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ABSTRACT

This researchnvestigatesdesiccation cracking behaviour affill material from a
flood embankment along the Bengawan SRieer in East Javalndonesiaan area
that is prone to extremes in flooding and drying. A detadiiedly of the previous
works on this topic showed the absencéudf/-monitoredlaboratory tests dedicated
to desiccation cracking behavioumhis study combined traditional and new
techniques to characterise desiccation cracking behaviour in this histersuite of
laboratory tests.

Desiccation plate tests were conducted to gain basic knowledge of the cracking
behaviour of Bengawan Solo saihd identify the influences of plate shape on test
results Crack initiation evolution and final patternvere studied in detaiResults of

the experimets showedthat plate geometry had minimal effect on cracking

behaviourexceptfor the final cracking pattern.

Crack initiation and evolution was characterised witBDd3D profile laser sensor
coupled to a motio controller thatallowed scanningof the overall surfacefathe
drying soil. The systendeveloped for this work was used ttack the three most
relevant variables associated with the behavior of soils during desiccation: volume
change, water losand ewlving cracknetwork morphologyWith this new method,

the evolution of crack apertuyrerackdepth, surface contour leveksettlementsand
evoluion of global volume changevere captured in real time, significantly

improving upon previous methofts crack monitoring

Finally, the & ects of moisture content and dry density on tensile strength during
crackingwasinvestigatedat two statesreconstituted and compactédicrostructural
investigationillustratedthe fabric changes during drying at two states to complement
the experimert results for tensile strengtfhe comparison of tensile strength
between reconstituted and compacted statebeeriound promising and believed to

be useful in earthwork construction projects.
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Chapter 1. Introduction

1.1 BACKGROUND

Desiccationis the process a material ungeespartially whilst experiencinglrying.
Naturally forming desiccation cracks start as wet, muddy sedéngesiccate and
are caused contraction created by volumeshrinkage. As soon as the crack is
initiated, individual cracks join up to form an interconnected néw@racking is a
complex phenomenon in generahd especially for meerials like soils. Soilsare
inherently heterogeneousiultiphasematerials with history, time, temperatusand
water content dependent behaviolihe rate, quantity and extent of desition
cracking are dependent on vasus physical properties. These include moisture
condition, suction effes, temperature and wet as weldaging cycles.

Desiccation cracks pose challesgé civil, geotechnical and environmental
engineering works as they significantly affect soil performance and have the
potential to caussignificant damage to the surrounding environméhracks can
develop due to various processes such as desiccation and shriekage,stressf
the soil, freezing,penetration § plant roots etcShrinkage cracking is significant in

earth embankments, slopes, foundations and roeelssile cracks influences the
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stability of natural slopes ancuts (Baker, 1981Bagge, 198p Cracks create zose
of weakness in a soil maseducingits owerall strength and stability

Othe examples of desiccation cracksan be found in various geotechnical,
agricultural and environmental applications e.g. irrigated land, tailing ponds for
mining waste, landfill liners, earth embankngmesrvoir bedsetc. (Colina and
Roux, 2000. In agricultural engineeringvater and solute flow through cracked soll
can enter in irrigated landlhe pesence of desiccatiocracks can render a low
conductivity barrier, constructed of clay saieffective (Kodikara et al., 2000b
Drying of earth dams may leads to the fotioa of shrinkage cracks which might
cause piping failureSherard, 1973 Cracks are also @ossible prediction of failure
surface at the top of the dams and embankm@wsling and Marsland, 1953
Hydraulic conductivity of clg liner material in presence of crackan increasérom
1x10° m/sfor wet and intact soil to 1x10m/sin cracked soilAlbrecht and Benson,
2001). Compressibility increases and trate ofconsolidation decreases with crack
initiations (Morris et al., 1992 Complex crack networkiay createpathways for
rapidly transporting pollutants to the subsahd this is a problem foaccurately
modelling flow andcontaminantransport in clay soif\Vogel et al., 2005aVogel et
al., 2005h.

Accurate measurement of parametersdoil shrinkage cracks is not easy by direct
measurement. Large measurement errare likely due to irregular shapeand
complex cracks pattesnDespite this limitation, characterisatiohcrack patterns is
useful inmany different fields of science and engineeri@ack in soils hagroven

to be an important subject to study to improve the soil manageareiiteatmentmn

agricultural science as well.

Considerable work has been done to study expetatigrthe physical phenomenon
behind the crack formatiorDesiccation cracks have been investigated for many
years e.g.Corte and Higashi (19§0Abu-hejleh and Znidarcic (1995Konrad and
Ayad (19973 Abu-hejleh and Znidarcic (1995Konrad and Ayad (199%pCorte

and Higashi (196)0. To explain the development andtenxt of desiccation cracking

several factordave beertonsidered including clay content and mineralqpyticle
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shape and sizapil thickness, surface configuration, rate pfinlg, total drying time
etc. (Aitchinson and Holmes, 19%3

As the structure of a soils an important propertyhat affects water storage and
movement, it is necessary to measure crack size and pattern precisely. Examples of
basic crack measurements aeportedin several works(Lima and Grismer, 1992
Abedine et al.,, 1971l ogsdon et al., 1990 With the advancement of computer
hardware and software analysing ®otligital imaging techniques hagesown in
prominencein this research areaGuidi et al. (1978 executedelectreoptical
determination to estiate size distribution of cracki.ima and Grismer (1992used
photographic image analysis totelenine soil surface crackinghotographic irage
analysis techniques appeared to be a useful tool to distinguish differences in crack
patterns(Vogel et al., 20051Costa and Kodikara, 200Zakshmikantha et al., 2009

Tang et al., 20083.

Despite decades of researthe essential mechanismf desiccation are not fully
understood.Existing observations are limited by visibility from the soil surface.
There is a need for development of deuizetudy the formation and propagation of
desiccation cracksn three dimensionsThe new and advanced dwledge of
unsaturated soilan sure mad a significant contribution foexplaining cracking

mechanism from different angle.

This research has been conductedaihfrom a flood protection embankmealbng

the Bengawan Solo Rivan East Javajndonesia The highly-dense desiccatn

crack network observed in thisanmade embankment may have an important role

in the occurrence of the progressive faiturdetected frequently along the
embankmentln a drying soil, drying causes shrinkage and a crack mstiahen the

tensile stresses exceed the soil strength. The tensile strength is dependent on the
moisture content of the soil and the associatedion. In this thesis, keeping in mind

of theseinfluencing factors ehind cracking behaviouBengawan Solgoil has been

investicated experimentally und&boratory environment.

The investigation into desiccation cracks in soils is of significant importance to Civil,

Geotechnickhand Environmental Engineeriran a global scaleClimate changenay
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increase thaliversity and severity of current weather conditions to the point of
extreme change. Wittemperatures ithe tropical areas around the worlgredicted

to increasaand thus wetting and drying cycles expected to become more extheme
importance of reseahning the effecteandmechanisms of desiccatiammacks in soils
has become most topicalhis research worknakes significant improvements in
laboratory tsting proceduresusing modern technology to investigateacking
behaviour of soito that effectiventerventions can be developed

1.2 OBJECTIVES

The mainaim of this research is to establish a better understanding on the physical
processsand phenomenevolved in desiccation and cracking of sdily new and
properly deeloped experimental technicgie

More specific objectives are:

To investigate théesiccation crack phenomenon in the Bengawan Solo soil
To identify experimentally the mechams of cracking in soils
Investigate the relationship between plate geometry and onset of cracking

To determingheinfluence/effect otensile strengtlon drying soil

- =2 = =4 =2

To study the evolution of domicrostructure during drying in reconstituted

and compacted material

1 To improve the experimental techniques currently used for the investigation
of crackingin soil to gather information for variables during desiccation
process(such as: crack aperture, cracks depth, crack geomibtay)are

difficult to measure with other typical technique currently used.

To achieve these objectives, following research methodology s et
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Summarise the published data on desiccation and cracking of soils from all

available sources and fields efsearch

Find the basic cracking behaviour of the Bengawan Solo soil using

conventional/current methodsich as esiccatiorplate tests

Apply image analysis techniqués quantitative analysisfathe cracks and

crack patterns

Implementation of a compact 2D/3D Laser line scanner to achieve an
improved and alternative experimental setup to all current available methods
to study desiccation craclg in soil This is the most important ginal

contribution in this work

Measure the tensile strength of the Bengawan Solo soil considering the effect
of moisture content and density. The @pens areprepared at different
moisture contentvithin a defired range taking into account the variation of
moisture contentin a desiccation tedboth at reconstitutednd compacted

condition

Undertaking &bric studies using Mercurntrusion Porosimetry(MIP) and
The Field Emission Scanning Elemt Microscope (FEBSM) to understand
the microstructure of the Bengawan Solo fill. The fabric studies aim to
support and better understanding of the mechanical behaviour on evolution

soil structure during drying

The experimental outcomesn to gather relevant data assatedd with the behaviw

of drying soils, more information than those typically gathered from current methods.

1.3 OUTLINE AND PUBLICATIONS

In order to address each of the research objectiveshesis has been organiseisd

severnchapters as detailed bel.
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Chapter 1 Introduction starts with abackground to present thihesis which
supports the importance of the findings as a contribution of the current knowledge on
soil desiccation and cracking. The objectives and the outline of the thesis are briefly

explained.

Chapter 2 State of Arfpresents a review of published research work related to
desiccation, cracking and dryirgf soil. The concepts and experimental techniques
previously and presently being used to investigate desiccation cracking in soil are
discussed followed by a short discussion of available volume measurement methods

of soil and nicrostructure of compacted and reconstituted soils

Chapter 3Soil Characterisation describegheresearch materiengawan Solo sail
which wascollected from an embankment alotige Bengawan Solo River in East
Java, Indonesial.aboratory characterisation of the Bengawan Salib including
information on the soil properties, particle size distribution, and soil mineralegy
given. The mformation is a summary of research conduttg&l Mountassir (2011

at the University of Strathclydefollowed by test results of linear shrinkage and
volumetric shrinkge characteristics performed within this reseafkotechnical
failures due to crackingwhich have been observed alotfie embankments are
describedMethods of sample preparation for all test conducted for this research is
then discussed.

Chapter 4 Degication plate tests presents thedesiccation test performed on
reconstituted Bengawamls soil. The tests explotthe effect of specimen thickness

and geometry on crack initiation and propagation towards the final crack network. To
gather detail informatin about crackingmechanism, digital image analysis
technique has been used to analyse the desiccation plate tests. A detailed of digital
image analysis is presented at the end of the chapter which includes explaining
techniques to process sequence ofgesahow information can be used by meains
image analysisTwo conference papers has been publishased on thef this
chapterin Proceedings of ™ International Conference on Environmental Science
and TechnologyCEST 2011and Proceedings of 4th AsiBacific Conference on
Unsaturated Soils, 235 November 2009
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Chapter 5 Desiccation tests with compact 2D/3D laser scanm@esentsthe
development of an improvddchniqueand alternative to current experimental set up

for investigating soil desiccationnd cracking. This method allows for the
reconstruction of crack formation and propagation in taigeensions.The results

show the applicability of laser technology to studisiccation cracks in soédnd
providea foundation for larger scale experimeimt future. A paper on this research
entited6 Compact 2D/ 3D profile |l aser sensor
has just been acceptedACTA GEOTECHNICA..

Chapter 6 Tensilestrength and micromechanical statéescribesdetermination of
tensile stength of Bengawan Solo Soil at both reconstituted and compacted
condiion. These esults are supported bynaicro-structural study conducted ugin
Mercury Intrusion Porosimetry (MIP) antihe Field Emission Scanning Elemb
Microscope (FESEM)A journal paperis under preparatigrtentativelytitled érhe
effect of desiccation on tensile strength of drying soéconstituted versus

c omp act &anthe tesultet tbis chapter.

Chapter 7 Conclusionsoutlines the main conclusions arabntributiors of the

research presnted in this thesisSuggestiongor further studyare also presented
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Chapter 2. State ofthe art

2.1 INTRODUCTION

The desiccation of a natural soil usually involves gradual moisture content reduction
induced by evaporation from theoil surface. Desiccation cracking significantly
affects soil performance. The recent advancenmeexperimental geomechanics has
increasedattertion towards this subject area, driven the fact thatthe presence of
cracks in many geotechnicahgineerig applications affectsoil performanceThe
mechanisms of desiccation crackingn only bewell understoodby adopting a

systematic research approacttémtinuousexperimentatiomndanalysis

This chapter begins with a brief discussion soil desiccatin and cracks. Ae
classification®f craks and causes/factors influenciogcking behaviour of soil are
discused shortly. Experimental work and techniques investigatinglesiccation
cracking in soil arexplored later onfollowed by available literate on soil testing
relevant to this research. The concepts and definitions presented herein will be used
for interpreting data irChapter4 6 De s i cptatet € sandChapter 60Tensile

strength and micromechanical state
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2.2 DESICCATION CRACKS

Desiccation is a jcess in drying soil, ral aacking is one of the results of this
process Desiccation cracks soil are a common phenomenand are frequently

obseved in many natural andanmade earth structures.

Previous studies on desicicat cracking date back to the early twentieth centu
The general meaning afesiccation crackingf soil wasdefined in avariety in
literature The definitions and examples given below are based on available figeratu
onthe mechanism alesiccation ackingof soil given by various researchers:

Shrinking soil often cracks when they dry. Cracking occurs under different

conditions and it cannot be explained in the same (Wawner, 1987a

Cracking in soil that are undergoing drying is controlled by soil suctions and
by soil properties such as congps si on mo dul tios sheaPstréengtts on 6 s

tensile stregth and specific surface ener@orris et al., 19941

Desiccation cracks usually initiate on the surface and propagate downwards,
which causes cracked soil columns to have sicgdated surfac€Abu-hejleh and
Znidarcic, 199%.

The cracks area result of an internalenergy imbalance in the soil mass
caused by nowmniform moisture distribution, temperature distribution, or

distribution of compaction energy during construct(&ang, 1997p

The interchange of moistunequired for the soil water balance to adjust
itself both seasonally and in the long term takes place mainly by the transfer of
energy and water through the soil surface. As this transfer takes place, the soil is
alternatively wetted & dried, and swells &hrinks in sympathy. The shrinkage
results in surface cracking, and the subsequent wetting and swelling causes the

cracks toclose again(Blight and 199Y.

Cracking in muddy sediments during drying is a commonly observed

phenomenon in drying puddles, riviwod plains, marmade embankments and lake
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margins during droughts. The arising crack® known as mud eck or desiccation
crack(Weinberger, 1990

Cracking mechanisma are highly complex phenomea influenced bythe strong
coupling between the hydrological and mechanical behaviour of soils. Water loss
during evaporation induces a eisof capillary forces. This prose is basically
controlled by the hydraulic properties of the soil mass, and affects the mechanical
behaviour because the soil tends to contract under increasing suction. During
shrinkage, soil particles tend tacomfigureto support the changes in theests state

and at a certain point of the drying progeke crack generation begins.

