth) precompression stress was more closely related to water content (Fig. 4.8) than to

water potential (Fig. 4.7). However, no relationship was found between saturation de¬

gree and precompression stress for any depth. Also void ratio showed no relationship

with precompression stress for individual depths (Fig. 4.6).
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of 0.07-0.17, 0.27-0.37, 0.47-0.57 and 0.67-0.77 m depth.

The increase in precompression stress was much larger than the corresponding de¬

crease in water potential. With an decrease in water potential of 29 kPa from -3 to -32

kPa, precompression stress increased from 180 to 312 kPa for 0.47-0.57 m depth and

from 111 to 204 kPa for 0.67-0.77 m depth (Fig. 4.7). In terms of effective stress, the

influence of water potential on precompression stress would be even stronger.
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Fig. 4.10. Compression index Cc versus initial water potential determined from samples
of 0.07-0.17, 0.27-0.37, 0.47-0.57 and 0.67-0.77 m depth.

The compression index showed only a slight tendency to decrease with decreasing water

potential and no correlation at all with initial water content and saturation degree (Fig.

4.9 and 4.10).
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Fig. 4.11. Compression index Cc versus initial void ratio determined from samples of

0.07-0.17, 0.27-0.37, 0.47-0.57 and 0.67-0.77 m depth.

The compression index was strongly correlated with initial void ratio (Fig. 4.11).

Combining the samples of the lower two subsoil depths (0.47-0.57 and 0.67-0.77 m),

they fall approximately on the same line, while the topsoil samples (0.07-0.17 m depth)

follow a line with a much smaller slope. The upper subsoil samples (0.27-0.37 m depth)

lie in between the other two relationships (Fig. 4.11).
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Fig. 4.13. Recompression index Cr versus initial water potential determined from

samples of 0.07-0.17, 0.27-0.37, 0.47-0.57 and 0.67-0.77 m depth.

The only relationship found between recompression index and moisture variables was a

slight tendency to decrease with decreasing water potential (Fig. 4.13). No correlation

was found between recompression index and initial water content, saturation degree and

void ratio (Fig. 4.12).
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4.4 Discussion and conclusions

In summary precompression stress was distinctly dependent on initial water conditions

(Table 4.4). Compression and recompression index, however, correlated only partially

with the initial water conditions.

Table 4.4. Correlation between initial negative water potential, gravimetric water

content, saturation degree, void ratio and precompression stress,

compression and recompression index (++: strong positive correlation, +:

weak positive correlation, — : strong negative correlation, -: weak negative

correlation, 0: no correlation)

Depth Precompression Compression Recompression

stress index index

[m] [kPa] [-] [-]

Negative water 0.07-0.17 + + -

potential 0.27-0.37 + + -

[kPa] 0.47-0.57 ++ 0 -

0.67-0.77 ++ + -

Water content 0.07-0.17 0 0 0

[kg kg1] 0.27-0.37 — 0 +

0.47-0.57 — 0 0

0.67-0.77 — 0 0

Saturation degree 0.07-0.17 0 0 0

[m3 m"3] 0.27-0.37 0 0 +

0.47-0.57 - 0 0

0.67-0.77 - 0 0

Void ratio 0.07-0.17 0 ++ 0

[m3 m"3] 0.27-0.37 - ++ 0

0.47-0.57 0 ++ 0

0.67-0.77 0 ++ 0
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To describe changes in compression characteristics due to various moisture condi¬

tions, water potential is the most sensitive parameter since it was correlated to more

compression parameters than other explanatory variables (see Table 4.4). An interesting

point was that the compression index was stronger correlated with the initial void ratio

than with moisture conditions although the former was in a rather small range and could

not be varied systematically. This indicates that not only soil moisture but also soil den¬

sity conditions, e.g. expressed as void ratio or dry bulk density, are required to explain

changes in compression characteristics.

The correlation between precompression stress and moisture content of undisturbed

samples found in this study agree well with the results reported by Culley and Larson

(1987), Horn (1988), Lebert (1989), Kirby (1991), Semmel (1993) and O'Sullivan and

Robertson (1996). For the compression and rebound index of undisturbed samples, how¬

ever, O'Sullivan and Robertson (1996) reported increasing compression and rebound in¬

dices with decreasing water content which contradicts the current findings. The results of

O'Sullivan and Robertson (1996) are probably due to the higher initial density of the wet

compared with the dry soil. Culley and Larson (1987) also found slightly increasing

compression indices with decreasing water potential. Kirby (1991) reported that the

compression index was clearly related to void ratio and saturation degree but only

weakly to moisture content. Between recompression line and initial water content Culley

and Larson (1987) as well as Kirby (1991) found no clear trend which agrees with the

current results.

An explanation of the observed compression behaviour may be that compression and

yielding are the macroscopic manifestation of microscopic particle movements. In un¬

saturated soil, the particles are forced together by the action of water menisci around

grain contacts. These act as a normal force at the contact, additional to any applied

force, and comprise both a water surface tension component and an applied suction

component. Compression (and other deformations) occur as slippage at the contact when

the transverse (shear) force there exceeds the resistance to movement: this resistance is

related to the normal force by a Coulomb like friction law. Changing water potential

changes this normal contact force, and hence the resistance to slippage. The gradual

transition from elastic to plastic compression arises because there are many contacts,

with many orientations, contact areas, mineral composition, etc. The weakest contacts

slip first, followed by progressively more resistant contacts until finally all contacts slip.

Macroscopically, we see the gradual transition. Burland (1965) and Newland (1965)

provide a more detailed discussion of these issues. In very wet (saturated or near satu-
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rated) soil, contact slippage can occur but unless the water can escape in the time

available, there is no overall compression. This is the conventional explanation for an ob¬

servation of consolidation in civil engineering soil mechanics. The lack of overall com¬

pression we interpret in the total stress approach as a small compression index. The de¬

pendence of compression behaviour on the void ratio (or density) arises because at

smaller void ratio there are more particle contacts. A greater applied stress is required to

supply the force required to cause slippage at each particle contact.

It can be concluded from the present study that moisture was an important factor

governing the mechanical properties of the subsoil. But, at least in the range we investi¬

gated, it was much less important for the topsoil. The different parts of the stress-com¬

pression curve were each most closely related to initial soil moisture or density status.

The closest relationships were found between precompression stress and initial water po¬

tential or water content, and between compression index and initial void ratio. Linear re¬

lationships were found between precompression stress and the initial water content or the

logarithm of water potential. From a practical point of view, the finding of a strong de¬

pendence of the precompression stress on the initial moisture status means that this fac¬

tor should be considered in setting limits for the allowable traffickability in order to pro¬

tect the subsoil against compaction.
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Abstract

In recent years, agricultural land in Switzerland has been increasingly used as temporary

access ways for heavy machinery in road and pipeline construction operations. The Swiss

soil protection law requires that measures are taken to prevent soil compaction in such

operations, but gives no criteria to determine tolerable loads. We studied the compaction

sensitivity of a loess soil (Haplic Luvisol) at different soil moisture conditions in a field

traffic experiment and by a numerical model on the computer using finite element

analysis. Two plots, one wetted by sprinkling and one left 'dry' (no sprinkling), were

traversed by heavy caterpillar vehicles during construction of a large overland gas pipe¬

line. Compaction effects were determined by comparing precompression stresses of

samples taken from trafficked and non-trafficked soil. A finite element model with a

constitutive relation, based on the concept of critical state soil mechanics, was used to

interpret the outcome of the field trials.

We found significantly higher precompression stresses in the trafficked (median

97 kPa) compared with the non-trafficked (median 41 kPa) topsoil of the 'wet' plot. No

effect was evident in the topsoil of the 'dry' plot as well as in the subsoils of the 'wet'

and the 'dry' plot. The observed compaction effects were in agreement with the model

predictions if the soil was assumed to be partially drained but disagreed for the 'wet'

subsoil, if fully drained conditions were assumed. Agreement between model and experi¬

mental results also required that the moisture dependence of the precompression stress

was taken into account.
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5.1 Introduction

In recent years, Swiss agricultural land has become increasingly affected by temporary

use as access ways for heavy machinery in the course of overland gas pipeline construc¬

tion.

Fig. 5.1. Placement of sections of pipeline.

A typical construction sequence consists of the removal of the topsoil in the trench

area, excavation of a trench 2-3 m deep, placement of the pipes (see Fig. 5.1) and the

refilling of the trench followed by recultivation of the trench area. Many of the excava¬

tors weigh more than 4x104 kg, some even more than 6x104 kg unloaded. The tracked

machinery for placing the pipes is in general also very heavy, weighing 3xl04 kg and

more without load. Trafficking agricultural land with such heavy machines inevitably will

increase the risk of undesired compaction of the subsoil.

To characterise the sensitivity of a soil for compaction, Horn (1988), Horn and Lebert

(1994) and Kirby (1991b) proposed using the precompression stress. Compaction leads

to increase of the soil strength, and the precompression stress can therefore be a useful

measure of strength. The slow moving, heavy construction equipment with wide, rigid

steel tracks is expected to compact the soil and increase the precompression stress.

Blunden et al. (1994) showed that compaction by tracked and tyred vehicles significantly

affected the precompression stress of an earthy sand at 4 % moisture content. Kirby et al.

(1997) simulated the results of Blunden et al. (1994) using a critical state, finite element
model.Theyconcludedthat,whilethesimulatedresultsagreedwiththemeasurements,thelatterhadalargerangeandthecomparisonwasnotuseful.Kirbyetal.(1997)also82
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simulated the results of several soil bin tests, and concluded that agreement between

measurement and model was poor, because the precompression stress varied greatly over

small distances (due to the gradient of compacting stresses beneath the tyre) and samples

taken for precompression stress were too large to observe these changes. Apart from the

problem of dealing with the spatial heterogeneity, a major difficulty in the application of

such models to practical field situations with variably saturated soil arises from the de¬

pendence of precompression stress on soil moisture content.

Addressing these problems, an opportunity was presented during the course of the con¬

struction of a gas pipeline to carry out a field experiment with the heavy machinery used

in that work. Our aim was to measure the compaction caused by the machinery, and to

investigate whether the precompression stress was a useful indicator of the likely com¬

paction.

The experiment was performed on two plots immediately adjacent to the trench. One

plot was artificially wetted by sprinkling, the other was kept 'dry'. One part of each plot

was mechanically stressed by the heavy machinery used to place the tubes into the trench

(Fig. 5.1). The idea of the experiment was to compare the precompression stress of the

soil under the tracks with the precompression stress of non-affected soil beside the

tracks, in order to assess compaction effects. Measured precompression stresses were

compared with vertical stresses calculated with the critical state soil mechanics model

'Modified Cam Clay' (Britto and Gunn, 1987).
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5.2 Material and methods

The experimental site was an arable field, located on the 'Ruckfeld', a loess plain in the

north-west of Zurich, Switzerland.

Table 5.1. Soil parameters of the 'wet' plot

Depth Sand Silt Clay Gravel Organic Bulk density

[m] [kg kg1] [kg kg1] [kg kg1] [m3 m"3] matter

[kg kg1]

[kgm-3]

0.07-0.17 0.31 0.55 0.14 <0.01 0.033 1310

0.27-0.37 0.28 0.60 0.12 <0.01 0.011 1570

0.47-0.57 0.26 0.57 0.17 <0.01 0.011 1510

0.67-0.77 0.25 0.57 0.18 <0.01 0.010 1520

Table 5.2. Soil parameters of the 'dry' plot

Depth Sand Silt Clay Gravel Organic Bulk density

[m] [kg kg1] [kg kg1] [kg kg1] [m3 m"3] matter

[kg kg1]

[kgm"3]

0.07-0.17 0.23 0.57 0.16 <0.01 0.031 1360

0.27-0.37 0.22 0.55 0.16 <0.01 0.025 1530

0.47-0.57 0.22 0.58 0.16 <0.01 0.015 1540

0.67-0.77 0.25 0.56 0.17 <0.01 0.012 1610

Data on soil texture, organic matter content and bulk density are given in Table 5.1 and

5.2. Gravel content was less than 1 % by volume over the entire profile. Soil type was a

Haplic Luvisol (FAO, 1990). The field was under crop rotation and was covered by grass

during the season of the experiment.
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3.5 m

2m Wet plot Traffic direction Dry plot
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i

-

15 m

Fig. 5.2. Situation of the field experimental site with sampling areas: NT non-traf¬

ficked, T trafficked.

The two test plots were chosen adjacent to the trench (Fig. 5.2). The plot to be wetted

was sprinkled during five days at a rate of 0.1 m d"1. After that, the soil was left to

redistribute the infiltrated water for one more day. Soil water potentials were monitored

in the 'wet' and in the 'dry' plot by tensiometers set at depths of 0.12, 0.32, 0.52 and

0.72 m (mean depth of ceramic cup, 3 replicates per depth). Three different construction

machines were used. Relevant characteristics are given in Table 5.3.

Table 5.3. Machinery used for the experiment

Machine type Net Length of the

machine contact area

weight [m]

[kg]

Width of the Net mean

contact area normal stress in

(twice track width) the contact area

[m] [kPa]

Fiat FH 300 3.02xl04

Fiat Allis PL 40 C 2.56xl04

Cat 583 3.8xl04

4.0

3.5

3.2

1.8

1.4

1.5

42

51

78

In the experiment, a Fiat FH 300 was followed by a Fiat PL 40 C, a Cat 583 and a

second Fiat FH 300. These machines drove at speeds between 0.1 and 0.2 m s"1, stopping

on each of the plots for 120 s. They did not perform any 'work' relating to the pipeline

construction, carrying no load during these passages. The contact stresses are similar to
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those experienced in agricultural operations using low ground stress tyres (e.g.

Vermeulen and Perdok, 1994) or tracks (e.g. Kirby and Blunden, 1992).

After the vehicle pass, soil profiles were opened across the plots at right angles to the

direction of the pass, and soil cores of 10"3 m3 volume were sampled using sharpened

metal cylinders of 0.11 m height and 0.108 m inner diameter. We took samples from

'wet' and 'dry' trafficked and non-trafficked soil from 0.07-0.17, 0.27-0.37, 0.47-0.57

and 0.67-0.77 m depth (6 replicates per treatment and depth) and conditioned them to

-6 kPa initial soil water potential. Uniaxial compression tests were performed on them

and precompression stress was estimated from these tests. We were thus able to compare

the precompression stress of trafficked and non-trafficked soil at the same initial soil

water potential. The large sample volume was used in order to adequately represent the

macrostructure of the soil. The representative elementary volume of a soil must be ex¬

pected in general to be much larger for undisturbed field soils than for remoulded, fine

grained 'engineering' soils. In preliminary experiments, we performed confined uniaxial

compression tests with undisturbed samples of 0.03 and 0.11 m height (0.1 and 0.108 m

inner diameter, respectively) and found no significant difference in compression

behaviour. Other samples of non-trafficked soil from 0.07-0.17, 0.27-0.37, 0.47-0.57 and

0.67-0.77 m depth were brought to a range of initial soil water potentials between -1 and

-32 kPa (5-9 replicates per soil water potential and depth). Uniaxial compression tests

were performed from which the precompression stresses at different initial soil water

potentials were determined. We were thus able to derive a quantitative relationship

between soil water potential and precompression stress. With this relationship we could

estimate the precompression stress in the field, immediately before the machinery

trafficked the soil, this value being required for use in the finite element model.

For the confined uniaxial compression tests, samples were kept within the coring cy¬

linders, built into the compression cell and subsequently subjected to stepwise increased

stress. Stress was applied through a piston, which fitted the opening of the cylinders.