The usual term generally associated to cracking mechanism will be discussed
furtherin Chapter 4 Desiccation plate tesdueto theirrelevance orthe desiccation

platetests.

2.3 CLASSIFICATION OF SO IL CRACKING

It is important to classify cracking for eventual engineering analysis of cracking
behaviour. This section is focused omwlassification forsoil cracking given by

previous researchers:

1 Classification afteFookes and Denness (1969

1 Classification afteFang (1997p

2.3.1Classification after Fookes and Denness

Accordingto British Sandards institutio{BS2742C:1957, 1957he word cracks

and jointsare regardedb refer tolarge discontinuities such as open and closed and
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discontinuoudissures.The classificatio for soil cracking pyposed byFookes and
Denness, 1969was based on sizge.g. \ery large fissurelarge fissure normal
fissure small fissure very small fissurg surface geometrfe.g. panar, semicurved
curved hinged smiundulose undulog, conchoida), surface oughness(e.g.
dickensided very smooth smooth dightly rough rough very rough, pck marked

pitted ), intensity(e.g. very low, low, moderated, high very high, excessamg)
spacing(e.g very thickly, thickly bedded, mediurbedded, thinly bedded, very
thinly bedded, laminated, thinly laminated) and was aimed to unravel these

differences.

Tables2.1,2.2,2.3,2.4, and 2.5 show the classificatiesystemgiven byFookes and
Denness (19692 Classifications include size, geometry, surface roughness, intensity,

and spacing of cracks.

Table 2.1 Size classification of fissure.

Type Size (area)
Very large fissure 0100 nf
Large fissure 17 100 nf
Normal fissure 0.01i 1 nf
Small fissure 17 100 cnf

Very small fissure O1 cnf

Table 2.2 Surface geometry classification of fissures

Type Description

Planar L/IRO’/8

Semicurved "I8<LIR</4

Curved L/IRO /4

Hinged Combination of planar and sefwurved

Semiundulose Combination of two or more alternatively convex and concave-semi
curved

Undulose Combination of two or more alternatively convex and concave curve

Conchoidal As a conchoid
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Table 2.3: Fisure surface roughness classification.

Height of Asperity, H (above main plane

Type Sand Paper Grade of fissure, mm)
Slickensided 00 0

Very smooth 00 0’ HO2
Smooth 007 01 2" HO4
Slightly rough 017 02 2° HO4
Rough 02i 03 4" HOB6

Very rowgh 037 04 4’ HO6

Pock marked 04 6 HOS8
Pitted - H>8

Table 2.4: Intensity classification of fissure.

Intensity type Area of fissure per unit
volume (ni/m?)

Very low 03

Low 3-10

Moderate 107 30

High 3071 100

Very high 10071 300

Excessve 800

Table 2.5: Spacing classification of fissure.

Description Spacing of fissure
Very thickly >2m

Thickly bedded 0.6mi 2m
Medium bedded 0.2mi 0.6 m

Thinly bedded 60 mmi 200 mm
Very thinly bedded 20 mmi 60 mm
Laminated 6 mmi 20 mm
Thinly laminated " 6 mm

2.3.2Classification after Fang

Fang (1997pclassified four basic types of cracking in soil:

1 Shrinkage cracking
1 Themal cracking
1 Tensile cracking

T Fracture cracking
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2.3.2.1Shrinkage cracking

Shrinkage cracking is theost common cracking found in earth structures. This is
the case particularly can be observed in drying mudflats. Tensile forces resulting
from water lossn the drying surface layer causes formation of shrinkage crablks
surfae layerthen breaks up into geometric shapes. The shapes of the cracks depend
on the mineral composition, heatimocess, pore fluidsand other featuresAs

shown in Figure 2 1lllite showsfiner cracking patterns than Muscovigad also the
cracking patterns between oven and air dried sanglelllite and Muscovite
different due to the differencestine heating process

Oven dried Air dried Oven dried Air dried

Figure 2.1: Cracking patterns comparison betwaan and air dried samples of
lllite and Muscovite clayFang, 1997p
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2.3.2.2Thermal cracking

Thermal cracking isaused by changes in the thermatstes of my material. When
a material is heated and then cookuatidenly,stresses developrhesemay be
induced by cycles of freezirpawing or weting-drying, and also in pollution
intrusion The cracking pattern depends on drying process as Awebn example,
from Figure 2.1,it is evident thathe drying process in an oven is more intense and

less uniform compared to airied processs

2.3.2.3Tensile aacking

Tensilecracks are caused by estne pressusthat mayinclude structural loading,
rainfall, ice and snow loads, trees, vegetation and seagomahd surface creep
loads. Itcanalso becausé because of changes in thermal stressianglated to

fracture loads.

2.3.2.4Fracture cracking

According toFang (1997h when a saturated soil mass dries, a meniscus develops in
thevoids of the sib structure, which producdension in the soivater systemand a
correspondig compression force in the isgkeleton. This internal cyclitype of

load, caused by the combination of shrinkage or thermal stresses and the fluctuation
of the pore water pressure between soil particles, is called a fracture load in soil. The
craclks tha caused by the fracture load aederred to as a fracture crack
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2.3.30ther forms of cracks

Cracks can also occur during the compactiatess. Compaction machinemypose
lateralstress component when compactahgy on steep slope. These lateragstes

can cause horizontal cracks. These cracks are frequently observed near surface and
decrease in frequency with depfHarrison et al., 1992 Clay sticks together in
clumps. The dginal cracks arg@reserved in the clumpghen the compactive effort

is applied. Brittle clay and ductile clay with an angled crackha middle of the
specimen were compacted Mallejo (1989. Different results were founid the two
casesThe crack in the hitie clay did not close under initial loading, and tiséarted

to propagate as the load increased until the cracks reached the ends of the specimen
and failure occurred. The crack in the ductile clay closed under an initial loading, but
reopenedduring lcad incrementThe cracks propagated, but the specimen fared

shear before the crack reachwdvardsthe ends of the spiaen (Vallejo, 1988.

This results show that crackgisting in soils before compaction may still exist in the

soil after completion otonstructionproces. Cracks may also form due to tectonic
stresses, relief of stresses, or large scale shifts iclaidayer, e.gcracks caused by
earthquakes. Chemical reactionghin the clay matrix can also produceacking.

The bonding process of the clay partides chemicaprocesghatis verydelicate.
Unknown chemicals may change these borusating weaknesses thigiad to
cracking in clay. Exposureéo strong acids, organic solvents or other caustic

chemicals found in waste sitage known tanduce crackgHarrison et al., 1992

2.4COMMON CAUSES FOR DESICCATION C RACKS
IN SOIL

Since ages desiccation cracks had been an interesting object of study for many
researchers. Researchers himgeised on several causes for desiccation and cracking
starting from local environmental changes such as wetkivipgg and freezing

thawing cycles, pollution intrusion, in many casessideringover-consolidated clay
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(Fang and Daniels, 20D6The following causes for fissures/cracking in clays were
found(Vallejo and Liang 1994 Lakshmikantha, 2009

1 Drying of clay

1 Large lateal stress

T Consolidation process

1 Swelling of the clay

T Chemical reaction within the soilay material
1 Tectonic stresduring earthquakes

1 Inherited fran bed rock

Soil composition, compaction, water presence in soil, desiccation procesatand
tensile strength in soil andoil suction influence the shrinking and swelling
properties of soil, which in turn influence the cracking behaviour.

2.4.1Soil compositiomand structure

The amount of clay regulates the volumetric shrinkaggnsin soil. Albrecht and
Benson (2001 showedthat wlumetric shrinkagestrain increasesvith increasng
plasticity index and clay contenifThe mineralogy of thesoil they work with
contained larger percentayef Smectite. Figure 2.2 shows volumetric shrinkage

strain increases with increasing clay content.
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Figure 2.2: Volumetric shrinkagstrain versus soil properties; (a) Clay cont@)t
Plastic inde{Albrecht and Benson, 20D1

The minerals of the clay fraction play a central role on the properties of the soil, such
asplasticity and strengtfMitchell, 1993a. There are certain clay fractions such as
Smectite or mixed layer of lllite/Smectithat makes the soil highly attracted to
absorb watercausing expansion of the material. Conversely, these soils develop
significant change of volume (contraction) during dryiddbrecht and Benson
(2001 andOmidi et al. (199pboth observethat the shrinkage strains are smaither
soils with less Smectite and more lllite, Kaolinite and Quattan soils with
increasd Smectite proportions. Aey also observed higher volumetric shrinkage for
soil having lower dry density (§ure 2.3).Both adack initiation and cracking pattern

are influenced by soil structur€orte and Higashi (196@lid laboratory drying tests

for soils with loose packing and close packing structure.
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Figure 2.4: Influence of thickness of soil on crack initia(iGorte and Higashi,
1960.

Figure 2.4 showshe laboratory results dorte and Higashi (196®n drying soil
with two differentarrangements of soil particleBhey proposed linear relationship
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in betweerthe crack initiation andhethickness of soil layer for densely packsall.
For loos¢y packedsoll this relation was nehnear. Furthermore, cracking in lodge
packedsoil started at higher water contéinén the dendg packedsoil.

Andrews et al. (1967 Fang (1997n Alther et al. (1985 (Fang, 1997 showed
differences in desiccation cracking behaviourflotculent (refers to edge to face
arrangementspr dispersive(refers to face to face arrangemenss)l dructure
(Figure 2.5. Flocculatedstructure meankrger cracking area compareddispersed

structure.

Floculated Structure

» <

> X Cracking

Pattern
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Ve ey ~
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-~ S ———— N
N, e
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Figure 2.5: effect of sostructures on cracking patterifa) Flocculated structuye
and(b) Dispersed structurg-ang, 1997p

For ompacted sof, compaction effort and variation of soil water content in aodl

important paramets for desiccation cracking foundn the work of previous
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reearchersseee.g. Omidi et al. (1995 Albrecht and Benson (20p1Babu and
Gartung (200}, Omidi et al. (199% .

2.4.2Tensilestrength

In certain types of sqikrack initiation occuunder saturated conditipand in other

soils under different climaticconditions the crack initiation occurs in unsaturated
condition. This is why for the application in the study of desiccation cracking, it is
important to determine the tensile strength of soil in both conditions. There are
different test methods for deteining tensile strength in soil. Tablelzsummarises

the variation in tensile strength for different tes¢thod observed biarison et al.
(1999.

Table 26: Variation of tensile strength with test methiogl Harison et al. (1994and after
Lakshmikantha (2009

Test method Specimen dimension (mm)  Ves(mnT)  Strength ratio
Ring tes Ry/ R=8;Ry=50;t=25 8.29 1

Threepoint bending 200 x 50 x 25; 100 x 50 x 25 156; 78.1  1.78; 1.56
Fourpoint bending 200 x 50 x 25 2187 3

Brazilian test Ry, =50;t=25 10596 410
Direct-pull dog bone d=25;L=35 17181 4.5

where,R, = Outside radiusR = Inside radiust = Thicknessp = Diameter;,L = Length;
andVgs = Volume of thepart of the specimen subjected to at least 95% of maximum
tensile stress.

Towner (1987a explains how the tensile strength depends on soil water content
using remouldé clay bars Figure 2.6 shows the tensile load at failuge water
content from his work: the trend found was increasing tensile load at failure with

decreasing water content.
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Figure 2.6:Tensile strengthariation with degree of saturati¢ghowner, 1987pa

2.4.3Soll suctbn

Konrad and Ayad (1997%kand Abu-hejleh and Znidarcic (199%xplained in their
work that the critical suction at crack initiation near the soilaa@rfduring the
shrinkage desiccation process depends on the soil tensile stiargthstress state,
total and effective stress path and the stress history of the soil. Many geotechnical
problems are associated with volume change and moisture chadgajdion is one

of the major parameter that controls theeenomenoin soil (Fleureau et al., 1993
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2.4.4Vegetation

Ravina (1983 described vegetation can alsccause shrinkage and cracking
influenced by the process called transpiration. Depending on the water requirement
of different speies of plantsthe drying pattern of the clay also varies. This affects
the shrinkage behaviour of the clay. Thirepomenon was studied Byddle (1983.

The effect of vegetation on shrinkageas further studied bw.g. Richards et al.
(1983, Driscoll (1983 ard Holtz (1983 and they all concluded the vegetation
causes the increasing rate of shrirkkagthin soil. Alonso and Lloret (1995also

agreed on the fact that vegetation causes faster moisture loss of soil.

2.5EXPERIMENTAL STUDIES INVESTIGATING SOIL
DESICCATION AND CRAC KING

2.5.1 Laboratory Experiments

A number of laboratory experiments have bperformed to study the development
of desiccation crackgyenerally by usinglurries ofseveral centimetres thiokssor
compated clay in acontainefplate (Shorlin et al., 2000Colina and Ronux, 2000
Kodikara and Choi, 2006 When the specimen starts to contract upon dryitigs
leads to abuild-up o tensile stress in sgiland when the stress exceeds the local
tensile stength, thesoil cracks.The drying process of starchwater mixture was
investigatedoy Mizuguch et al. (200%. The results suggestedpolygonal structure

in the horizontal sectionéseein Figure 2.7, which is a snapshot in stage 3 as
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described beloyv The distribution functionof the angle between cracks hagingle

peak near 120 The size otracksfound to be increaseuslith depth.

Three stages were noticeduring the dryingprocess in order to clarify the

mechanism of crack formation:

Stage 1Water content decreases uniformly;

Stage 2A sudden change of water content ocand primary ccks are formed
between the mixture and the sidellved the containeor plate Thewater content
distribution remains approximately uniform;

Stage 3 The water content decrease slows down and the distributioonis
uniform. In other wordsthe soil has a dryinfront. The front propagates inward
and the mixture shrinks namiformly. Secondary cracks are formed in this
stage.Polygonal structures ambserved to form at and above the water faint
this stage Below the front,on the contrarythe distribution is uniformThat

concludeghe water content in the soil is very importémthe crack formation.

Mizuguchi et al. (200bobserved two types of cracksmooth cracks (Type) land
sinuous cracks (Type Il). Type | crackemebelieved to be made by the difference

of concentration ratio between the mixture and the container and frictional force
between them. Type Il was considered to be made by themtmrmity of the local
shrinkage in the mixturelype | cracks wee formed at stagy2 and Type Il cracks
were formed astage During formation of Type Il cracks, the pattern seemed to

emerge at theurface and@rackspropagate inwards simultaneously

In the field natural soils are subjected to weather changes and shrinkage s a ver
common phenomena dgleeved during drying. fack formation and propagation
would be expected follow these mechanismshe field Type | crack areformed
sequentially followed by Type Itracks contributing threedimensional prismal
structure at thesurface and vertical propagation inwardhe presence of
infrastructure or existing cracks in the soil may serve as points of weakness for Stage

2 and Stage 3 cracks to form.
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(b) Signal Intensity
(Arbitrary Unit)
100

Figure 2.7: (a) Image of vertical section of the sample at N=83. Whitema@sents

5 mm length. Arrows with S and B denote the position of the surface ¢

bottom, representatively. The symbols (c), (d), and (e) represent the po

of horizontal slices, which is indicated by the same symbol; (b) Snapshc

signal intensityalong vertical direction. The vertical axis corresponds to

depth from the surface and the horizontal axis represents the intensi

Horizontal images (c), (d), and (e) are averaged snapshots around N=8:
positionindicated by the symbol in (@Mizuguchi & al., 2005.