Each compression step lasted for 1800 s after which the stress was increased to the next

level. A maximum duration of 1800 s for each compression step was chosen because this

represented the time of a machine staying at the same place during normal construction

work. Precompression stress was determined from the resulting stress-strain curves using

the graphical procedure of Casagrande (1936).

Soil-vehicle interaction calculations were performed on the continuum with the finite

element program „Sage Crisp" Version 4.02 using the constitutive model 'Modified Cam

Clay' to describe the mechanical behaviour of the soil in terms of critical state soil me¬

chanics (Britto andGunn,1987).Theexperimentwasmodelledasaplanestrainproblem86
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with the rigid track acting as an infinite strip load. Symmetry required only half the

problem domain to be modelled, which was chosen to be 2 m wide and 2.8 m deep (Fig.

5.3). The finite element mesh comprised 420 triangular elements ranging in size from

0.05 by 0.05 m near the track to 0.2 by 0.6 m in the corner farthest away from the track.

The load exerted by the rigid steel track onto the soil surface was considered to be uni¬

formly distributed over the entire contact area. The load was assumed to be a normal

stress of 78 kPa applied on a 0.75 m wide strip, which is equivalent to the mean normal

stress and the width of the contact area under the heaviest machine used for the experi¬

ment. Shear tractions at the surface were ignored, because the vehicles were either

standing still or moving slowly without draft, and so shear tractions were probably small.
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Fig. 5.3. The finite element mesh chosen for the calculation.

The finite element mesh was divided into four layers with different critical state stress-

strain soil properties. For the topsoil (0-0.25 m), the ploughpan (0.25-0.35 m) and the

intermediate subsoil (0.35-0.8 m), the slope of the normal consolidation line, A, the slope

of the reload line, k, and the initial void ratio on the critical state line, ecs> were deter¬

mined from the stress-strain relationships obtained from the uniaxial compression tests

on samples from the non-trafficked 'wet' and 'dry' plots described above. The slope of

the critical state line, M, was determined by direct shear tests for these layers, measured
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separately on samples from non-trafficked soil. These tests were carried out with undis¬

turbed samples (0.02 m thick, 0.1 m diameter) taken from non-trafficked soil from 0.07-

0.17, 0.27-0.37, 0.47-0.57 and 0.67-0.77 m depth and also conditioned to an initial soil

water potential of -6 kPa in the laboratory by applying a hanging water column. After

consolidation for 1800 s, the samples were sheared in a direct shear box with a constant

shear velocity of 5x10"7 m s"1. During consolidation and shearing, a constant normal

stress was imposed on the samples. The shear tests were carried out under normally con¬

solidated conditions which means that the normal stress applied to the sample was higher

than the precompression stress. The angle of internal friction <j) was determined graphi¬

cally as the slope of the Mohr-Coulomb failure line. The slope of the critical state line,

M, was calculated according to Britto and Gunn (1987 p 173) from the angle of internal

friction <j) with equation (5.1)

M=
6sin*

(5.1)
3 -sin^

The mechanical properties of the lower subsoil (0.8-2.8 m) were taken from triaxial

and oedometer tests carried out by Rosal (1997) for the same site and were assumed to

be the same for both plots. Poisson's ratio v was assumed to be 0.3 for the whole soil

profile of both plots.

For the continuum calculation, the critical state soil properties M, A, and k were as¬

sumed to be constant during the traffic experiments. The initial precompression stress

was calculated from the experimentally determined relationship between precompression

stress and soil water potential (see Fig. 5.4) for the actual soil water potentials measured

immediately before the passage of the machines (Table 5.4). The resulting precompres¬

sion stress values are given in Table 5.5. The initial in situ vertical stress was considered

to be the weight of the overlying soil. To calculate the initial horizontal stress, the initial

vertical stress was multiplied by the initial coefficient of earth pressure at rest K0. K0 was

assumed to be 0.55 for the whole profile of the 'wet' and the 'dry' plot based on a

simplified version of Jaky's empirical formula (Britto and Gunn, 1987, p. 180) consider¬

ing measured angles of internal friction <j) of 26° for the topsoil, 27° for the ploughpan

and the intermediate subsoil and 28° for the lower subsoil.

For the 'dry' plot, vertical stress was calculated under fully drained conditions. Since

in the 'dry' plot,
soilwaterpotentialsweremuchlowerthanfieldcapacity(=-6kPa,seeTable5.4),airwasassumedtobethecontinuousmobilephase'draining'freelyundercompaction.Forthe'wet'plot,twoscenarioswerecomparedwiththesimulations.Inthefirstscenario,fullydrainedconditionswereassumed,whereasinthesecondscenario,conditionswereassumedtobepartiallydrained.Tocalculatefullydrainedconditions,88
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we used an uncoupled model, meaning one in which only the solid stress-strain was con¬

sidered, and there was no fluid in it all. By a partially drained model we used a coupled

model, in which both the solid stress-strain and the fluid pressure-flow were considered.

At all boundaries we used a constant fluid pressure boundary and set the excess fluid

pressure to zero. That is, these boundaries could drain perfectly freely. At the part of the

boundary (top surface) representing the track, we put on a normal stress of 78 kPa. For

the fully drained analysis this stress was applied in one step whereas for the partially

drained analysis, the normal stress was applied in 20 steps of 3.9 kPa lasting for 1 s each

followed by a constant stress of 78 kPa lasting for 120 s. Since the track had gaps, and

also the grass would act as a drainage zone, we also set it to a constant pressure

boundary with zero excess fluid pressure. This had the effect of generating a fluid pres¬

sure, which dissipated as the air and water drained away, at a rate controlled by the air

and water conductivity, and the pressure was transferred to the solid matrix. Because the

time (120 s) was insufficient for all the excess water pressures to dissipate, we called this

a partially drained simulation. Air was also assumed to be mobile in the second scenario

for the topsoil, whereas air was assumed to be immobile and water mobility was

considered to control compaction for the ploughpan, the intermediate and the lower sub¬

soil. For the continuum calculation, air and water conductivity were assumed to be cons¬

tant. Air and water conductivity values required for the calculations under partially

drained conditions were estimated from Richard and Lüscher (1983, Lokalform

'Riedhof) (Table 5.4).
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5.3 Results and Discussion

Immediately before the passage of the machines, the soil water potential was between

saturation and field capacity (= -6 kPa) in the 'wet' plot and from field capacity down to

more than -85 kPa in the 'dry' plot (Table 5.4). As the water potential in the topsoil of

the 'dry' plot was out of the measurement range of tensiometers (-70 to -85 kPa), a con¬

servative estimate of-100 kPa was taken, based on extrapolation of the observed trend

in the time beforehand. Soil moisture conditions of the lower subsoil (> 0.8 m) were es¬

timated to be at field capacity for the 'dry' condition and at saturation for the 'wet' plot.

Table 5.4. Soil water potential of the 'dry' and 'wet' plot and estimated air and wa¬

ter conductivity (Richard and Lüscher, 1983) of the 'wet' plot

immediately before the passage of the machines

Depth Soil water potential Soil water potential Air (a) and water (w)

[m] of the 'dry' plot of the 'wet' plot conductivity of the 'wet' plot

[kPa] [kPa] [m s"1]

5xl0"4(a)

5xl0"8(w)

5xl0"7(w)

5xl0"7(w)

3xl0"6(w)

Precompression stress increased approximately linearly with the logarithm of negative

soil water potential (Fig. 5.4). The dependence was stronger in the subsoil than in the

topsoil. At soil water potentials close to saturation, measured precompression stresses

did not further decrease but rather tended to increase with increasing water potential for

the topsoil. Since we suspected that this was an artefact due to insufficient drainage and

because water potentials were far outside the range encountered in the field trials, we

omitted these values from the regression analysis. Only measurements of the precom¬

pression stress at water potentials of -6 kPa and below were taken into account for this

depth.

0.12 -100.0
!