According to Shorlin et al. (2000 crack morphology is influenced by isotropic

drying (in which drying process is controlled by isotropicuniformconditiors) and
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directional drying(in which aonedimensional pattern of cracks proptesgmdue to a
moving drying front) Isotropic drying process causaéxhing phenomenan cracks
so named because of their afite structure(Shorlin et al., 2000. This createa
new crackthat propagates awafrom existing crackswhich then arves back on
itself in a roughlyparabolic path aneventually terminates as @oincidesinto
another cracKFigure 2.8). On the other handlirectional drying procegsresultin
laddering phenomenauring this pocess, wo or more cracks propaga@most
parallel to each other, following a local drying front. the layer behind theoving
crack tips driesa perpendicular cracks fosnoining the two parallel cracks like the

rungs of dadder Figure2.9).

Figure 2.8: A sequence of images afrackportionpattern forming in a layer of
final depthat 1.51+ 0.06 mmwith a Teflon coatedubstrateand withfield of
view 5.1 cmx 4.8 cm. Image (a) is 33 hours after the start of the run anc

elapsed time betwedn) and (f) is 6 hours. This sequence illustrates th
arching procesgShorlin et al., 2000
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Figure 2.9:A sequence of images otteackportionpattern forming in a layer of
final depthat1.88+ 0.10 mm with an uncoated substratel withfield of
view 7.1 cni. Image (a) is 67 hours after the start of the run and the ela
time between (a) and (f) is 17 houféis sequence illustrates tlaldeling
process(Shorlin et al., 2000

Crackopenirg and crack spacingcreass with increasing thickness of the specimen
(Colina and Roux, 20Q0Kodikara and Choi (20Q0@&ndPéron et al. (20Q@®bserved
that once a crack initiates, sgmuent subdivisioonf the layer takes placepidly
until anumber of cracks that are equilibriumth the test conditions have emerged

within (Figure2.10).
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Figure 2.10Left: Cracking pattern of compacted clay at the end of test (desicc:
time: 144 hours)Right: Development of number of cracks with dryitige
for compacted clayodikara andChoi 2006).

The experiments mentioned aboeannot represent the field conditiow#h much
largersample size and soil variatiovells et al. (2008found that thedlevelopment
of cracks in soils is greatly affected by rainsterevaporation, and sqgiroperties in
thefield. The artificial soil mixtures used in some experiments are not representative

of the condition bu the mechanisms of crack formation will be consistent

It is difficult to find experiments focusingn desiccation and cracking at a larger
scale. Among available published work, the expental work ofCorte and Higashi
(1960 was found to be most comprehensive series of laboratory tests focusing
desiccation of soil layerslhe soil used was Bloomington till obtained from a till
deposit near Lily Lakes, lllinoisExperiments were carriaalt in large containers to
avoid any boundary effect. Mechansmof crack formationwere analysed by
measuring water content at various stages of crack initiation and also by taking
images. After the specimen/soil completely dried, various featuresdserenined
shape, size distribution of the cracking cells, total length of crack, area of crack etc.
Temperature, relative humidity, thickness of soil layer, material of the bottom of the
desiccation containers were considered as important parametemmsnofecracking
behaviour/pattern. Aroundixty experiments were performegith the soil both in

slurry state and loosely compacted state.
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Lloret et al. (1998 peformed two series desiccation test on compacted and slurry
state; a cylindrical specimen and on circular specimens under laboratwiyians.
Different soil thickness and bottom contact surface of the holding tray was
considered to be important variables. The material used as specimen was mining

waste

Albrecht and Benson (20Dperformed desiccain tess on eight types of sailThe
specimens were compacted at standard, modifiedreshated proctor effort. Each
specimen was saturated by permeation before drying at laboratory condition. A wide

range of compaction conditions and soil propertiesaachieved in this work.

Towner (1987p proposed aheory to explainthe mechanism of cracking of a

drying clay As the clay des, the tensile stress and the tensile strength increase with
decreasing water content (increasing suction), while the clay is assumed to be
saturated. This assumption is made because the greatest amount of shrinkage is
observed during initial dryinglTowner, 1987b Cracks form when stress induced by
drying is equal to or exceeds the tensile strength drawing the clay particles close
together. The magnitude of the induced stress is equal to that of the change in soil
water suction for isotropic shrinkage but consadidy less for enforced anisotropic
shrinkage(Snyder and Miller, 1985 The presence of boundaries (that are typita
laboratory experiments) prevent shrinkage in one or more direciwhsnfluence

crack formation(Towner, 1987h

Phenomena observed in laboratory experiments are relevant to field conditions
becausethey capture similar phenomenBor example temperaturecontrol and
drying-wetting cycleare applicable in laboratory and field observationsaWer
changs anddifferent base condition could have similar effect due to the friction
betwesn two soillayers Vertical cracking in the field during drying corresponds to
uniaxial compressionn the oedomete{Snyder and Miller, 1985 The cracking
experimeng by Towner (1987pb showedthat constrained clay bars of initially the
same length acked at essentially the same water content irrespective of their initial
water conters When drying clays are prevented from shrinking in one direction
they do not crack until the stress induced in that direction is equal to or greater than
the correspoding tensile strengthThe induced stress found in the constrained
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direction is approximately a function only of the water content and independent of

the state of anisotropy.

More recently, Lakshmikantha (2009focused on experimental and theoretical
aspects of the cracking in drying soils incorporating fracture mechanics, classical soil
mechanics and image analysis techniqissiccation tests in cootted laboratory
environment wer@erformed;tensile strength and fracture toughness were measured.
Moreover, equipment capable of simulating the different combinations of climatic
conditions with monitoring by sensors and aitdigcamera was degned and
constructed named asdronmental camber This approach allowed experiments

on large specimens at laboratory conditions. The morphology of cracks and fissures

was explored within.

Published measurements on tensile strengthpaor due to lack of a systematic
approach of initial sampleonditions increases in tensile strength following a drying
path, and observational limitations during cracking. This work seeks to address these
weaknesses by systematically evalugiiiesiccation cracking in three dimensions in

a laboratory environment.

2.5.2 Field Experiments

Field experinents on cracking behaviour mosthyvolved measuring the geometrical
parameter®f crack. This measurement can be donsitin by direct methds and
indirect methodsFracture data on exposed surfaces and subsurfacebtamed
separatelyin direct methods Traditional methods for obtaining fracture data on
exposed roclsurfaces arscanline surveyiSRM, 1978 Priest and Hudson, 1981
window sampng (Priest, 1993 and digital imagingKemeny and Post, 20D3A
scanline survey providesactureinformationalong a line on a rock facen window

sampling,after identifying the rock facenformation such asorientation, spacing,
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and length aredetermined for each set of fractures. In digital imaging, surface
photographs areakenat specific interva in orderto quantify the surface geatry.
Digital imaging can alsobe used to analyse surface cracking pattenthout
disturbing the soilspecimen Borehole wdl imaging methods are used when
detecing subsurface fractures in rogkasses usingarious optical devices.g.,
photoelectric @nsformers, conventional cameras, delvision cararas. hdirect
fracture detection methods likelastic methodsglectrical and electromagtic
methods, and radar methoal® also used to obtain thacture information in rocks
(National Research Council, 1996Dasog et al. (1988 obseved the crack
geometries in fieldy scanline surveyKonrad and Ayad (1997jkconducted field
tests to observe the crack formation using digital imaging

Konrad and Ayad (199Faxcavated three test sections with different soil properties
and depthsFigure 2.11 showplan view and the longitudinal cross section of the
excavation.The first level was the top soil, the secdedel was weathered clay and
the third levelwas intact clayDuring the test, the excavations were covered with a
roof to avoid rainvater infiltration and the test sections were exposed to th&lear
main objective of the experiment was investigatthg behaviour of intact clay

which was not exposed to any desiccatiloying or freezehaw cycle.

30|Page



f—1.5— r~1 -5—-|
Weathered clay (-1.2m)
Top soll {~0.4m;

Z

;_.I \
Settioment plates

Piezometers

Sectlon A- A

Figure 2.11: Characteristics of test sections.

The fracture characteristics of mud cracks in dehydrating mud puddles in the Dead
Sea region, Isrdgwasinvestigated byWeinberger (1999 Figures 2.12.14 show

some of the observed cracks. The morphology shawddce discontinuity between

the upper desiccated mud layer and the lower layer which was not cracked. Most
importantly it was observed that the craonkiates from the bottom of the desiccated
layer and propagate upward vertically towards the free surface and laterally outward
toward the adjacent cracks. Interestingtiiese findings contradicted previous
literature that documerdracksinitiation at or near the surfac@achenbruch, 1961
Morris et al., 1992pMorris et al., 1994Prat et al., 2002 or from the middlef the

drying soil layer(Corte and Higashi, 1960In most casesthe cracks prpagates

downwards.
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Figure 2.12(a) Obliqueview of two adjacent mud cracks, (b)dihsurface
morphology interpretation. Crack origins (solid dots) are located at th
bottom(Weinberger, 1999

(@)

Figure 2.13(a) Oblique view of a recovered polygof) Surface morpholgy
interpretation of an associated bounded crack. A single vertical plume
branches in to separate sibrizontal axes (alonghich cracks are
propagated at opposite direction) that are obliquely oriented with respe
bedding(Weinberger, 1999
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(@)

Figure 2.14(a) blique view of a polygon(b) Interpretation of surface morplgy
of an associated mud cradkhe crack nucleates at depth, ruptures the
desiccated layers and subsequently propagatessoally away from the
origin along curved path®Veinberger, 1990

Severaldocumentsare available investigatingverage spacing and opening for
cracks in intact and weathered marine clAkate content inthe soil was observed to
be animportantpatameter to the crack formatioNishimoto et al. 2007) usedstress
field and water content fieltb investigatehe formation of3D cracks bynumerical
analysis.Moe et al. (200Bprepared two patches of Maryland expansive isothe
field which were air-dried in open airCrack spacingcell size, and cell separation
were observedor twenty days during dryig. The important findings were that
between 8®0% of all cracks appeared in the first twlaysandbetween60-80% of
crack bounded blocks were rfoed in this period. Therack network mostly
established aftesix days.Generally a fully developed crack netwohiad an average
cracked block size of around 60 mm, an average cvadkh of 2 mm and a
maximum crack width of about 15 m(Woe et al., 2008 Wells et al. (200Lused
expansive soil from Mississippi delta to study modes of cracking and their impact on
filtration. A redangular box (2@m x 94.3cm x 20cm) with a subsurface drainage

system was used ftiattest purpose.
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2.6 SOIL SHRINKAGE

This Section provides information on work based on soil shrinkage as shrinkage

behaviour is closely involved in soil desiccatimocesss

Most of the previous studies regarding soil shrinkage were concerned with
agricultural aspects. The first relevant work witlsoil mechanics was blyempany

(1917. He used compacted soils to investigate the relationship between shrinkage
and water loss. He suggested the existence of a shrinkage phase, where for fully
saturated samples the volume change of the salspgual to tB water volume
evaporated. This phase exists for contraction without any restriction by friction in
between the internal particles. This contraction continues until a point is reached at
which the soil starts developing intparticle friction and resisthe shrinkage. The
water content at which soil stops contracting further is the shrinkage Siminkage

limit and total volumechange were observed bgmpany (191)as a function of the

amount of colloids in the solid.

Haines (1923gm presented a complete interpretation of shrinkage behaviour. He
observed that the shrinkage cu(f/gure2.15 consists of two straight lines:

Point C: Thisis the starting point of drying.

Segment CB Corresponds to normal shrinkage, the stage whergdlume of water

evaporated is equal to the reduction of the total volume of the samples.

Second phase BAThis is the second phase, residual shrinkage and represents the

stage where part of the water loss is replaced by air.
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Figure 2.15: Interpretatioof shrinkage behavioyHaines, 1923a

Eventually shrinkage phenomenon of soil was reviewed by many #hearchers
(Terzaghi, 1925Lauritzen and Stewart, 1948tirk, 1954 De Jong and Warketin,
1965. Terzaghi (192pbwas the first who review shrinkagein an engineering point

of view. Lauritzen and Stewart (#9) studied shrinkage of an undisturbed sample
and observed a phase prior to normal shrinkage. This kind of phase is available in
soil with particular structureLaterthis was termedsastructural shrinkage b$tirk

(1959.

The first model of the soil shrinkage in terms of soil shrinkags presentetdy
Poulovas.A (1970 Soil shrinkage was presented in termsatime of water in soil

and suctionKigure 2.5):
AGRB: Saturation boundary drying curve
BEC: Ultimate boundary wetting curve

CDB: Ultimate boundary drying curve
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In Figure 2.16, between the ultimate boundary wetting and theration boundary
drying cunes, there are primary wetting cursé&sHM and RN as well asdrying
curves MGandNFR.

Volume of Water

Suction

Figure 2.5: Behaviour of soils during drying and wetting procpsssented

originally (Poulovas.A, 1970

The phases during shrinkageere distinguishedas structural shrinkage, normal
shrinkage, residual shrinkagand zeroshrinkage (Bronswijk, 1990 Bronswijk,

199143 Bronswijk, 1991h. Another important publication of interests on shrinkage
phenomenon iy Sridharan and Prakash (2000 hey considered the process of
shrinkage as volume reduction which takes place due to capillary pressures induced
by the evaporation of water from the sdihey also suggestethat the shrinkage

limit of a soil is not a @sticity characteristiof the soil but is the result of packing

phenomenon and controlled primarily by the relative grain size distribution of the

soil.
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2.7 WATER RETENTION BEHAVIOUR

The relationship between the watemtentretained within the poresf soil over a
range of suctions can be expresses by a
c u r vSeild suction and water content are important paramméteast controls
important geotechnical properties such gsermeability, volume change,
deformabiliy and shear strengtBarbour, 1998 Soil science ah geotechnical
engineers have acknowledged the importance of soil suction and water content and
developedseveral test techniqués study these phenomenkhese techniqudsave
different ranges of applicability, and only the electrical resistance and sembave
beenfound to be capable of determining the fulhga of suction values. Most dfd
procedures are time consuming in compari¢o other soil testing. Most of the
available studies usgranular soil or artificial soil mixture to study thestieg

procedure. Relatively littldata are available for natural clayey soil

2.7.1 Testing techniques

Depending on suction typsuch as matric suction or total suctiand suctiorrange,
appropriate test method should be carefully selected. Soil seetiobe measured by

two types ofmethods:

i) Direct method measurethe negative pore water pressure due to suction
directly. These rethod require good contact between suction sensors and soil
sample and measures only matric suctionvailable direct methds are
tersiometers and & translations techniquedhe ersiometeris the most
widely-used instrument for measurement of suction in field and typically
measurs suction upto 100 Ka, wheras the axis translations technique is a
commonly used laboratpmethod wih a suction ranges fromIb00 KPa(Nam

et al., 201
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i) Indirectmethod require measurement of othgarameters (e.g. water content,
relative humidity, resistivity or conductivityand tha relateresults to the suction
through calibration(Agus and Schanz, 200Ridley and Wray, 1995Agus and
Schanz, 2006 This type of technique can besedto measures both total and
matric suction. Examples of indirect methade filter paper techniqu€handler
and Gutierrez, 1986Chandler et al., 1992Bulut et al., 200}, thermal
conductivity sensors technique, chiledrror dewpoint techniqudgLeong et al.,
2003 Tang and Cui, 20Q%.eong et al., 2007and use of capacitance sensors that
measures water content. Chilledrror dewpoint technique was used in order to

obtain waeér retention curve within this research.