-5.2

0.32 -85.0 -2.0

0.52 -33.4 -0.7

0.72 -16.3 -0.2

>0.80 -6.0 0

Estimated value
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Fig. 5.4. Dependence of precompression stress on soil water potential (experimental
data and regression lines). Points represent mean values of 4 to 9 replicate

measurements, error bars are standard errors.

Table 5.5 shows that the calculated values of the precompression stresses obtained for

the 'dry' plot were mostly two to three times higher than those of the 'wet' plot.

Table 5.5. Calculated precompression stresses and 95 % confidence interval of the

two test plots immediately before the passage of the machines

Depth Average 95 % confidence

[m] precompression interval of the pre-

stress of the compression stress

'wet' plot of the 'wet' plot

[kPa] [kPa]

Average 95 % confidence

precompression interval of the pre-

stress of the compression stress

'dry' plot of the 'dry' plot

[kPa] [kPa]

0.12 47 ±24 107 ± 17

0.32 97 ± 16 178 ±91

0.52 55 ±9 139 ±39

0.72 51 ±7 146 ±51

Despite considerable variability within each plot, the differences between the 'dry' and

'wet' plots were significant except for 0.32 m depth. The precompression stresses of the

'wet' ploughpan (0.32 m depth) and the entire 'dry' plot were larger than the mean nor¬

mal stress in the contact area of the heaviest machine used for the traffic experiment.
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Table 5.6. Critical state soil properties of the 'wet' and the 'dry' plots determined at

-6 kPa initial water potential, assumed to be independent of soil moisture

Critical state soil properties
Topsoil Ploughpan Intermediate Lower

0-0.25 m 0.25-0.35 m subsoil subsoil

depth depth 0.35-0.8 m 0.8-2.8 m

depth deptht

Slope of the

virgin compression line, a [-]

Slope of the

recompression line, k [-]

Initial void ratio on the critical

state line at ln(p
'
= 1 kPa), ecs [-]

Slope of the

virgin compression line, a [-]

Slope of the

recompression line, k [-]

Initial void ratio on the critical

state line at ln(p
'
= 1 kPa), ecs [-]

1.21

1.11

Wet' plot

8.6xl0"2 4.0xl0"2 6.7xl0"2 4.8xl0"2

1.2xl0"2 2.9xl0"3 3.4xl0"3 1.2xl0"2

0.82 0.99

Dry' plot

0.86 0.91

0.80

7.8xl0"2 4.6xl0"2 5.9xl0"2 4.8xl0"2

.4xl0"3 3.6xl0"3 3.6xl0"3 1.2xl0"2

0.80

Slope of the

critical state line, M [-]

1.02 1.07 1.07 1.11

Values according to Rosal (1997)

For the intermediate subsoil, the a, k, and ecs values given in Table 5.6 are the arithmetic

means of A, tc, and ecs determined from samples from 0.47-0.57 and 0.67-0.77 m depth.

For the ploughpan and intermediate subsoil, the slopes of the normal consolidation line A

and the reload line k of both plots were similar. While for the topsoil, the slopes of the

normal consolidation line A were also similar the slope of the reload line k of the 'dry'

plot was smaller than that of the 'wet' plot, although the samples were conditioned at the

same initial soil water potential. The rvalue of the lower subsoil was much smaller than
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for the ploughpan and the intermediate subsoil. The values of k are from 4 (lower

subsoil) to about 20 times (intermediate subsoil of the 'wet' plot) smaller than A. Kirby

(1991a) found the same range of values for A and rand that the values for rare about

20 times smaller than those for A for various Vertisols in Australia.
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Fig. 5.5. Precompression stress of the trafficked (black circles) and non-trafficked soil

(open circles) of the 'wet' (left graph) and 'dry' plot (right graph) deter¬

mined at -6 kPa initial soil water potential.
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Fig. 5.6. Calculated precompression stresses (crosses with 95% error bars, accounting
for sample variability but not for the uncertainty of transforming precom¬

pression stresses measured at -6 kPa to actual field soil water potential) from

laboratory tests in comparison to effective vertical stresses calculated under

fully (solid line) and partially (dashed line) drained conditions of the 'wet'

(left graph) and 'dry' plot (right graph).
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In the topsoil of the 'wet' plot we found a significant difference between the precom¬

pression stress of the non-trafficked soil (median 41 kPa) and the trafficked soil beneath

the centre line of the tracks (median 97 kPa), while no such effect was evident in the top-

soil of the 'dry' plot. In the subsoil, neither the 'wet' nor the 'dry' plot showed a signifi¬

cant effect of trafficking on precompression stress.

The calculated vertical stress acting on the 'wet' topsoil (0.12 m depth) was larger than

the estimated precompression stress, while the estimated precompression stresses of the

non-trafficked 'wet' ploughpan (0.32 m depth) and the entire 'dry' plot were larger than

the calculated vertical stresses. For the intermediate subsoil of the 'wet' plot, the stresses

predicted by the model exceeded the estimated precompression stresses by about 8 kPa

at 0.52 m and were about equal at 0.72 m depth. The predicted stresses were within the

95% error bars at both depths. It therefore appears likely that the measured precom¬

pression stress would not have changed significantly (bearing in mind the statistical

variability in the parameters) at 0.52 m or perhaps not at all at 0.72 m. Furthermore, the

fully drained analysis gives the maximum stresses that could have compacted the soil. In

fact, the pore water pressure in the soil probably increased when the vehicle drove over

the soil, and then dissipated slowly due to drainage. The resulting effective stresses (i.e.

those transmitted via and related to the compression of the solid skeleton) would be less

than those predicted by the fully drained analysis. The partially drained analysis modelled

this situation. Fig. 5.6 shows that the effective vertical stresses predicted by the partially

drained analysis were indeed less than those of the fully drained case. It appears likely

from this analysis that the measured precompression stress would not have changed at

all. It was found experimentally that the precompression stresses of the trafficked and

non-trafficked 'wet' subsoils were not significantly different. This agrees with the more

probable, partially drained analysis, and with the 'worst case', drained analysis.

According to Koolen and Kuipers (1983 p. 179) peak stress can be between 1.4 and 3

times as high as the mean normal stress in the contact area of caterpillar tracks. Our re¬

sults suggest that peak stresses under the machinery we used were at the lower end of

this range. A significant increase of precompression stress was only found in the 'wet'

topsoil and also this effect was rather small. With larger peak stresses we would have

expected larger changes in precompression stress.
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It should be noted that transformation of the precompression stress values measured at

-6 kPa initial soil water potential to the actual water potentials observed in the field was

crucial to obtain this good agreement between model and experiment. In contrary to the

transformed values, precompression stresses measured at -6 kPa initial water potential

were clearly exceeded by the stress predictions at 0.07-0.17 m depth for the 'dry' plot

although no compaction effect was observed. This demonstrates the need to take the

moisture dependence of precompression stress into account in predicting compaction.
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5.4 Conclusion

Heavy, tracked machinery used to construct pipelines in Switzerland exerts stresses on

agricultural soils of a similar magnitude to those commonly experienced in agriculture

using low ground pressure tyres or tracks (Gysi, 2000). Experiments showed that a 'dry'

plot in a loess soil was not compacted by the vehicles, whereas a wetted plot in the same

soil was compacted in the topsoil but not in or below the ploughpan. Both direct

measurement and modelling (using a critical state finite element model) showed that the

'dry' soil was strong enough to resist compaction. The 'wet' topsoil was too weak to

resist compaction but the 'wet' subsoil did not show visible compaction effects although

peak stresses may have slightly exceeded the precompression stresses as determined with

the Casagrande method (Casagrande, 1936). The observed compaction effects were in

agreement with the model predictions if the soil was assumed to be partially drained but

disagreed if for the 'wet' subsoil fully drained conditions were assumed. Agreement bet¬

ween model and experimental results also required that the moisture dependence of the

precompression stress was taken into account.
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Conclusions

In all three field experiments, significant compaction effects were found where they were

expected, i.e. where the vertical stress, calculated according to Fröhlich (1934), ex¬

ceeded the precompression stress of the soil. Assuming the normal stress in the contact

area as the machine weight divided by the total contact area (i.e. the mean normal stress),

the observed effects were partially underestimated. On the other hand, compaction ef¬

fects were overestimated in most cases where they were predicted by a 'worst case' sce¬

nario, assuming a maximum instead of the mean normal stress in the contact area. Addi¬

tionally, for one field experiment changes in precompression stress were interpreted by

comparing them with calculated stresses using a critical-state finite element program.