2.7.2 Variation of retention behaviour

Water retention behaviour can be influencedtby typeof soil and void ratio.
Different types of soil exhibit different ability to retain watevhich isclearly be
evidentin Figure 2.T7. Figure 2.T presentsvaterretention curves for four different
types of soil; sanasilt and clay(Barbour, 1998Vanapalli et al., 1999 Ragina clay
retained water within soil upo suction of hundreds of MPa and sand sample is
largely desaturated at around 10@ek

38|Page



l

— Regina (':Iay

: p . j/ ,\_ Indian
? A \ Head
' s till
Q K
e A" .

§Sand —"[

- Botkin silt

o C I
10° 10

Degree of saturation, S (%)

o]

1 2

10° 10
Soil suction (kPa)

10

Figure 2.7: Influence of soil type on water retention behavi@arbour, 1998
Vanapalli et al., 1999

Waterretentionbehaviour is also influence by void ratio even for same smuré

2.18 presents the water retentibehaviour of three soil samplesafmpacted Boom

clay, following drying path each at a differiemitial void ratio(Romero, 1999Nuth

and Laloui, 2008 The shift of the retention curve kigure 2.B canbe explained by

a reduction in void ratiohat correponds to an increase in dry density of soil. Also
the shape of theurve for the sample with highitial void ratio is different than the
other two samples. It is proposed that this difference is due to soil type; deformable
soil undergoes significant chges in volume during dryingvhich affects the soill

structure and subsequelytshifts tothe retention curvéNuth and Laloui, 2008
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Figure 2.B: Influence of void ratio and structure on soil water retention behavi
of Boom clay(Romero, 1999Nuth and Laloui, 2008

Apart from different soiltype and void ratio, soil structure has also been found to
influence water retention behavio(\fanapalli & al., 1999. Figure2.19 shows that
despite of having similar void ratio and same saillifferent air entry value is
exhibited for the retention behaviour for sample compacted dry of optimum
compared to those compacted wet of optimum. This is dudeddifferent soil

structurethatis created during compaction at different moisture content.
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Figure 219: Soili water characteristics for specimen compacted at different init

water contenfVanapalli et al., 1999

2.8 METHODS TO MEASURE VOLUME CHANGE IN
SOIL TESTING

Measuringvolume of samplesin soil testing is a very important measure as the
parametenvolumeis used to calculate various geotechnical propedieh asdry
density, porosity, void ratio etc. In previous and recentarge significant
contributiors have been madéy various researchers in measuring/monitoring
volume change in soil testingout most of these advanceare limited toa
conventional triaxial soil sampl&his sectiorrefers to a number of different volume
measurement techniqyeshich are mainlyusedfor measuring volume change in
triaxial testsln this thesisthe use of the laser for measuring volume changes in soils

undergoing drying paths will be invegated Volume measurements in solil testing
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and available measurement techniques will be further discuss&chapter 5

MDesiccation Tests using 3D compact Laser Scanner

2.8.1 Contact methods

Available methodgor measuring volume changes by localasementsan be
referred as contact methods. The most common use is the vernier callipers. They are
widely used in research laboratory for all kind of experimenteasurements in
small scale,dr example theneasurement of smalbmpactedsoil samples: linear
variable differential transforme(LVDT), Hall effects transducer¢Clayton and
Khatrush, 1986Maéatouk et al., 1995Geiser et al., 20Q0stain gaugef_o Presti et

al., 1995 Kolymbas and Wu, 1989proximity sensorg¢Cole, 1978 Khan am Hoag,
1979), and opto-electronic sensor¢Baumgartl et al., 199h. There are several
problems associated with contact methodsich asthey involve measurements
between two poirstand often the average of several reading are taken to achieve
accurate measurementalso, the shape and size of tlsample sometingecrede
problens as the readings are accurate over the small scale but at largettssale
method gives unrepresentative readinga example is given regarding thiast
phenomenom Chapter6.

2.8.2Non-contact methods

The first suction controlled triaXiaapparatus developed bBishop and Donald
(1961]) is of major historical and scientific interesFigure 2.2). In this method

control of the volume change of the sample was solved by optically monitoring the
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level of mercury contained in a glass ingler that surrounds the sampléJore
recently,the use of mercurfpecame restrictedue to health and safety reasptige
methodwas modified later as it was found to have various disadvantg@ssser et

al., 2000. Several researcher introduced important changes within the test setup to
achieve an improved technique to measure volume change of triaxial soil sample
Automaticmonitoring of the mercury level was proposedJoga eal. (1987. Cui

and Delage (19961sed water instead of mercuRampino et al. (199used air as.
confining fluid and designed a oytler to improve the precisiomAversa and
Nicotera (2002 worked witha similar concept aRampino et al. (1999The system

by Bishop and Donald (19¢1vas nodified later by Wheeler (198Busing a double

cell triaxial cell(Figure 2.2).
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Figure 2.®: Suction controlled triaxial apparat(Bishop and Donald, 1961
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Figure 2.2: Double wall triaxial cel(Wheeler, 1988

Accurate measurements of volume changes in unsaturated, dodwiever more
difficult than in saturated sofNg et al., 200 In saturated soil testing is assimed
thatthe total change in volume afsample is equal to the change in the volume of
water in the sampléHead, 1998). This assumption does not apmyy more in
unsaturated soil testingsthe volume change of a sample depends on changes in
volume of both the pore water and pore air phase. A comprehensive description and
evaluation of existing methods ofeasuring volume changes in triaxial testisg
provided byGeiser et al. (20Q0Geiser et al. (20QCclassified these techniques into

three groups:
i.  Measurement of the cell fluid
ii.  Measurements of the changes in water and air volumes separately

iii.  Directmeasurement of the soil sample

Laser scanners have been used with sucecesseasuring the volume of solid in

recent yearsRomero (1999andRomero et al. (1997 developed algcessfulaser
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technique thaprovided a complete description of the profile of the triaxial sample
during shearingDigital image processingchniqus have also been used to measure
displacements, volume change and deformations in soil testmape processing

techniques in trigial testing were introduced bylacari et al. (1997a

2.9 FABRIC STUDY

Microstructural studie are increasingly used to improvke understanding of
macroscopic behaviour and physical properties of compacted and natural soils. The
developmentof experimental techniques such &sanning Electron Microscopy
(SEM), Environmental Scanning Electron Nkbscopy (ESEM) and Mercury
Intrusion Porosimetry (MIP) enhance the opportunity in geotechnical research to
study arrangement of soil partisléCollins and McGown1974aBarden and Sides,
197Q Barden et al., 1973auang and Holtz, 1986®elage and Lefebvre, 1984a
Romero et al.,, 1999 Pore size distribution is an essential element for soil fabric
study (Romero, 1999 Particle size distribution, eid ratio and dry density are
equaly importart. Pore size distribution may be the parameter responsible for
permeability, compressibility and strendfluang and Holtz, 198haESEM provides

a qualitative observation of soil fabric arrangement and MIP techniques give a
quantitative data on the soil porosity.

Microstructural features of soil can be vestigated by using SEM and MIP
independently ortogethe (Barden et al.,, 1973aCollins and McGown, 1974a
Delage and Lefebvre, 19846&riffiths and Joshi, 1989&Prapaharan et al., 1991
Jommi and Sciotti, 2003ESEM has an obvious advantage over conventional SEM
as sample can be examine in its natural wet cond{amero and Simms, 2008b
Zhang et al. (2005nvestigated in the change in fabric of a double porosity tropical
soil along drying and wetting path. Microstructural investigation with special
attention to MIP and ESEM kiabeen presented Romero and Simms (2008b
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2.9.1 Classification in solil fabric

Collins and McGown (1979bdeveloped a classification for soil fabric based on
SEM investigation for a wide range of natusail. The main structural features

observed were:

i) Elementary particle arrangement These consist of individual clay platelet

interactions or individual silt/sand grain interactions

i) Particle assemblagesGroups of elementary particlerrangementFigure 2.2

ill ustrateglifferent types of particle assemblag€®llins and McGown, 1974b

~ Ptgalir k.
apgregatiesd . iR

e Lrregular -
= agregutians

2

—— Imtaraeavisg.
tunches

Figure 2.2: Different types of particle assemblag€sllins and McGown, 1973a
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iii) Pore spaces:Collins and McGown (1974adentify four groups ofpore space
(Figure 2.3):

a) Intra-element poreare located within the elementary particle arrangement
b) Intra-assemblage poresccur within particle assemblages

c) Inter-assemblagporesoccur betweemassemblages

d) Transassemblage pordsaverse the soil fabric

Incergartizle Intergroug

fetra-etemental

Irtrramemblage Interassemblagn  Transassembisge

Figure 2.23Schematic representationtygpesof pore spacéCollins and McGown,
19743.

A schematic representation oficrofabric of compacted soils is shown Fgure
2.24 by Alonso et al. (198)( According toAlonso et al. (198)in natural and

compacted clayey soils the basic unit is tilw single clay platelet but domains
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which are constituted by groups of clay platelet. Fabric classificateetording to

Alonso et al. (198)7are as follows:

a) Intra-element poreare intradomain poress shown in Figure 242, d.

b) Intra-aggregate pore$orm domainswho group together to form aggregates
and pores within the aggregates (Figurel)2

c) Inter-aggregate poregxist between the aggregai{@sgure 2.2b). They are
also referred asiter-assemtage pores(Romero, 1999Lloret et al., 2008
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Silt or sand grains

Aggregation or " packet "
Inter- aggregate pore

Elementary particle arrangement

Intra- aggregate pore

Silt or sand grains

Grain to grain contact
“Clothed " grain

Pore
Sand grain

Clay connector

c)
d ) Intra -element pore

Figure 2.2: Types of microfabrica) Clay matrix predominantly integrated by
elementary particles of clay platelets and a few grains of slit or sand,
Microfabric of a clay predominantly integrated by aggtions of elementar
particle arrangements, ¢) Sand or slit matrix with clay connectors betw
individual grains, and d) Elementary particle arrangement in a parall¢

configuration(Alonso et al., 1987
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A description of pores found at different microstructural lewelslay was presented
by Delage et al. (2006s

a) Intra-element porearelnter-layer spacegores inside clay particles
b) Intra-aggregate porearelnter-particle voidsnside clay aggregates

c) Inter-aggregateporesarepores between clay aggregat

2.9.2Microstructural study: compacted versus reconstituted

states

At this stage itis importantto define the tem O r e ¢ o n sBuilahdu(198)d s o i |
defined reconstituted clay as one that has been thoroughly mixed at a water content
equal to or greatethan the ligiid limit. Burland (B9Q) used t he term Oi
which referred to clay reconstituted at a water content in betW&erand 1.5W,

(preferably 1.28V). The term &éreconstitutedrredtoi | 6 u
soil specimen based atefinition given byBurland (1990. The liquid lmit (W) of

Bengavan Solo 8il was found 55%by EI Mountassir (201)landin this researclfor
reconstituted state the specimen was always prepared at 55% or high&6%han
(mostlyW, - 1.25W,).

Most commonly it is assumed that the recdostd and compacted soil exhibit
different behaviour due to their different microstructures. There are number of
experimental studies available in literature which focuses on hydrarid
mechanical behaviour of soil at both compacted and reconstituted(Igi@t@ho,

1994 Jotisankaa, 2005 Monroy, 2006 Boso, 2005 Tarantino and Tombolato,
2005 Tarantino, 2009 Koliji, 2008). These publicationsre useful in order to
understand thenicrostructureof compacted soilsand offeras a basis to differentiate

the microstructure similarities and dissimilarities in between compacted and

reconstituted state of soil.
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Soil compactedn thewet side of optimum and having an initial memodel pore
size distribution (PSD) may evolve to arbodel size distribution upon dryir{ens

et al., 198, Simms and Yanful, 20010n the other handoil compacted on the dry
side of optimum having a fmodelpore size distributionRSD) initially, can evolve

to a monemodelpore size distributionRSD upon wetting(Monroy et al). Again,

soil having initial bimodel pore size distributionRSD which is compacted on the
dry side of optimum may evolve to a memmdel pore size distributionRSD
(Gomez et al., 2009 However reconstituted normally consolidated soil may exhibit
bi-model pore size distribution at low stres@8siffiths and Joshi, 1989and also a
bi-model poresize distribubn can appear in saturated natural clays in an-over

consolidated stat@Ninjgarav et al., 2007

Figure 2.5 shows thepore size distribution (PSmpmparison of Speswtk Kaolin

at same suction level for two statedatgally compacted to 1200Pk and
reconstituted from slurry and subsequentlydsied. The reconstituted soil exhibits
the same modal size as the iraiggregate modal size of the compacted Jdikese
findings can be concluddbatthe aggregates are made of reconstituted soil and are

the link between reconstituted and compacted §bdsantino, 201
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Reconstituted (w=0.359, e=0.934, S=1.00, s=511 kPa)
e Compacted  (W=0.299, 6=0.965, S=0.81, s=550 kPPa)

1 d=0.20 mm

Volume frequency, De,,./D(logd)
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Figure 2.5%: Comparison of PSD of compacted and reconstituted saraple
Speswhite kaolin at similar suctigharantino, 201

A similar observation is appareritom Figure 2.5 which showsthe PSD of
Barcelona red clay in compacted and reconstituted states. The reconstituted soil
sample show monmodal PSD with modal s that decreases when suction
increases and void ratio decreases. The two compacted soil sample exhibit a bi
modal PSD with only the inteaggregate pore affectedticeablyby compaction.
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Figure2.26: Comparison of PSD of compacted and reconstitusaddona red
clayey silt(Tarantino, 201

Koliji et al. (2010 also hadsimilar findings during MIP investigation on compacted
and reconstituted soil sampl@sgure 2.Z). Themodal size of mononodal PSD of
the reconstituted soil sample is similar to the hatygregate modal sizef the

compacted sample.
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Figure 2.Z: Comparison of PSD of compacted (PS) and reconstituted (PR) sat
of Bioley silt at zero suction (PR2 and PS3) and a suction of 500 kPa &
vertical stress of 500 kPa (PR1 and PSKujiji et al., 201Q.
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2.10CONCLUSION