The parameters needed for the model were determined by independent laboratory tests.

The lack of distinct and consistent compaction effects in the subsoil does not mean,

however, that no compaction occurred. They may have simply remained insignificant in

comparison to the rather large background variability of the parameters used to assess

the compaction effects. This background variability was primarily due to 'natural' spatial

variability and only to a small degree to analytical variability. Considering the likelihood

of heterogeneity in soil properties and load situations, different experimental conditions

in the field and laboratory, the uncertainty in stress propagation calculations and reser¬

vations concerning the exact physical meaning of the precompression stress as deter¬

mined by the procedure of Casagrande (1936), I concluded that the agreement between

expectations and measurements is good. In summary, the results of these investigations

show that precompression stress indeed provides a useful and practical concept for set¬

ting tolerance limits of allowable loads for tracked construction machines trafficking

agricultural land.

Spatial variability could be one of the major problems in practical application of any pa¬

rameter, not only precompression stress, used to define soil sensitivity to compaction.

For precompression stress, this is a larger obstacle with respect to practical applicability

than for parameters which are less time-consuming and costly to determine. On the other

hand, precompression stress bears the advantage of direct physical meaning with respect
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to compressibility. When talking about the physical meaning of this parameter, one

should not forget, however, that transition from elastic to plastic deformation in reality

occurs always over a rather large stress range. The precompression stress value deter¬

mined by the Casagrande (1936) method just represents an operationally defined inter¬

mediate state. This means that slight compaction damage may already be expected below

this value. This is also the case for cyclic loading, which reaches the precompression

stress but does not exceed it (Kirby, 1994). Micro-scale plastic shear deformation al¬

ready occurs before the macroscopically defined precompression stress is reached. In

practice, setting a safety margin between experimentally determined precompression

stress and tolerance limit could take account of this deviation from 'ideal' behaviour. Ir¬

respective of such corrections, still a number of limitations should be observed in apply¬

ing the precompression criterion to regulate allowable weights and contact stress of ma¬

chines used on agricultural land.

The results clearly show that soil moisture conditions also have to be taken into account

in applying precompression stress as a criterion to prevent compaction damages by ex¬

cessive mechanical loading. The sensitivity of the soil to compression can, however, vary

considerably even with depth in the same soil profile. To be able to account for this de¬

pendence adequately without being over-restrictive, knowledge would be required which

allows this dependence to be inferred for a given soil from easily measurable general soil

parameters. For this purpose it would be useful to develop a constitutive theory describ¬

ing the relationship between soil mechanical parameters, associated with general soil

properties such as structure, texture, organic matter content etc. and soil hydraulic vari¬

ables (e.g. Gräsle et al, 1995; Wheeler and Sivakumar, 1995; Klubertanz et al, 1997).

The precompression concept, as it was investigated in this study, is strictly valid only un¬

der static stress conditions in which the normal stresses (i.e. compression stresses) are

considerably larger than the shear stresses acting on a soil element. This is approximately

the case for a subsoil in the centre under a wide contact area of a slowly moving vehicle

with negligible dynamic impacts (e.g. vibrations). Shear stresses may in principle also be

taken into account by generalising the precompression stress concept in terms of the

yield surface as it is defined by the critical-state soil mechanics (Schofield and Wroth,

1968; Wood, 1990, p. 69). A different approach, however, is required for dynamic

stresses. This will in general be the case for mechanical stresses exerted by agricultural

machines on the topsoil and also by conventional tillage activities on the ploughpan (Or

and Ghezzehei, 2001). Furthermore, bulk compaction in the topsoil is in general not the

most critical damage because loosening by technical methods or due to natural regenera-
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tion is quite feasible. The main problem here is the destruction of the aggregate structure

(Horn et al, 1995) which can be effectively regenerated only through biological

processes. This requires time in which no intensive use is possible and during which risks

of further deterioration e.g. by soil erosion are greatly increased.

Thus I conclude that precompression stress may not be the primary criterion for pre¬

venting compaction and structural damage of topsoils by agricultural use. I recommend

it, however, as a primary criterion for the prevention of subsoil compaction by quasi-

static compression stresses exerted by heavy machines with wide contact areas.

Further work to establish the concept of critical state soil mechanics in general and of

precompression stress in particular in physical soil protection should include:

• Traffic experiments using vehicles with mean contact stress considerably higher than

the precompression stress of the subsoil.

• An improved description and understanding of the stress distribution in the contact

area between soil and tracks or wheels. Constant strain rather than constant stress

boundary condition should be investigated as a model for rigid steel tracks on the soil

surface.

• Further validation of the critical state soil mechanics model. In addition to comparing

calculated vertical stress with measured precompression stress, modelled strain and

displacement should be compared with corresponding measurements in the field. The

outcome of the coupled two-phase (solid-fluid) model used for the partially saturated

soil in this study should be validated with a coupled three-phase (solid-water-air)

analysis.

• Investigations on the influence of compression and shearing on soil physical properties

as water and air conductivity.

• Model analysis of other scenarios and experimental studies in order to identify poten¬

tially critical soil usage in advance.
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Appendix Al

Influence of sample size on compression behaviour of

structured soil

M. Berli, W. Attinger, M. Gysi, S.M. Springman andR. Schulin

Preparedfor Publication in Soil and Tillage Research

Al.l Introduction

The confined uniaxial compression test in an oedometer is a simple and therefore widely

used way to measure the compression behaviour of soil samples in the laboratory. In

geotechnical engineering, standard sample sizes range from of 0.05 to 0.1 m inner diame¬

ter and 0.01 to 0.02 m height for oedometer tests on fine-grained material. For fine¬

grained undisturbed agricultural or forest soils, built up of aggregates of particles (or

'peds' in clays), the representative elementary volume must be expected, in general, to be

much larger than for natural or remoulded 'engineering' soils. Large samples with a

diameter to height ratio of approximately 1 not only represent the macrostructure of the

soil more adequately than smaller or thinner samples but also enable sampling to be car¬

ried out on soil with a higher gravel content. While sample quality and hence, the quality

of the obtained compression parameters increase with increasing diameter, quality can

decrease with increasing sample height due to friction of the soil sample along the wall of

the oedometer cell.

Muhs and Kany (1954), Koolen (1974) and Hammel (1993) investigated the influence of

sidewall friction on the compression behaviour of soil samples in oedometer tests. Muhs

and Kany (1954) found for different sample sizes (0.1 m diameter, 0.01-0.1 m height)

that low sample diameter-to-height ratios lead to an overestimation of sample stiffness

but that the effect of sample trimming can exceed the influence of sidewall friction con¬

siderably. Comparing the influence of sample disturbance and sidewall friction, they

concluded that a sample diameter-to-height ratio of approximately 1 should be ideal. Be¬

cause this would led to very long consolidation times for fine-grained saturated soils,
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however, they recommended a much higher ratio of about 5, i.e. flatter samples, for

practical reasons. Koolen (1974) and Hammel (1993) directly measured sidewall friction.

Koolen (1974) concluded that samples for oedometer tests of diameter-to-height ratios

of 1.7 (at the start of the test) to about 3 (at the end of the test) are reasonable in

restricting sidewall friction effects and permitting an acceptable accuracy. Hammel

(1993) proposed to adapt the sample size to the specific sampling problem and to correct

the influence of sidewall friction on the compression behaviour of the sample.

Beside sidewall friction and sample trimming in the laboratory, the compression be¬

haviour of soil determined in an oedometer test can also be influenced by sampling tech¬

nique in the field (Hvorslev, 1949; Clayton et al, 1995). Also 'undisturbed' samples,

taken from test pits or boreholes by drilling, pushing or hammering a tube sampler into

the soil, undergo a certain amount of disturbance. With large diameter, thin-walled tube

samplers which are pushed continuously into the soil, sample disturbance can be mini¬

mised (Baligh et al, 1987; Vaughan et al, 1992; Clayton et al, 1998; Clayton and

Siddique, 2001).

To obtain reliable results from laboratory confined uniaxial compression tests on struc¬

tured soil samples, the influence of sample size on compression behaviour has to be es¬

tablished. For that purpose, confined uniaxial compression tests were carried out on un¬

disturbed samples of three different diameter-to-height ratios of a silty loam and a sandy

loam soil (FAO, 1990) at -6 kPa initial soil water potential.

A 2



Influence of sample size

A1.2 Material and methods

The compression tests were carried out on soil samples from two different sites,

Ruckfeld and Frauenfeld, in north-eastern Switzerland. Soil properties of the two test

sites are given in Table ALL Soil types were a Haplic Luvisol at Ruckfeld and an Eutric

Cambisol at Frauenfeld (FAO, 1990). The gravel (diameter > 0.002 m) content of both

soils was less than 1%. The parent material at Ruckfeld was a loess, deposited in the

forefield of a glacier during the Riss glaciation. At Frauenfeld, the parent material is

alluvial material from the Thur river. Both test sites were under crop rotation.

Table Al. 1. Soil parameters of the two test sites Ruckfeld and Frauenfeld

Site Depth Sand Silt Clay Organic matter

[m] [kg kg1] [kg kg1] [kg kg1] [kg kg1]

Ruckfeld 0.07-0.17 0.28 0.59 0.13 0.028

0.27-0.37 0.31 0.56 0.13 0.023

0.47-0.57 0.29 0.58 0.13 0.008

0.67-0.77 0.23 0.59 0.18 0.007

Frauenfeld1^ 0.12-0.17 0.42 0.40 0.18 0.053

0.32-0.37 0.52 0.31 0.17 0.011

0.52-0.57 0.61 0.28 0.11 0.005

T Data from Gysi et al. (1999)

Table A2.2. Size and number of samples used to determine the influence of sample size

on compression behaviour

Site Sampling No. of Sample Sample Sample diameter-

depth samples diameter height to-height ratio

[m] [m] [m] [-]

Ruckfeld 0.52 8 0.100 0.03 3.33

0.52 10 0.100 0.06 1.67

0.52 12 0.108 0.11 0.98

Frauenfeld 0.4 10 0.100 0.03 3.33

0.4 10 0.100 0.06 1.67

0.4 9 0.108 0.11 0.98
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Samples from both test sites were taken from the subsoil. It was more difficult to prepare

undisturbed samples of satisfactory quality of the Frauenfeld soil with its rather high sand

and low clay content than with Ruckfeld soil. Prior to the compression test, the samples

were conditioned to an initial soil water potential of-6 kPa (with respect to the sample's

centre) by applying a hanging water column.

Precompression stress, compression and recompression index were determined from

confined uniaxial compression tests. For the compression test, samples were kept within

the coring cylinders, built into the compression cell and subsequently subjected to step¬

wise increased stress. A normal stress range of 8 to 800 kPa was applied through a pis¬

ton, which fitted the opening of the cylinders. Each compression step lasted for 1800 s

after which the pressure was increased to the next level. Precompression stress was

determined from the resulting stress-strain curves (plotted as logarithm of normal stress

versus vertical strain) using the graphical procedure of Casagrande (1936) (Fig. ALI).

Applied normal stress [kPa]

1 10 100 1000

000

0 02

~s

I

004

006

0 08

- Precompression \

stress \

010

012

"S,

Applied normal stress [kPa]

1 10 100 1000

090

0 85

080

0 75

^ 070

>

0 65

060

mq—r~rrrrnq—r-rrrrmj—r~rrnTn|—m

Fig. ALL Definition of precompression stress (left graph), compression index Cc and

recompression index Cr (right graph).

The recompression index Cr was defined as the slope of the log(normal stress) versus

void ratio of the post sampling recompression curve at 8 kPa normal stress and the

compression index Cc as the slope of the linear virgin compression part of the applied

normal stress versus void ratio curves, determined at -6 kPa initial soil water potential

(seeFig. ALI).

The samples were dried at 105 °C for at least 24 hours. The weight of the dried soil

was divided by the initial sample volume to determine initial dry bulk density .
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A1.3 Results
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0.4 m, P < 0.05) and the Ruckfeld site (depth of the sample centre: 0.52 m,
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Although all samples were taken from the same depth at each site, we found significantly

different bulk densities for the 0.06 and the 0.11 m high samples. Comparing the values

of the two layers from the two different test sites, bulk density and precompression stress

were significantly higher at Ruckfeld than at Frauenfeld. Compression and recompression

indices were, with one exception, significantly higher at Frauenfeld than at Ruckfeld.

For both soils, the 0.06 m high samples showed the highest precompression stress and

bulk density values with almost universally the smallest variation. The lowest precom¬

pression stress and bulk density values were measured for the 0.11 m high samples of

Ruckfeld soil
.
For the Frauenfeld soil, bulk density of the 0.03 m high and precompres¬

sion stress of the 0.11 m high samples were the lowest values. Bulk density of both soils

of the 0.06 m high samples were significantly higher than those of the 0.11 m high

samples. Precompression stresses of the 0.06 m high samples of both soils were signifi¬

cantly higher than values of the 0.11 m high samples from Ruckfeld soil and the 0.03 m

high samples from Frauenfeld soil. Except for the precompression stress values from

Ruckfeld soil, 95% confidence intervals of 0.03 m high samples were the largest and

those of the 0.06 m high samples the smallest.

For both soils there was a slight trend to decreasing compression indices with increas¬

ing sample height. This agrees with the assumption that increasing sample height leads to

increasing stiffness values due to the increasing influence of sidewall friction. However

there was no significant (P<0.05) difference between the compression indices of the

samples of the three different heights.

While the recompression index was significantly larger in 0.03 m than in 0.06 and

0.11 m high samples from Frauenfeld, there was no difference between the values of the

0.06 and 0.11m high samples. The recompression index values of the Frauenfeld samples

decreased with increasing sample height. The values of the Ruckfeld samples were

similar for the 0.03 and 0.11 m high samples but showed significantly lower values for

the 0.06 m high samples. For the Ruckfeld soil, decreasing recompression index values

were related to increasing bulk density and precompression stress values.
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A1.4 Discussion and conclusions

We expected to find increasing precompression stress and decreasing compression and

recompression indices with decreasing diameter-to-hight ratio due to increasing influence

of sidewall friction. We also expected increasing variability of the determined parameters

due to the increasing influence of the top and bottom sample trimming disturbance with

increasing diameter-to-hight ratio.

Fig. A1.2 and Fig. A1.3 show that the sample size influences precompression stress and

recompression index as well as bulk density. The different bulk density values for diffe¬

rent sample sizes implies that the observed differences in compression behaviour are not

only due to sidewall friction. Compression behaviour at normal stresses up to precom¬

pression stress is probably more influenced by small scale spatial variability, sampling

technique in the field and trimming in the laboratory than by the boundary conditions of

the compression test, i.e. the sidewall friction. The gradient of the recompression curve

at 8 kPa normal stress is very sensitive to loosening and roughness of the sample surface

and, hence, very likely to be overestimated due to sampling disturbance. This agrees with

the fact that we found no significantly different compression indices for different sample

sizes, which can be explained by the decreasing influence of sample disturbance on the

subsequent virgin compressing behaviour with increasing normal stress.