Laboratory investigation on desmtion cracks of soil has improved significantly in
recent yearse.g(Tang and Graham, 200Dakshmikantha et al., 2006Rodriguez et
al., 2007 Peron et al., 20Q9Trabelsi et al.,, 2000 There i however not a
laborabry reference test to studsoil desiccation and crack&lnfortunately the
investigation remains limited on several cracking pararmmetdraboratory
investigation on desiccation crackan beimproved with several new techniques
which helped indescribing new knowledgeegarding soil cracking mechanism.
Some ofthese techniquewill be discussed later on i@hapter 4Desiccation plate

testsandChapter 5Desiccation tests with compact 2D/3D laser

The crack development observéd the laboratory tests is often for smsilte
samples which cannot negsent field conditionsField tests mainly focuson the
mean value of crack geometric characteristics because digldey on crack
development istime consuming analso expensivein terms of researchLittle
information can be found on crack patterns in natwails exposed to the
atmosphereFurthermore the desiccation teperformed in the laboratory are often
made orartificial mixtures. Usinga soil samplefrom afield sitewith corresponding

desiccation cracking problem could contribute essentially in this field.
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Chapter 3. Soil characterisation

3.1INTRODUCTION

The research inhts thesis investigates tha#esiccation cracksf a drying soil. The
mateaial used for this purpose sampled from dlood embankment, located along
the Bengawan Solo River in East Java, Indonédigs chapter starts with a short
description of the embankment site with specific refereroecracking andits
impact onthe emlankmentA full charactergation of Bengawan Solsoil including
basic properties and mineralogypresented. Theharacterisatiomata presenteth
this chapter is a condensatiari the PhD thesis byEl Mountassir (2011 at
University of Strathclyde. Additionallytests for the linear and volumetric shrinkage
characteristics of the material wecarried out by the author of this thesighis
chapter concludes by disaiisg the methods adopted to prepare soil sasvipieall

laboratorytestsfor this research.
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3.2 BENGAWAN SOLO EMBANKMENT

3.2.1Geological Origin

The geology of the Bengawan Solo River Basin is presant€tjure 3.1. The site
relevant to this studys characterised by alluvial deposite/hich are materias
deposited by riverdit can consist of avide range of particle sizes, from boulders
down through cobblegpebbles, gravel, sand, silt ay. River plains are made
entirely of alluvial depositsMore detail of the founding layers can be found in the
thesis completed bl Mountassir (2011

LEGEND

] Aluvium

Alluwum Volcanic Facles
Prewstocene, Sedimentary Facles
Piesstocene, Limestone Facles
Piesstocens, Volcanic Facles
Pretstocens, Sedimentary Facies
Granite, Granodionte Dionte

I Plocene, Limestone Facles
[: Mocene Seaimentary Facies
E Mocene, Limestone Facies
[ unafferentiated Volcanic Products
[E2EE  Young Quarternary Volcanc Products
- Old Quarternary Volcanic Products

=
|/NENERE

Figure 3.1: Geological map of Bengawan Solo River Basin, East Java, Indor
(Takeuchi et al., 199).
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3.2.2 $te Description

This research has been conducted on a soil sampled from a flood protection

embankment located along Bengawan Solo Rivdava, Indonesigrigure 3.2).

e Kedungharjo

. - ” ) "4 ¢ 5 -
AT Pl S e Drainage basin boundary
) N / 2
; ) gl s

Figure 3.2: Site location within the Bengawan Solo River Bg&irdarsono, 2009

The source of the river lies in the Sewu Mountain Range in Central Java and it enters
the sea, north of Surabaya in East J&gufe 3.2 ).The Bengawan Solo River basin

is the largest river basin on the mthof Java, between 1408 6 a®Md 61 EA st
Longitude ancs®4 9aiid 8J0 8 6 S o u (Hidayat &ttali, 2008dT ks river, with

a length of 600 kmis the longesin Java(Sudarsono, 2009

According toUN (2004, the seasonal variation in Indonesia primarily consists of the
dry seasonbetween May and Octobesind the wet seasdbetween November and
April) .Indonesia has an averagdative humidity betweei@0% and 90%, with an
averageof 87% The awrage rainfall is 2,100 mm/yeaiSudarsono, 2009
Approximately 8%of the basin is floogbrone The population in theiwver basin is
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estimated at 16.0&illion in 2005 The rivercatchment ares approximately19,778
km? in total (Hidayat et al., 2008

There are arts of tle basin that are exposed to erosion dusifferent kinds of land

use and degradation of theegetation cover. This causes dgmato the
infrastructue, siltation in the reservoirs, and increathesflood risk. Flooding along

the Bengawan Solo River is not an uncommon event and flooding lgasivee
impacts on local people amagriculture, due to the loss ofops as a result of
inundation.Hidayat et al. (2008reported in detail the damages and impact of the
flooding on Bengawan Solo basin, discussed the flooding and landslides incident
between late December 2007 and early January 20B8(2009 reported the
inundation incident in February 2009 flooding along Bengawan Solo river.

The section of flod defence embankment investigated within this rebeia located

in thevillage of Kedungharjo, in the city region of Bojonegdsee Figure 3.1 and
3.2). Figure 3.3showsfew pictures of Bengawan Solo embankment where the soil
was sampledAt these locationsthe embankmentaere frequently overtopped or
breached resulting in the evacuation of Kedungharjo villageepais of the
embankments can only take place during the dry season die bigh riverwater
level during the weseasonThe riverwaterlevel variation between the dry and wet

seasons cavary as much as 10m.
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(b)

(d)

Figure 3.3: (a) Embankment; (b) Concrete slabs used as a surface protectic
prevent erosion of the outward slope; (c) Maade embankment; (d) Rive

meanderindEl Mountassir, 201)1

Availability of construction materialis one of the major consideratioimsthe design
of anylarge infrastructure design system. In most caseal material is used as a
construction material as this is an economic optionThis large, mammade
embankment is madedm various compositions of sogand, clay and rockourced
from the river bed.

The materialvas compacted drip anoptimumof 80-85% of he maximum Proctor
dry density(Soemitro, 200bwhich is equivalent to BS Light te§96 kJ/ni.
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3.2.3Geotechnical Failures along Bengawan solo

embankment

The embankmentsite was visitedoy ElI Mountassir (2011)n May 2006 This
corresponds tthe end of wet season of Indonesidnich is between November and
April (Takeuchi et al., 1995During the site investigation, the embankment along
Bengawan Solo embankment showed signs of many different types of failure. The
important features observed likely to contribute to embankment failures weoee(F

3.4):

Erosion of embankments

Failure duea desiccation cracks

Rapid drawdown failures

Shallow slip failures

Global slip failures

= =A =2 =4 =4 =

Failures due to secondary uses

The very dense desiccation crack networks observed in thismada embankment
may have an important role in the occurrence of smallrpssiyve failures frequently

detected along the embankment.

For the purpose of this research, the failure due to desiccation cracks within the
embankment site has been given attentidihe data available investigating
desiccation is mostly regarding claysed in landfill applications; e.g(Basnett and
Brungard, 1992 Miller and Mishra, 1989 Montgomery and Parsons, 1989
Furthermore, the data investigating desiccation cracks in embankment is minimal
(Sherard, 1973 It is important to study this problem in detail order to preserve the

primary purpose of a flood embankment serving as a water barrier.

6l|Page



3.2.4Evidence ofDesiccation Cracks

Figure 34 shows some evidence of crack desiccation that was found at the site of the
embankment at different formsigure 3.4 (a), (b) and €) shows the beginning of the
widespread cracking across the stepped surface of the embankment. Drying and
shrinkage at t# upper surface of the embankment may be not as harmful as
longitudinal cracking as shown in Figure 3.4 (d), (e) and (f); which can cause the
slide of a big mass from the upper portion of the embanki@anisen, 1988 The
pictures were taken during the wet season and therefore it is expected that during a
drier period, desiccation cracks would extend at even greater depths and be
widespread throughout tleenbankment.

Desiccation in the form of cracks up to a depth of approximately 35 cm was found
during the visual inspection of the embankménivas known that the embankment
had overtopped completely the week previous to the site visit; during the ssife vi

the embankment soil still retained high degree of saturation.

Figure 3.4 (g) and (h) shows the cracking patterns formed on the outward slope of
the embankment during drying. This might also the case during the dry season when
the water level of theiver is very low and the stepped surface of the embankment
remains exposed to the hot sun. The visual state of the soil from the pictures
suggested that this part of the embankment was covered with water when the water
level was higher than at the time iobpection. The embankment soil still contains
high moisture content at this stage, which makes the material very soft and easily
eroded away in blocks. This creates water pathways within embankment fill material.
The soil at lowest part of the embankmehtwill be removed when too soft. As the
embankment relies on the weight of the soil mass to counteract the force of water,

which means erosion can be a major cause for embankment failure.
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(@) (b)

25.04.2008 09:54

(9) (h)

Figure3.4: Widespread desiccation cracking across the stepped surface (imag
(b), and (c)), longitudinal cracking (images (d), (e) and (f)) and interfaces

the receding flood water (images (g) and (E))Mountassir, 2011
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3.3 BASIC SOIL PROPERTIES

Soil samples were obtained at the two depths,1M5m and 1.4.5 m, from the
surface of the embankment. This research was performed with the samples obtained
at depth of 0.8..0 m Figure 3.5 presents the combined particle size distribution
curves for Bengawan Solo soil at L% m depths and based on this the soil is made

of 30% sand, 57% silt and 13% clay. The uniformity coefficient was found to be U=
29 at this depth, indicatinthe Bengawan Solo soil is a wghladed material in the

clay, silt and sand range.
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Figure 3.5: Particle size distribution foeBgawan Solo so{El Mountassir, 2011

According b British Soil Classification System (BS5930:1999), Bengawan Solo soil
is classified as inorganic silt of high plasticity (MHO). Some basic properties of the
soil are given inrable3.1. Table3.2 lists the methods used for determining different

soil propeties.
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Table3.1: Summey of soil propertiegsome data aft§El Mountassir, 201)).

Properties Depth: 0.5 Properties Depth: 0.5
1.0m 1.0m
Particle density 2.73 Linear Shinkage Limit (%) 14
(Mg/mn)
Sand content (%) 30 Volumetric Shrinkage (%) 17.35
Silt content (%) 57 Plasticity index (%) 18
Clay content (%) 13 Activity 1.4
Uniformity 29 Organic content (%) 8
coefficient
Liquid Limit (%) 54 British Soil Classification Organic silt
System BSC9 of high
plasticity
(MHO)
Plastic Limit (%) 36

Table 3.2: Methods used for determining soil property of Bengawan Salo soil

Soil property Method used British standard reference
Liquid Limit Cone Penetrometer method BS13772:1990
Plastic Limit Traditional method of rolling threads BS13772:1990
Organic content  Ignition method BS137%3:1990

3.3.1 Soil mineralogy

The soil mineralogy studies of the Bengawan Solo soil were carried out at CIEMAT
in Madrid, Spain, under the doton of Dr Ana Maria Fernandez Diaz. The
mineralogical information of the soil is thought to be important in interpreting to
macrascale testing result on the sdtigure3.6 presents the-Xay diffractograms of
random powder samples using the total &m@ittion which proves the presence of
different minerals in the soilFigure 3.6 presents the -¥ay diffractograms of
oriented samples in the < 2 um fractian0.51.0 m depth. Ahough the amount of
clay is not very high (around 1%, see Tale. 3.1), the orientated diffractograms
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highlight that montmorillonite and kaolinite are the main clay minerals presents in

Bengawan Solo soil.

1200
Eﬁ Soit Bengawan Solo
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Figure 3.6: XRDBpatterns of random powder samples (total fraction) (Sm:
montmorillonite, K: kaolinite; Phyll: total phigsilicates; Qz: quartz; Plag
plagioclases; Cc: Calcitep1=0.51.0m and D2=1.a1.5m.
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Figure3.7:XRay di ffractograms of orie
(Sm:montmorillonite; K: kaolinite).

Table 3.3 presents the mineralogical quantificatiortotdl fraction and dble 3.4
presents the quantification of the clay minerals present by (% mass) and indicates
that the clay fraction is made up of 88% of montmorillonite at1006m depth.

Table 3.3:Soil mineralogy Total fraction mineralogical serguantification by means of-X

ray diffraction (% weight).

Minerals* Total Quart Calcit Plagioclase Mg-
Phyllosilicates z e S hornblende

Depth 0.51.0 60 18 12 9 1

m

*Sample <63 um prepared
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Table 3.4 Clay fradion (<2um fraction) mineralogical serguantification by means of X

ray diffraction(% weight)

Minerals Smectite Kaolinite
Depth 0.51.0m 88 12

From the clay mineralogy of this soil it has found that the clay is rich in smectite
minerals (nontmorilloniteg which makes the soil highly attracted absorb water

and causing high shrinkage of the mate(\éhitliow, 1995. These soils develop
significantchange of volume during drying. The type of minerals forming the clay
fraction play a central role on the properties of the soil, such as plasticity and
strength(Mitchell, 19931).

3.3.2Shrinkage,shrinkage limit and shrinkage

characteristicsof Bengawan solo soill

Shrinkage limit is the leastommonly testedtterbergLimit. Although it is not used
directly in soil classification because liquid and plastic limit are used, sherkait
provide some indication of the particulate structure of the soil. For example a
dispersed structure will generally exhibit low shrinkage limit and a flocculated
structure a high shrinkage lim@@vhitlow, 1983. Shrinkage is the major reason for
volume change associated with water content variation in (ktz@ines, 1923b
Hogentogler, 1937
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Figure 3.8: Correlation of soil volume change and consistgtayes, 1923pb
Hogentogler, 1937

The moisture content at which a saturated soil will cease to contract upon drying is
defined as shrinkage limit of the soil. It is the lower limit of the ssotid state, and

also this state represents the point of minimum voluméhi® soil(Figure 3.8).The

amount of shrinkage measured depends to some extent upon the size as well as the
type of the sample. For example, with a large sample, there may be an appreciable
difference in the moisture content at the surface and at thie agrthe sample and
consequent variations in the amount of shrinkage. The moisture content represents
the averagéAkroyd, 1964.

The types of soil cracking have been cliesli in to four types: shrinkage, thermal,
tensile,and fracture crack@-ang and Daniels, 20D6Shrinkage cracking is the most
common cracking found in earth structures and the phenomenon can be observed in
drying mudfields. Henceit can be seen as an essentiainget into the investigation

of desiccation of clay soilsyesiller et al. (200D suggested thathe comparative
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difference between the plasticity index and the shrinkage lotstas an indicator for

a s patehtidlso shrink and propagate cracks

However, there is also an effect of saimposition on the desiccation proceSsil

is a product of weathering; saiiherits he original and as well modifigoroperties

of the parent rock or mineral. Soil composition has a direct bearing ahtim/kage

and swelling properties, whicim turn, influence the cracking behavio@hrinkage

iIs one of the major causes for volume change associated with variations of water
content in soil(Fang and Daniels, 20p6Due to that reason, it was important to

measure the volumetric shrinkage of Bengawan Solo soil as part of this research.