Baligh et al. (1987) and Clayton et al. (1998) showed that during sampling with thin-

walled, long cylinders pushed in the soil, the sample undergoes compression followed by

extension. This extension could explain the significantly decreased bulk density and pre¬

compression stress and the increased recompression index for the 0.11 m diameter com¬

pared with the 0.06 m diameter samples.

We found the smallest variability of the parameters determined from the 0.06 m high

samples and not for values from the 0.11 m high samples. The largest variability was

found for the 0.03 m high samples as we expected. Measurements with smaller samples

are more sensitive to small scale soil layering and, hence, spatial variability, but also to

disturbance by sampling and trimming.

In summary we conclude that sample size can influence bulk density, precompression

stress and recompression index of undisturbed agricultural soil samples significantly. No

significant effect of sample size on compression index was found. The influence of the

height (at equal diameter) on the compression behaviour of a structured sample in a con¬

fined uniaxial compression test rather originates from soil spatial variability or sampling

disturbance than from sidewall friction.
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Additional details and results to chapter 5

'Modelling compaction of agricultural subsoils by
tracked heavy construction machinery under various

moisture conditions'

The aim of appendix 2 is

1. to give details about the determination of the slope of the virgin compression line A,

the slope of the recompression line k, the void ratio on the critical state line at ln(p -1

kPa) ecs and the slope of the critical state line M from confined uniaxial compression

and direct shear tests and

2. to present additional results from the critical state modelling described in chapter 5.

A 9



Appendix A2

A2.1 Determination of critical state parameters

Numerical analysis was carried out using a constitutive model based on critical state soil

mechanics reported in chapter 5. The slope of the virgin compression line A, the slope of

the recompression line k, the void ratio on the critical state line at ln(p'=l kPa) ecs and

the slope of the critical state line M (definition see chapter 2.2) were determined for the

topsoil (0-0.25 m), the ploughpan (0.25-0.35 m) and the intermediate subsoil (0.35-

0.8 m). To this end, confined uniaxial compression tests and direct shear tests were

carried out on samples of -6 kPa initial soil water potential (for description of the soil

properties see chapter 3.2). For the lower subsoil (0.8-2.8 m), A and k were taken from

confined uniaxial compression tests carried out by Rosal (1997) on undisturbed samples

at initial moisture conditions equal to the field moisture content. The initial void ratio e0

and the angle of internal friction <j>' of the lower subsoil were also taken from Rosal

(1997).
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Ruckfeld soilat-6kPainitialsoilwaterpotential.Pointsrepresentmeanvaluesof4to6replicatemeasurements,errorbarsarestandarderrors.Fig.A2.1showstheln(normalstress)versusvoidratiocurvesfromthe'wet'and'dry'Ruckfeldplotofsamplesfrom0.07-0.17,0.27-0.37,0.47-0.57and0.67-0.77mdepth,kwascalculatedastheslopeoftheln(normalstress)versusvoidratiocurveat8kPanor¬malstress,Aastheslopeofthelinearvirgincompressionpartoftheln(normalstress)versusvoidratiocurve.A10
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Fig. A2.2. Relative shear stress (the shear stress x to applied normal stress an ratio) ver¬

sus shear strain of the non-trafficked Ruckfeld soil at 0.07-0.17, 0.47-0.57

and 0.67-0.77 m depth at -6 kPa initial soil water potential.

The stress-strain curves from the direct shear tests are given in Fig. A2.2. With the nor¬

mal and shear stress values obtained at failure, the Mohr-Coulomb failure line was plot¬

ted in order to determine the angle of internal friction in direct shear. Failure was defined

as the range where the relative shear stress versus shear strain curve became approxi¬

mately horizontal. We tried to carry out the direct shear test under effective stress condi¬

tions {<j„ = <j„ ') using a low shear velocity of 5x 10"7 m s"1 in order to obtain the effective

angle of internal friction <j>'. However, since the pore water pressure of the sample cannot

be controlled in the direct shear test, we probably did not reach pure effective stress

conditions. An angle of internal friction <j>' of 26° was determined for the topsoil and a <j>'

of 27° for the intermediate subsoil was found. For the ploughpan, the angle of internal
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Appendix A2

friction was estimated as 27° based on the measurements from the top- and the interme¬

diate subsoil (see also Table A2.1). The samples from the ploughpan were not

homogeneous enough to cut undisturbed 0.02 m thin samples of satisfactory quality for

the direct shear test. Rosal (1997) determined ^'-values between 28° and 33° for the

lower subsoil, using a triaxial apparatus.

With the angle of internal friction <j)
'

the slope of the critical state line M in compression

(definition see chapter 2.4.1) was calculated with

6 sin é '

M = — (A2.1)
3 - sin <j>

'

The void ratio on the critical state line at ln(p'=l kPa), ecs, can be calculated from the

initial void ratio e0 with equation (A2.2)

ecs=e0+(Ä-K)\n[PA (A2.2)

Equation (A2.2) is derived from equations (2.11) and (2.12) from chapter 2.4.1

vcs=T-A\np'cs (2.11)

v = vK-K\np\ (2.12)

using the definitions vK=e0+l; Y = ecs +1.

For the constitutive model 'Modified Cam Clay',

(A2.3)F es

2

for vcs = v withp0' the precompression stress under isotropic triaxial compression stress

conditions.
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po' is transformed from precompression stress determined with oedometer tests, <j'v,max,

using the equations (A2.4) and (A2.5).

(l + 2Knc)a^

^max=(1-^„C)ö"'

(A2.4)

(A2.5)

p'o = Jr, +p

Mzp
2
„

i
r max

max

(A2.6)

M is the slope of the critical state line and Knc the in-situ earth pressure at rest under

normally consolidated conditions.

Equation (2.6) is based on the elliptical yield surface of 'Modified Cam Clay' in the/» '-q

space (Fig. A2.3).

Po P

Fig. A2.3. p'max and qmax in the p'-q space for an elliptical 'Modified Cam Clay' yield
locus.

Using equations (A2.4) to (A2.6) together with (A2.2), equation (A2.7) yields for the

void ratio on the critical state line at \n(p -1 kPa), ecs,

ecS=eo+{Ä-K)^
<j'

M2{\ + 2Knc) 3
(A2.7)
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Table A2.1. Measured values for the angle of internal friction </>' and calculated values

for the in-situ earth pressure at rest Knc and the slope of the critical state

lineMused for the modelling in chapter 5

Parameter Topsoil Ploughpan Intermediate subsoil

Angle of internal friction </>' [°]

In-situ earth pressure at rest Knc [-]

Slope of the critical state lineM [-]

26 27 27

0.56 0.55 0.55

1.02 1.07 1.07

The in-situ earth pressure at rest was calculated according to Jaky's formula

Knc=\-sm(^).

Table A2.2. Critical state properties A, k, and ecs of the 'wet' and the 'dry' plots, de¬

termined at -6 kPa initial water potential. Mean values of 4 to 6 replicate

measurements, error bars given in parentheses as standard errors

Critical state soil properties
Topsoil Ploughpan Intermediate Intermediate

0.07-0.17 m 0.27-0.37 m subsoil subsoil

depth depth 0.47-0.57 m 0.67-0.77 m

depth depth

Slope of the

virgin compression line, A [-]

Slope of the

recompression line, k [-]

Initial void ratio

on the critical state line

atln(p'=lkPa),e„[-]

Slope of the

virgin compression line, A [-]

Slope of the

recompression line, k [-]

Initial void ratio

on the critical state line

atln(p'=lkPa),e„[-]

'Wet' plot

8.58x10
2

3.99x10
2

7.12x10
2

6.29x10
2

(6.32xl0"3) (1.94xl0"3) (3.16X10"3) (3.43xl0"3)

1.18x10
2

2.93x10" 4.06x10" 2.75x10"

(2.31xl0"3)
(3.74xl0"4)(5.58xl0"4)(4.18xl0"4)1.210.821.010.97(4.92xl0"2)(1.58xl0"2)(3.13X10"2)(2.32xl0"2)'Dry'plot7.76x10"4.57x10"6.04x10"5.69x10"(6.44xl0"3)(1.66xl0"3)(3.36xl0"3)(4.03xl0"3)8.42x10"3.64x10"4.21x10"2.98x10"(1.16xl0"3)(7.20xl0"4)(6.83xlO"4)(7.59xl0"4)1.110.860.940.88(4.71xl0"2)(2.08xl0"2)(2.74xl0"2)(3.73xl0"2)A14



Additional details and results to chapter 5

A2.2 Critical state stress-strain-displacement modelling for the

'wet' trafficked Ruckfeld soil under a tracked heavy
construction machinery

Soil-vehicle interaction calculations were performed on the continuum with the finite

element program 'Sage Crisp' Version 4.02. The constitutive model 'Modified Cam

Clay' was used to describe the mechanical behaviour of the soil in terms of critical state

soil mechanics (Britto and Gunn, 1987).