Both linear shrinkage and volumetsbrinkage tests were carried out for Bengawan
Solo soil in accordance with BS 13271990 and BS 1374:1990 following the
detailed procedures presenteddead (1992

3.3.2.1 Linear shrinkage test

Linear shrinkage is the one dimensional decrease in soil mass which is expressed as a
percentage of the original dimensiorhem the water content is reduced from a given
value to the shrinkage limit. The linear shrinkage test was carried out according to
BS 13772:1990:6.5Head (1992 using two different methodsir dried andoven

dried. The soil is dried in oven at standard oven temperature §L0% the oven

dried method and left exposed toydn ambient air in the air dried method. It was
important to check at what extent the results differ because there was a possibility to
reuse the oven dried soil if the air dried soil samples run out during the research

period.

The specimens were air diien a weltventilated room and oven dried at 2@
Their external dimensions were measured periodically using a vernier calliper until
no further decrease in their dimension was found in averageré3.9). The linear

shrinkage limit was calculatediog the following equation:
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The linear shrinkage of the soil aspa&rcentage of the original length of the

specimen

LD
L5=(1——)x100
LD

where
Lo = Original length of the specimen.

Lp = Length of theair-dried orovendry specimen

BS CEPTH
oS-\ m

BS PEPTH
\=\"S ™

(3.1)

Figure 3.9 (a) Samplesn linear shrinkage mouldt initial state air dried; (b)

Samplesn linear shrinkage moulstarted to shrinkair dried; (c) Samples

on linear shrinkage mouldt initial state oven dried; (d) Samplem linear

shrinkage mould shrirdd afte oven drying.
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The linear shrinkage was found to be 14.2% and 14.8% for air dried and oven dried
samples, respectivelyn general, a decrease in shrinkage limit means increase in
clay content. For sand that contains some silt and clay, the shrinkages labout
12-24, and for clay shrinkage limit ranges froml2 (Fang andDaniels, 200%h
According to soil classification tests, Bengawan Solo soil is also classifisittyas

clay.

3.3.2.2 Volumetric Shrinkage

Volumetric shrinkage of soil is the decrease in volume and expressed as the
percentage of soil mass, when watentent is reduced from a given percentage to
the shrinkage limit.The specimen for volumetric shrinkage test was prepared
accoding to BS 137#4:1990 (Head, 1992 The test was performed on a small
cylindrical specimen 001.41 mm diameter anti7.45 mm height. Shrinkage tests
using small cylindrical specimens and similar procedures weferpexd by many

other researcher¥leppe and Olson, 198Briaud et al., 2003Boivin et al., 2004
Indrawan et al., 20Q6risdani et al., 2008 In awell-ventilated room,hie specimen

was airdried naurally without speeding up the drying process by any other means,
to avoid the formation of shrinkage cracks. Peically the mass of the specimen
wasmeasured using 0.01 g electronic balaand the results were used to calculate
the moisture content enge resulting from evaporation from the specimen. The
external dimensions were measured using a Vernier calliper until no further decrease
in moisture contents was observé&bnsidering the drying around the specimen is
not uniform, in order to obtain accurate calculation of volume change, 8 sets of
measurements of height and diameter were taken for the specimen. Since the
shrinkage curve of a soil is not affected by the different drying(Kaiedani et al.,

2008, the experiment was performed in laboratory controlled temperature room

where all theother tests took place throughout the research.
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The parameters that can be obtained from a shrinkage curve are the shrinkage limit
and airentry value which can be correlated with the point where the shrinkage curve
starts to deviate from the saturatiomeli From the shrinkage curve (Figure 3,1Be
shrinkage limit for BengawarSolo soil was found as 17.35% which again
comparable to Fangbs ¢ d¢Rarmraad Daniels,d26p6 o f
According toUSBR (19724 the degree of expaion of Bengawan Solo soil falls into
O0medi umo. Tleeadegeeg of sapuration for the shrinkage test was not started
from 100% degree of saturation; it was calculated as 94%. Therefore -#mrgir

value could not be obtained from the shrinkage curve
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Figure 3.10: Shrinkage curve for Bengawan Solo soil.

The ratio of the liquid limit to shrinkage limitl/SL) of soil gives an idea about its
shrinkage properties. GenerallyLt/SL is large it means the soil may undergo an

undesirable volume chaegdue to a change in the moisture in the field. Newly

73|Page



constructed foundation on these soils may show crack due to shrinking and swelling
of the soil resulted from the seasonal change in moisture cditast 2009 . For
Bengawan solo soil theL/SLis calculated as 3.283; is hence considered not very
high.

3.4 COMPACTION CURVES

For construction of anstructure it is necessary to compatie soil to improve its
strength.Table3.5 gives the summary of the compaction tests done by El Mountassir
(2011).

Table 3.5: Procedures used to achieve different compactive geffaiter El
Mountassir (2011).

Ted name Rammer Rammer drop  No of Blows per Compactive
mass (kg) (mm) layers layer effort

Extreme light 2.5 300 2 9 132

BS light 25 300 3 27 596

BS heavy 4.5 450 5 27 2682

Figure 3.11 showsthe compaction curves of Bengaw&olo soil performed at
different compactive effort. The Bengawan Solo embankmentwsailcompacted to
80-85% of the optimum dry density of the standpractor test. The standaptoctor

test (593kJ/m3) is equivalend the BS Light test (596kJ/m3) ar@D-85% of the
optimum dry denisy of the BS Light test lies within the range of densities covered
by the Extreme Light tes{&igure 3.11).
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Figure 3.11: Compaction curves at three different compactive effarslountassir,
20110); (i) Extreme Light,13%J/m3, (ii) BS Light, 59&J/m3 and (iii)) BS
Heavy, 268X&J/m3.

In this thesis, the Bengawan Solo compaction curve was used to find the tensile
strength characteristics of the embankment soil at different meistuntents and dry

densities irChapter 6dTensile strength and micromechanical sfate

3.5SAMPLE PREPARATION

In this section the method adopted for specimen preparation for all the tests

performed within this research is described shortly. Pleagethat the description
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of the initial conditions for each test will be presented as a test reference at the

beginning of individual test/chapter.

3.5.1 Soil Mixing

Bengawan Solo soil was air dried at first and the air dried materials were broken to a
smaller size using a plastic hammer. Next the materials were crushed in a crushing
machine and the crushed materials were sieved through 2 mm for preparing sample

for all tests (Figure 3.12).

(@) (b) (©)

Figure 3.12: Different stages of soil prepanatiefore sampling; (a) Air dried han
broken large soil particle; (b) Crushed soil in a crushing machine; (c) 2

sieved soil ready to use for sampling.

Sieved sil was then mixed with purevater to achieve desired water content
according to the test ragement. Therthe specimensvere kept inside a closed air
tight container in a temperature controlled room feleast 24 hours to achieve a
homogenized soil pastin some cases where series of tests were performed in a row,
the samples were preparedoine volume in order to avoid the variation in the initial
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condition among the specimens. The mixed soil was then sealed in an air tight

container until required.

The amount of water added to prepare a sample at desired moisture content was
found using thdollowing equationHead, 198%

&mw = [:1+—1.-V:] X (Wf - WE) [32)

where,p m - amount of water to be addet - Total amount of aidried materiglw;

= the desired moisture conteandw,- the air dried moisture content

Pure water was added to the-@ired soil slowly with a fine nozzle spray and hand
mixed using a spatulantil the required amount of watepwas delivered fronthe
nozzle spray bottle. A moisture content test was performed accordientb(1992

at the beginning and end of each test to validate this procedure.

The tensile tests discussed @hapter 6were performed uponeconstituted and
compactedsamples. It was believetiat the econstitutedsoil could provide useful
information to understand the soil in terms of its nature, structure and strength.
However the desiccation plate test discussed in Chapters 4 and 5 were performed

only on reconstituted soil.

3.5.2 Preparirg Reconstituted Soil

Ideally, a reconstituted material can be described as restoring the state of a
dehydrated material to its full liquid form by adding water. The liquid limit of
Bengawan Solo soil is 54%. In preparation etanstitutedsoil the sampleswas

made at or above its liquid limi55%-60%) to achieve a slurry state or to ensure full

saturation.
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In the desiccation plate tests and all the tests using the laser schisnglyrty was

then poured into specific moulds according to test requmenamd left exposed to

air in a temperature controlled room to continue dryifgr tensile strength tests of
reconstituted soil, the prepared slurry was poured into the tensile mould and allowed
to dry naturally, taking periodic measurements of the watetent. When the soil
batchreached the desired water content, the soil specimercavagully removed

from the mouldandtested immediately or storad an airtight cordginer. Thesoll

prepared and used thiswaymed asd r e ¢ 0 n s t withimthistlesiss o1 | 6

3.5.3 Preparing Compacted Soill

To prepare theompacted samples, the mass of su)ltp be added in order to reach

a required dry densitfy 4) was calculated as follows:

100+ w

100 (3.3)

where,V is the volume of any mould used, usually a mould with defgesmmetric

shape.

The mass of soil required was added to riimuld in threelayers The specimens

were compacted usingtamping rod and a small light hamnadter each layer was
added the number of blowsaried depending on the desirdd/ density.The nass

and volume was measured and noted after the sample preparation. A moisture
content test was performed to measure the actual dry dgnsity the prepared

sample.

In preparation of compacted sampléw the tensile strength measurement of
Bengawan Solo Soil, it was important to adopt specific preparation method
according to the test requirement. This will be discussed in more detailidater
Chapter 6
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3.6 CONCLUSION

The characteristics of the Bengawan Solo embankment and the soil collected for
testing were described in this chapter. The site is characterised by alluvial deposits
and according to the solil classification tests the matarizlbssified as organic silt of

high plasticity. Although the linear shrinkage and volumetric shrinkage of the
material were found to be moderate to h{ang and Daniels, 2006t is believed

that the clay mineralogy of this soil plays a key role of shrinking behaviour of the
material (Tade 3.4, Figure 3.63.7). The soil vas found rich in smectite minerals
(montmorilloniteg and thel L/SL ratio was found to be low, which indicates that the
Bengawan solo soil does not exert undesirable volume change due to shrinkage
during seasonal moisture change. The volumetric shrinkaye @resented in this
chapter is compared i€hapter 5 with volume change measured with 2D/3D
compact laser. The tensile strength experimental campaighapter 6was carried

out with specific references to the compaction curve presented within tipieicha
explainthe evolution of the material from slurry to dried staféis is studied in

terms of state, strength and structlaeer on inChapter 6 Tensile strength and

micromechanical state.
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Chapter 4: Desiccation plate tests

4.1 INTRODUCTIO N

Desiccation cracking significantly affects the soil performance. Cracks create zone
of weakness in a soil mass and reduce its overall strength and stability. Many
examples can be found in various geotechnical, agricultural and environmental
applicdions e.g. irrigated land, tailing ponds for mining waste, landfill liners, earth
embankmers, reservoir bedéColina and Ronux, 20Q00Cracks can develop due to
various processes such as desiccation and shrinkage, freezing, penetration by plant
roots etc. This chapteinvestigats the potential for desiccatn craks in the
Bengawan Soloal, which was obtainedrom a flood protection embankment in

East Javalndonesia. The highly dense desiccation crack network observed in this
manmade embankment may have an important role in the occurrence of the small

progresie failures that ardrequently detected along the embankment.

Shrinkage cracking is significant in earth embankments, slopes, foundations and

roads.Although cracking in drying soil is a very common phenomenon, the causes
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and mechanisminvolved are vey complex due to the interactisrihattake place
during thedrying process among material, the surrounding conditiand boundary
conditiors of the embankmentSimultaneous and strongbpupled hydre
mechanical, and sometime also thermal processesplage during soil desiccation
(Rodriguez, 2006 Accurate directmeasurement of geometicparameters of soil
shrinkage cracks is not easy. Large meament errors arexpectable due tthe
irregular shap® and complex cracks patternin recent years, image analysis
techniques have been used extensively to characterise the crack setwitbrk

improved accuracfl.akshmikantha et al., 200%ang et al.20080).

This chapter presents desiccation plate tests for Bengawan Solo soil with three
different shapes and thicknesses. The cracking pattern, the time of crack initiation,
and the crack network due to drying shrinkage were analysed and intergreted t
identify influences on test outcome. This chapter concludes with image analysis

determine the geometrical properties of crack netvronrk desiccation plate tests

4.2 CHARACTERISTICS OF SOIL CRACKING

At this stage, it is relevant to define the keyms used in this chapter for analysing

soil cracking. This is necessary to provide a basis for quantifying observations.
Thefollowing definitions were given byCorte and Higashi (1960

U Cracking moisture contentrefers tothe moisture content of the soil at
the crack initiation. This is measureoly sampling he soil when the
cracking started(with modern technology improving now the electronic
balance can measure continuous moistima@nge within samplesjr by
interpolation on a desiccation curvef the soil layer is thick,this

moisture contenmeasuremeris taken as thene at surface.
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Thickness of the soils defned as the thicknes$ the soil after complete
drying. The thicknes does not change much once the cracking has
initiated.

Cells arefragments of sojlseparated by craskwhich intersect each

other.

Size of cell generally refers to the area after the cracked soil is
completely dry, unless it is mentioned that the cleaoigcell size during

desiccation is considered.

Area of cracksis equal to the area difie containefin which the tests are

carried out) minughetotal area of cells.

Length of cracksis the total linear dimension which is measured along

the cracks.

Typical cracking patterns are shown in Figure A e following definitions were
given byKodikara et al. (2000a

Vv

Vv

Primary cracksarecracksthat develop at first forming large blocks.

Secondary cracksre cracks that develop after primyacracks during

subsequent drying arsiibdivision of the larger blocks further.

Crack pattern:The observed field cracking pattern was divided into two
broad categories igodikara et al. (2000a

Orthogonal pattern: In orthogonal patterns, cractends to

meet at right angles

Non-orthogonal pattern: In non-orthogonal patterns, cree
do not meet at right angles

V Crack intersection:The point where two or more crack interse@gsack

intersection angldefines the cracking pattern
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(d)

Figure 4.1: Theoritical cracking pattern as suggestdgdidulkara et al. (2000a(a)
is 2D cracking pattern, (b), (c) and (d) are essent@llcracking pattern.

To quantify the amount of crackinghe parameter o€rack Intensity Factor (CIF)
was developed. ThelF (or crack density factor CDRyas introduced as a degxtor
of the extent of surfacerackingby Miller et al. (1998& CIF is defined as the rati
of the surface crack areto the toal surface area of theérying specimenimage
analysis proesswas used to determine CIF values from photographs of the
desiccation proceswithin this research and was found to be a powerful, efficient

tool for the determination of the CIF for soil undieying conditions.
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4.3 DESICCATION PLAT E TESTS

4.3.1 Objectives

The desiccation tests were performed upon reconstituted Bengawan Solo Soil. The

results focus and explore various cracking parameters.
The specific objectives for this experimental cargpawere:

A To investigate the potential for desiccation cracks in the Bengawan
Solo soil

A To identify experimentally the mechanis and main causes of

cracking

A To investigate the relationship between plate geometry and onset of
cracking in terms of crackingagpameters

This research investigates desiccation cracking in drying soil. For this purpose, it was
important to investigate the potentiality for cracking of the material used within the
research at laboratory conditions. The findings behind the mechaaisthsnain
causes of cracking may lead to new understanding and the development of

precautions or guidance to avoid soil cracking in the field.

4.3.2 ExperimentaMethodology

Soil is a highlycomplex material and its desiccation cracking behaviour is a&sum

to be governed by number of factors. These factors include mineral composition,
clay content, relative humidity, shrinkage characteristics of the particular soil, layer
thickness, size of the soil sample, and boundary condi{léasg, 1997 Many

works have already focused on this issue in the last two decades. Water content is the
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parameter that controls crack initiation; water content depends on temperature,
relative humidity, and the thickness of tkeil layer. All these factors were taken

consideration during investigation of desiccation cracks for Bengawan Solo soil.

4.3.2.1 Desiccation test methodology

Three different plates (square, rectangular, and circuld)nmin, 10 mm and 20 mm
thicknessawvere used for these experiments. Perspex was used as a mould material for
each of the plate due to availably of this material. The plate dimensions and test
references are given in Tablel. The tests, namely DPTS, DPTR and DPTC, refer

to desiccation pla test for square plate, rectangular plate and circular plate
respectively and 6016 refers desiccation
Figure 4.2 shows the desiccation plates together with the groove patterns used for all

the tests. The groosevere made by cutting them into the plate as required.

85|Page



Figure 4.2: Different desiccation plates used for the tests; (a) Grooved and sn
plates with different shapes, (b) Groove pattern in circular plate, and |

Groove pattertiin square and rectangular plate.

The samples haveeen prepared manualby placingthe soil into the mould using a
spatula.The tests were performed for reconstituted specinrerorder to avoid
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adhesion of the soil to the side walls of theuld theside wallsweregreased before

the soilwas enplaced. The bases of the square and rectangular desiccation plates
have been grooved parallel and the circular plate has been grooved in a circular
manner to avoid soil sliding at the contact betweenbtittom of the plate andthe
sample. However, the bases have not been greased in order to allow full adhesion to
take place between the soil and the mould (Costa et al., 2008). An add?srspéx

scale has been used carefullyctmtrolthickness of the soiblyerfor different tests.

To avoid trapping air inside the sampthe mouldwas tapped a few times after
placing all soil inside the moul&amples were kept on an electronic balance, which
measured and recorded the mass of the specimen continuousgefired intervals

until the samples dried completely. The vertical contraction of the sample during the

drying processvasrecorded with a vernier calliper.

Table4.1: Test reference forediccation plate test

Tes Test Plate Type Plate Plate Base Specimen

t Reference dimensio thickness condition Type

No n(mm) (mm)

1 DPTSO01 Square 175x175 10&20

2 DPTR0O2  Rectangul 295x95  10&20 grooved

ar

3 DPTCO03 Circular o =125 5 reconstituted
grooved

4 DPTC04  Circular  ¢=125 10 and
smooth

DPTCO05 Circular g =125 20

The cracking moisture content was recorded as soon as the first crack appeared. First
the cracking moisture content was calculated by taking a small part of the specimen
at the onset the cracking. However, it was observed that this affectethttival
cracking propagation the samplediire 4.3). Thereforepredsion balance (Mettler
Toledo, Model SB3001) wasusedas ahigh capacity precision weighing balance. It
features 8100 grams of maximum weighing capaeityl 0.1 gram readability.

RS232 nterface gives the balances the option of connecting to a computer, printer or
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other device. The balance was gmammed with Windmill software(Data
acquisition and controkoftware for Windows) br continuous monitoring and
recordng the weigh at predefied intervalsduring the total test periowvithout
interfering test condition

i

Figure 4.3 Example of measuring cracking water conuntng desiccation tesind

how it effects the natural cracking propagation

A high-resolution digital camera (Canéowershot G9, 12MP, 6x optical zoom) was
mounted at the top of the set up for capturing pictures at defined intervals to capture
photograph the crack occurrence, crack propagation information and crack pattern.
The camera was connected with a computermodrammed to capture the images

at 60 minutes interval time during the total test periddie sequence of images
captured the crack initiations, propagation and crack network etc. Specific images
were chosen to perform image analysis laterfrmm different stages of crack
propagationsin orderto gather detail information about the cracking mechanism,

image analysisvas performed on the captured 2D images.
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The room temperature and relative humidity were also recorded with humidity
temperature data loggdFigure 4.4). The data loggeused (Model RH520) is a
graphical data logger for Humidity/Temperature measurements and Dew Point
calculation which provides simultaneous numerical and graphical display of
humidity and temperature readings, time and dateelsures humidity ranges from

10 to 95% RH and temperature ranges fre28 to 60° C{20.0°F to 140.0°F). The
basic accuracy is 3% RH, 1.8°F/1°C. Internal memory records up to 49,000 data
points and can be transferred to a PC viaZR3 serial port for ftther data analysis.

For the experiment the data logger was programmed to record temperature and
humidity at one hour interval during the total test period. Recorded data was then
plotted and analysed in MS Exc&he room was only temperature controlled, it

was important to measure if the humidity varies a wide extent or not. The
temperature found to be around 20.0°C and the relative RH found ranges from
around 28%36%. The repeatability of most of the tests were checked and for RH
28%-36% the resultsid not varied significantlyFigure 45 shows the schematic test

setup for desiccation plate tests.
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Figure 4.4: Temperature and relative humidity measurements during experin
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Hygrometer

Figure 4.5: Desiccation plate test setup.

4.3.3 Quantitativeanalysisof cracks by digital image analysis

technique

In recent years, image analysis techniques have beerexisedively to characterise
crack network with improved accuracynd overcame the measuring obstacles of
irregular shape and complex cracks pattevithin the drying soil specimen
(Lakshmikantha et al., 2009ang et al., 2008bYan et al., 200R In this work,
image analyss were performed using Matlab programntie determine the
geometrical properties of crack network. This tool has been used to extractcthe cra
network parameters, such as theanber & crack intersectionghe number of crack
segmentsthe average crack length, the average crack width andvigrage crack
area. Digital image ahgis was performed with square argttangulaplate for 10
mm soil thickness and with circular plate §rl0 and 20 mm soil tbkness. Similar
procedures were used by previgesearches to explain thesoil samplesize effect

on cracking mechanisnfPrat et al., 2006 Lakshmikantha et al., 20D6The

procedire adopted for imaganalysis is shown in Figure 4457. First, the digital
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image (truecolor) of cracks acquired by camera was converted to grayscale intensity
image. In this process, conversion frénme colourimage to grayscale wakne by
eliminating the hue and saturation information while retaining the luminance., Then
image segmentation process was done by thresholding techniques, converting
grayscale image to binary blaakdwhite (B&W) image. In this process, the binary
B&W image has replacedll pixels in the grayscale image with luminance greater
thanathreshold value with the value 1 (white) and has replaced all other pixels with
the value 0 (bl ack). Hence, the binary
represent cracks and -aracked surface respectively. In this wagll crack
parameters can be extracted accurately with program algorithm. Firally,
skeletonisation operation has been performbéreall cracks with different width

were converted to lines, without changing thesestial structure of the crack
network. After the image was skeletonisede total length ofeachcrack was

determined by calculating the distance between intersesctio

I
==

Figure 4.6: Flow chart showing the image processing and analysis.
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Figure 4.7: Image processing of dtawetwork; (a) Greyscale imagg) Binary

image (c) Skeleton of crack netwofktique and Sanchez, 2009

4.4 OBSERVATIONS OFEXPERIMENTAL RESULTS

The results of the tests are described hereeparately for different desiccation
plates. Timdap<s video clips have been produced from the testing to capture the
evolution of degcation crackingin laboratory test sampl@.he test duration was
determined simply by running the test until soil sample was completely dried and the
weight of the soil sample from the electronic balance does vary anymore. The test
duration varied depeity on the desiccation plate shape, the thickness of the soil

sample and of course the initial water content of the sample.
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4.4.1Square desiccation plate

4.4.1.1 Cracking Pattern

It was observed that approximately after 20 hour time from the test stailed

sample tads to shrink at first and then crack growth occurs in orthogonal and
sequential manner witsequential subdivision is the primary mode of the crack
development during the tederimary crackswere formed initially and secondary

cracks have subdivided the initial crack patter(see figure 4.8) 90% crack
developed during 280 hour time period of the total test duration. The crack
intersection found cr eat i FoglOohm dampe,thed TO w

primary crack developed wasmiinant, dividing the sample intariger blocks.

(b) 21 hrs

(c)24hrs (d) 150 hrs
Figure 4.8: Orthogonal cracking Sequence in square plate.
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4.4.1.2 Effect of wetting and drying on the crack pattern

In order to investigate the effect wfetting and drying on geometric structures of
desiccation crack patterns and network, a 20 mm soil sample in square plate was
investigated. The sample was inundated with water after completely drying. The
desiccation plate was made to drain excess wateugh 8 rubber tubes, after the
dried soil sample absorbed enough of water to flood the sample. The sample was
photographed at 60 minute interval during drying and wetting to observe the

formation and growth of cracks. Figure 4.9 shows the experimentgl. set

Figure 4.9: Experimental sep.

Water inundation resulted in the apparent closure of all the visible cracks after the
first drying. The cracking network seemed to help the added water to seep through
the dried soil parts/cell without changing theaeking network/pattern. Another
important observation was that the fine soil particles mixed with water formed a
pastelike solution, which blocked the draining path in the rubber tube.
Consequently, the dried soil cell eventually turned into wet lumgs mo definite

shape with the previous network apparently filled with soft soil. During the second
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drying the cracking network did not change, which was expected as this part of the
soil was already weakened due to previous cracking network from firsigdii/he
second dryingresulted reopening of the large cracks created previoualyd no

more new crackeere observedAlso after reopening, the crack network was not as
defined as first time, but irregular in nature, due to fine soil particles that were

covering parts of the crack paths.

In order to observe the surface shrinkage pattern and the influeneegtiog and

drying on soil thickness, two LVDTs were placed at the surface of the specimen. It
was found that the LVDTs were not effective in ordeirtvestigate these features,
because they are contact devices and were affecting the cracking pattern. The LVDTs
needed strong supports in order to measure the shrinkage changes within soil
thickness due to drying and wetting. Unfortunately, the recatetitspecimen was

too soft for this hardware and the LVDTs sank into the specimen. More importantly,
LVDT placement influenced the test outcome. Cracking was always observed to start
where ever the LVDTs were placed. Figure 4.10 shows this effect. Fte#terdid

not use LVDTs because of these problems.

Figure 4.10: (a) Cracking pattern not afted by wetting cycle(b) Ceramic plate

sinking is soft soil failing to measure vertical deformation of soil layer.
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4.4.2Rectangular desiccation plat

4.4.2.1Cracking Pattern

For therectangular desiccation platie initiation of the first crackvas found to be
around the center of the mould. The crack then propagétghtly curved forwarg

backward, and along with a downward propagation to thé dlepth of soil layer
thickness Initial crackingdivided the whole sample into two large blkac(Figure

4.119. Parallel cracking was observed during secondary crack develogrigunte

4.11b).

In the rectangular desiccation platde crack also initi@d around the center of the
mould but propagated in anppositedirectionof the grooves in the baseSome of
the tests were done-8Btimes to ensure consistendccording to the analytical
modd proposed byKodikara and Choi (2006 the maximum stress occurs at the
center of the layer, thus facilitating the crack initiatiBut interestingly for 20 mm
soil layer thickness, the specimen cratketo three equal block (Figure 4.10b); this

cracking pattern was quite similar to the work donébyon et al. (2007a
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(c)

Figure 4.11: (a) Primary crack in rectangular plate dividing the soil sample intc
large blaks, 10 mm soil layer thicknegs) Rectangulal0 mm final
cracking pattern(c) Final crack in rectangular plate dividing the soil sam

into three large blocks, 20 mm soil layer thickness.
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4.4.3Circular desiccation plate

4.4.3.1Cracking Pattern for different soil thickness

Circular desiccation plate taswvereperformed for three different soil thicknesses: 5
mm, 10 mm and 20 mnTable 4.2 gives the summary of the tests for circular plate.

Figure 4.12 shows the final cracking pattern frcular specimen with three

thicknesses.

All samples produced predominagtsequential, orthogonal crack patterleading to
subdivisiors of the crack area into smaller cells. For the 10 mm #&nhohé samples
the crack initiatedrom the side wall. Howeer, for 5 mm samplesjonorthogonal
crack patterns evolde at the primary cracking stage and they opedr

simultaneously and relatively fast alver the soil surface

Table 4.2:Summay of the desiccation test for circulgtate in grooved based at ribe

different soil layer thicknesses
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= E |5 LE |2E |5 .S | &8s
o) c = oo o & = o S =9
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) c _ c (7] c T = C = [
o a o D o T < T = L T 2 o 2
g < T E @ E=K) c o s ® E=J= =
QG il m £ S LS ) £ 3 o8
175x175 Grooval 5 4.38 3 56.767 52.000
Circular 295x95 Grooved 10 8.94 5 56.380 47.000
125 Grooved 20 16.21 7 56.380 45.000
175x175 smooth 5 4.00 2 57.000 51.255
Circular 295x95  smooth 10 8.33 5 56.452 50.911
125 smooth 20 15.67 8 56.000 No
crack
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4.4.3.2 Influence of thebase patternand thickness on cracking

Circular specimen was tested with two different bottom contact surfaces: smooth and
circular grooves with 5 mm, 10 mm and 20 mm soil layer. Tests were performed in
triplicate to ensure consistency. The sthosurface offered less friction than the
grooved surface. The cracking pattern seemed to be influenced by the base condition.
For the 10 mm soil layer, the cell number was higher for smooth base with smaller
sizes of cells than plate with grooved bdsgerestingly, for the 5 mm soil thickness

the opposite results was observed. Smooth base specimen has lower numbers of cells
and larger cells; however, the cracking pattern followed the grooved surface pattern
within the plate for 5 mm soil layer (Figureld). More interestingly, the 20 mm
grooved specimen cracked with few numbers of large cell compared to the 5 and 10
mm grooved specimens. The 20 mm smooth base specimen experienced shrinkage
with no cracks at all. Figure 4.12c shows the 20 mm sample iothni@se with
shrinkage from the side wall and and colour change. For all cracked specimens, non
orthogonal and predominantly 128ack patterns were observed at the primary
cracking stage. These cracks appeared to occur simultaneously and relatively quickly

over the soil surface for both contact surfaces.
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Smooth base Grooved base

Figure 4.2: Final cracking pattern for circular plate in different basdt: Smooth
baseRight: Grooved base; (a) 5 mm plate, (b) 10 mm plate and (c) 20 r
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Figure 4.13 shows the evolution of moisture content for specimen in circular plate

with grooved base 3fferent soil layers.