The experiment was modelled as a plane strain problem with the rigid track acting as

an infinite strip load. Symmetry required only half the problem domain to be modelled,

which was chosen to be 2 m wide and 2.8 m deep (Fig. A2.3). The finite element mesh

comprised 420 linear strain triangular elements ranging in size from 0.05 by 0.05 m near

the track to 0.2 by 0.6 m in the corner farthest away from the track. The mesh was di¬

vided into four layers (topsoil, ploughpan, intermediate and lower subsoil) with different

critical state parameters (see Table A2.2).

0m

Topsoil

Ploughpan
°-25 m

0.35 m

Intermediate subsoil

0.8 m

Lower subsoil

2.8 m

2m

Fig. A2.3. The finite element mesh chosen for the calculation in chapter 5.
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The load exerted by the rigid steel track onto the soil surface was considered to be

uniformly distributed over the entire contact area. The load was assumed to be a normal

stress of 78 kPa applied on a 0.75 m wide strip, which is equivalent to the mean normal

stress and the width of the contact area under the heaviest machine used for the experi¬

ment. Shear tractions at the surface were ignored, because the vehicles were either

standing still or moving slowly without draft.

The following plots give results of displacement, stress and strain calculations for the

'wet' trafficked Ruckfeld soil under drained conditions in order to complement the re¬

sults presented in chapter 5.

Normal stress 78 kPa

0m

02m

Ploughpan

Intermediate

subsoil

0m 02m 08m

Fig. A2.4. The deformed finite element mesh (in scale) calculated for the 'wet' traf¬

ficked Ruckfeld soil under drained conditions.

The model calculations predicted a rut depth of 0.025 m at the soil surface under a

constant normal stress of 78 kPa (Fig. A2.4). In the field experiment (see chapter 3), rut

depths between 0.02 and 0.04 m were measured after the passage of the tracked ma¬

chines. A key assumption in the use of the 'Cam Clay' models is that straining within the

yield surface is directed by isotropic elasticity. In consequence, 'Modified Cam Clay'

cannot exactly predict the surface profile and in particular the heave at the side of the

tracks as seen in the field. This was also observed by Stallebrass and Taylor (1997) and is
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due to the variation of stiffness with strain (even within the yield surface) as well as ef¬

fects of anisotropy.

Normal stress: 78 kPa

x

X

NÉ—

fftftff^^^ *

U.OÏÏ1 U 'S—î(É—$&—ä^—iê—$é—Se—îé—ié—îé—*é *^ *£—

ïïï*******

1 G m U 3 ^—*£—*fi—*$—*f*—*f*—*f*—*f—¥—¥—*é

>: Topsoil

Om 0.2 m 1.0m

>: Ploughpan

Intermediate

subsoil

Lower

subsoil

2.0 m

Fig. A2.5. The deformation vectors (scale 5:1) calculated at the nodes of the finite ele¬

ment mesh for the 'wet' trafficked Ruckfeld soil under drained conditions.

Mainly vertical displacements occurred under the strip load (Fig. A2.5). This supports

the assumption that the stress-strain behaviour of a soil sample in a confined uniaxial

compression tests is similar to the stress-strain behaviour of the soil under an infinite strip

load.
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Om.

02m

08m

16mL

Ploughpan

Intermediate

subsoil

Lower subsoil

72-81 kPa

63-72 kPa

54-63 kPa

45-54 kPa

36-45 kPa

27-36kPa

18-27 kPa

9-18 kPa

0-9 kPa

0m 02m 08m 16m

Fig A2 6 Total vertical stress calculated for the 'wet' trafficked Ruckfeld soil under

drained conditions

0m

02m

08m

16m

Ploughpan

Intermediate

subsoil

Lower subsoil

45-50 kPa

40-45 kPa

35-40 kPa

30-35 kPa

25-30 kPa

20-25 kPa

15-20kPa

10-15 kPa

5-10 kPa

0-5 kPa

0m 02m 08m 16m

Fig A2 7 Total horizontal stress calculated for the 'wet' trafficked Ruckfeld soil under

drained conditions
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Om.

02mL

08mL

16mL

Normal stress 78 kPa

x

x

X

X

X

—*—

X

—«-

Topsoil

Ploughpan

Intermediate

subsoil

Lower subsoil

1 -4 kPa

-2-1 kPa

-5 - -2 kPa

-8 - -5 kPa

-11 --8 kPa

-14--llkPa

-17--14kPa

-20 - -17 kPa

-23 - -20 kPa

-26 - -23 kPa

0m 02m 08m 16m

Fig. A2.8. Plane shear stress calculated for the 'wet' trafficked Ruckfeld soil under

drained conditions.

0m,

02mL

16mL

Normal stress 78 kPa

XXXXXXXXXXX X X
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0 8 mL x x k x x x x x x x x

XXXXXXXXXXX X X X X

Topsoil

Ploughpan
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subsoil

Lower subsoil
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Fig. A2.9. Void ratio changes calculated for the 'wet' trafficked Ruckfeld soil under

drained conditions.

The soil layering influenced the calculated horizontal and shear stress propagation (Fig.

A2.7 and A2.8)aswellasthechangeinvoidratio(Fig.A2.9).Thelayeringhas,incon-A19
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trary to expectation, only a slight influence on vertical stress propagation (Fig. A2.6).

The ploughpan, although stiffer than top- and subsoil, did not appear to affect the distri¬

bution of the vertical stress considerably and, hence, protect the subsoil below from

compaction. Perhaps this was because the ploughpan was only 0.1 m thick, which is less

than 1/3 of the halftrack width at a depth of 3/4 of the halftrack with. The ploughpan

caused a slight build up in horizontal stresses and a small complementary reduction in

void ratio, which was concentrated in the topsoil. This agreed with the fact that the cal¬

culated vertical stress was higher than the precompression stresses only in the topsoil

(see chapter 5, Fig. 5.6) which led to plastic compression. Shear stresses occurred

around the 'compression zone' in the topsoil and propagated down to the lower subsoil.

Shear stresses appeared to be horizontally distributed by the ploughpan.

0m

0.2 m

0.8 m

1.6m

Ploughpan

Intermediate

subsoil

Lower

subsoil

0 m 0.2 m 1.0m 2.0 m

Plastic deformation (compression)

Plastic deformation (loosening)

Elastic deformation

Fig. A2.10. Zones of elastic and plastic deformation calculated for the 'wet' trafficked

Ruckfeld soil under drained conditions.
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Fig. A2.10 shows the extent of elastic and plastic deformation in the 'wet' trafficked soil

according to the calculations with 'Modified Cam Clay'. 'Modified Cam Clay' predicted

plastic compression for the topsoil but also for a thin zone in the subsoil, directly under¬

neath the ploughpan. In a rather large zone in the intermediate subsoil, plastic loosening

due to shear processes was predicted. With focus on avoiding plastic deformation in the

subsoil, not only the plastic compression but also possible plastic loosening zones should

be of further interest for soil protection research.
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