70
------- 20 mm circular grooved

60 5 mm circulaar grooved

= == 10 mm circular grooved
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o

Water content (W%)
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Time (Hrs)

Figure 4.13Variation of water content over time (circular plate).

4.4.3.3 Cracking moisture content

Figure 4.14 shows the cracking moisture content for circular plate for 3 soil layer
thicknesses. The cracking moisture corgdéot 5 mm, 10 mm and 20 mm samples
were52%,47% and 45%Cracking moisture conteseemed tancrease as soil yar
thicknesses decreased (Figdtg&4). This observation contrasts with the hypothesis
made byCorte and Higashi (1960

101|Page



54 -
=== (rooved base

g&" circular plate
E 52 === Smooth base circular
> plate
Fe]
c
3 50
c
<]
(&)
@
T 48 -
2
[»14]
£
S 46 -
(@)

44 . ' ' ' '

0 5 10 15 20 25
Soil thickness (mm)

Figure 4.14: Effect of soil layer thickness on cracking water content (circul

plate).

4.4 .4Effect of differentPlate Shape

Figure 415 shows the final crack pattern for 10 mm soil samerformed a
square, rectangular and circular plate. The visual obsersatiom the images
showedthat number of cedlafter crackingvas higher ina square plate thacircular
or rectangular platesThe crack patternsvere mostly orthogonal in rectangular
plates, whereas they wermixtures of orthogonal and neorthogonal in square and

circular plates.
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Figure 4.15: Final crack network pattern in 10 mm thickness sample; (a) Sqt

plate; (b) Rectangular plate; (c) Circular plate.

Figure 4.16 showthe evolution of moisture content for specimen in three different
shaped grooved base desiccation plates for similar soil layer thickness. The evolution
of moisture content for two plates does not differ significantly for rectangular and

square plate. Thauration for circular plate test was less than the other two.
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Figure 4.16: Water content variation curve for three different shaped desicca

plates with 10 mm thickness.
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Table 4.34.4 show the summga of the anlysis of desiccation test for threifferent

plate shapes.

Table4.3: Sumnary of the desiccation test for different plate geometry
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Square 175x175 Grooved 10 8.29 620 555 64 57
Rectang 295x95 Grooved 10 8.94 428 428 61 59
ular
Circular 125 Grooved 10 6.21 489 305 61 58

Table 4.4:.Crack network parameters for three éiffint plate geometrieg similar soil layer

thickness
o
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Squae 10 751 1306 1060 17.81 5.14
Rectangular 10 393 785 763 21.45 7.87
Circular 10 1060 1487 1967 19.69 491

The effect of different geometry of specimen on desiccation cracking was first
studied by Lakshmikantha (2009 in an elaborate manner. Although this research
work is not as elaborate in regards to geométryas interesting to see the effect of
three different plate shapes on desiccation cracking pattern even in a small scale. It is
clear that for the same soil layer thickness the CIF does not vary significantly for
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different geometry of the specimens (Teal.4). However the different geometries
had an effect on the final cracking pattern (Figure 4.15). This observation is
consistent with previously published stud{éakshmikantha, 2009 For 5 mm and

10 mm soil layer thicknesses with the same areas (circular plate, Table 4.5) had

similar results as well, but 20 mm thickness showed lower CIF compared to the other

two, suggesting an influencd the lower boundary on laboratory results.

Table 4.5:Crack network parameters for three different thickness circular gratved base

(D = 125mm).
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10 489 1060 1487 1967 19.69 4.91
20 265 122 163 772.5 11.18 7.10

4.4.5 Summary of Desiccation plate test results

The desiccation plate tssaimed to studysome relevant factors that affeitte
behaviour of soils subjectetb drying. The experimental research has been

performed on samples from Bengawan Solo River of Indonesia.

The observatios from the degcation plate test were that masimples produced
predominantly sequential, orthogonal craelterng(i.e., cracks that tends to meet at
right angles) leading to subdivision of the cracka into smaller cells (Figure 4.8

The dynamics of the crack formatishowed, thain the firststage of craclpattern
development cracks, the cracks tend to meet at a small number of points. These

cracks then propagate in fairly straight lines occasionally meeting another crack
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moving in a similar manner forming a polygonal pattern along with \atrtic
propagation. Similar observations were mad&hyprlin et al. (2000andMizuguchi
et al. (200%. The final stage of drying was governed by vertical propagation and

completesdrying of the soil without any observable new crack formation.

The shapef the crack ndesatani nt er secti on was alolvays
experimental conditions (Figure 4.8 and Figure ¥.K&Imilar observationsvere
found in the work byfang et al. (2008b

Nearly 900 of the crack developmeéroccurred during a 280 hour time period,
although the total duration of the desitoa cycle was approximately 17250
hours. Cracking was found in the field while the embankment soil retained high
degree of saturation (durivget season). Based on these observations, the Bengawan
Solo soil may start to crack at quite high water content. Seasonal variations may

trigger this process at more intense states.

Higher desiccation rasewere observed for smaller thicknesss Non-orthogpnal
crack patterns evolved at the primary cracking stage and they occurred
simultaneously and relatively fastcrossthe soil surface(Figure 4.12 a). This
phenomenon is extensively reported in literature Gyrte and Higashi (1960
Nahlawi and Kodikara (2006 Nahlawi and Kodikara (20Q6reported that if the
thickness increases the with same drying area, the watgent loss will decrease

because the water has to travel greater distance for evaporation.

Cracking pattern was found to be influenced by the base condition of the desiccation
plate (Figure 4.12). This indicates the friction between two soil layerarmasfect

on cracking pattern. Natural soil consists of different sizes of soil particles, which
always have frictional effects between two soil layer. This is true in laboratory test
samples and embankments in the field. The sources of cracking mayfraome
similar and different sources in field applications relative to laboratory studies, but
the underlying phenomena of grajmain and grairwater interactions are the same.

In the present work, only circular specimens were tested with different bottom

conditions. The smooth surface offered the least friction, which is quite significant in
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20 mm solil thickness in smooth base with no cracking. Similar observation was

made byGroisman and Kaplan (1994

Cracking water content does not appear to be influenced much by plate geometry if
the soil layer thickness is same (for 64%, 61% and 61% initial water content 57%,
59% and 586 cracking water content was found for square, rectangular and circular
plate respectively). For same initial length but different initial water contemner
(1987hH found cracking water content is independent of initial water content.
Although the tests were not performed for wide rangeitil water content and
thickness, it can be assumed from the findings that the Bengawan Solo Soil tends to
crack at high degree of saturation. This was evident during site investigation (see
Figure 3.4 in Chapter 3. Since Indonesia has two main seasomet and dry, the
cracking created during the wet season will be more intense. These cracks may
propagate and widen during the dry season, which risks triggering various kinds of
embankment failures. However cracking water content was found increasimg wi
decreasing soil layer thickness for same drying area (Figure 4.14) which again
supports byNahlawi and Kodikara (2006

Different geometries had an effect largely on final cracking pattern. Unfortynate
the CIF was only measured for final cracking pattern and not at different stages of
cracking formation. The key aspect from this would be to know an overall picture of
crack initiation, severe cracking period, rate of crack growth and end of cracking.
However CIF for the final cracking pattern suggests the extent of surface cracking is
not varies a lot for similar thickness with different geometry. This finding support the
findings by Lakshmikantha et al. (2009 However for same drying area with
different thickness the&CIF varies higher with higher thickness difference. These
observations indicate that CIF is dependent on specimen thickness, which limits its
applicability in comparing laboratory and fiedt¢ale behaviours. It would be realistic

to compare evolution of Elat different stage of drying also in order to complement
this limitation. Manmade embankments are subjected to erosion for various reason
which makes the embankment unevenly thick throughout its length. Field
observations would need to talteese factorsnto account anadompare cracking at
many areas to ultimately establish a relationship.
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4.5CONCLUSION

This chapterpresented the laboratory experiments carried out on the desiccation
cracking of Bengawan Solo soil at higher water content stébesrecmstituted
specimenThe soil experienced shrinkage which leads the sample to cracking due to
desiccation. It is believed that the presence of montmorillonites within Bengawan
solo soilinfluencesits desiccation property significantlit has been observeatiat

the cracking pattern evolved sequentially. First the crack divides the soil surface into
large cells and subsequent drying causes these cells into smaller cells. It has been
found that the higher the soil thickness, the lower the number of Thlswas at

least evident for 5 mm, 10 mm and 20 mm circular plate with smooth Inasge
analysis showed that the parametdrat govern crack pattern varied with plate
geometry. Also, CIF valwewere similarfor three plategeometris. Significantly

more esearch is needed for further understandingth&f influences of base
conditionson degcation processes as that could reflect the picture of friction effects

between two soil layers in practical field.

The findings from the tests reported in this chajpieo agreed with the findings
from previous researchers in terms of crack initiation, propagation, and other
parameters. However, these methods provide no information about the vertical
propagation/deformation of cracking. This information is probably thest
significant in practice for various geotechnical applications. The research presented
here in finds the necessity for improvingxperimental techniqueso better

understandhe mechanismaf cracking, particularly in the vertical direction.

The nextchapter,Chapter 5,Desiccation Tests using 3D compact Laser Scanner,
will discuss desiccation testing with an improved setup to capture vertical cracking,

which is the most important achievement of this research.
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Chapter 5: Desiccation Tests using

2D/3D compact Laser Scanner

5.1 INTRODUCTION

One of the main objectives of this research was to develop an experimental technique
to investigate cracking behaviour in soil in three dimensions. This chapter proposes a
new measurement technique to study atzgion cracks in soil by the use a 2D/3D
compact laser scanner. Desiccation plate test as explainéhdpter 4 were
performed with this test setup using a glass desiccation plate. The chapter starts with
a short background of necessity of introducingesv test setup to study desiccation
cracks in soilThe experimental equipment used and the experimental procedures are
then describedA calibration process was performed to investigate the accuracy of
this 2D/3D laser scanneFor this purpose, volume af toy Legowas measurety

water displacement metho&urface cracking parameters were measured using
image analysis and 3D scanner in order to compare the variation of the results.
Experiments have been performed to validate the functionality of theedewida
comparison between laser scanning technigueas been also performedhe
experimental outcomes shed that the proposed experimental technique of

measuring cracked soil parametasing a laser scanner was faster and more precise
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than the curref used method. Furthermoreptovided more nformation than the
currentlyused methods. It jsn summary a promising experimental technique that

could assist to advance current knowledge in this complex subject.

5.2 BACKGROUND

5.2.1 Why new techniqguie

Desiccation cracks in soilare a highly complex phenomenon due to the strong
coupling between the hydrological and mechanical behaviour of $bigse is not a
consensus on the kind of theory or model that should be used totigodescribe
crackingphenomena. Awumber of different theories have been proposed in the last
few yearg(Morris et al., 1992pbKonrad and Ayad, 1997dHallet and Newson, 2005
Rodriguez et al., 20Q7Trabelsi et al., 2010Trabelsi et al., 2001 As for the
experimental investigation, different laboratory pimls have been followed
focusingmainly on the volumetric response on drying, tensile strength properties, as
well as on crack initiation and propagati@rang and Graham, 2000akshmikantha

et al.,, 2006 Rodriguez et al., 2007Peron et al., 20Q9Trabelsi et al., 2010

However, there is not a lalaiory reference test to study desiccation cracking of soil

Desiccation experiments focusingn soil cracking phenomena amgenerally
performed orslurry samples prepared in either rectangular or circular plRt®n

et al., 2009 Lakshmikantha et al., 2009Tang et al., 2011 Current
methods/techniqeto estimate the volume change under such conditions present
severe limitations. LVDT is a contact measurement device; hence it is not useful
where norcontact measurements are desired to prevent any perturbation in the stress
field that could alter theatural evolution of the test. Furthermore, the initially fully
saturated soil cannot support the weight of the LVDT sensor head, which settles (or

penetrates) in the soil mass and thus invadsldie measurement. Narontact
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magnetic sensorgClayton and Khatrush, 198@ardine et al., 1984require tle
inclusion of reflecting elements on the soil surface; which would significantly alter
the stress state in its vicinity, affecting the crack formation procass the
subsequentrack propagatiofObidat and Attom, 1998 Peron et al(2009) used a
measurement system based on callipetsichivis not easy to operate and it also
provides a crude estimation of the volume change. Furthermore, those devices (i.e.
LVDTs, callipers and nowgontact magnetic sensors) provide local measurements
only, from which is difficult to obtain an accurateiesition of the volume change in
drying soils due to soil curling and the presence of desiccation cracks. Digital image
processing has also been used to measure displacements, volume change and
deformations in soil testingObidat and Attom, 1998Alshibli and Sture, 2000
White et al., 20010ren et al., 2006 In particular, digital image analysis have been
used to track the movement of displaced particles in direct shea(Gests et al.,

1999 and to characterize soil fabric changes in misgale during testing
(Adamcewicz et al., 199°'Romero and Simms, 20084&ir0 Farulla et al., 2010as

well as foranalysing surface cracking pattehskshmikantha et al., 20D@Macari

et al. (1997h Alshibli and AFHamdan (200) and Gachet et al. (20Q6studied
volume changes of specimens in conventional triaxial tests using digital image
processing. In general terms, it was shown that the results obtained fritath ahig
manual measurements matched well. However, the measurement of vertical and
horizontal displacements from digital images is not very precise from one camera.
Moreover, the use of image processing technique to estimate volume change in
drying soilshas a number of limitations. For example, due to the shadows in the
6crack valleysdé6 it is difficult to detec
digital image (i.e. crack depth and variation of crack aperture with depth).
Furthermore, from digal images it is not possible to detect soil curling and surface
settlements either.

From above, it is evident that the device to be used in the study of drying soils should
be able to accurately track the evolutionkad thain global hydraulic (e.guaterloss)

and mechanical (e.golume change) variables associated with this phenomenon. It
would be also recommended to gather relevant information associated with the
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evolving crack network, for example changes in its geometrical properties,

morphology, crek aperture and depth.

Current experimental investigations in this area primarily concentrate on the study of
slurries prepared in plates and subjected to drying under controlled laboratory
conditions. In those tests, quite accurate measurements of tbe lass during
desiccation can be gathered by means of high precision balances. The measurement
of the volume change under such conditions is more complicated. Conventional
devices used in the laboratory to measure displacements, such as contact ones (e.g.
linear variable differential transformer, LVDT) and noontact ones (e.g. Hall
effect, Eddy current) are not suitable for these kinds of experiments due to the
perturbation that they may induce in stress fiégkechet et al., 2006 Digital image
analyses are generally used to study the nature of soil crack propagation and also to
obtain useful parameters to characterize the morphology of the crack n@wiltek

et al., 1998pVelde, 1999Vogel et al., 2005bVogel et al., 2005aLakshmikantha et

al., 2009 Tang et al., 2008alang et al., 2011 A roughestimation of the vertical
settlement can be obtained from image analyses from one cd®kia and
Santamarina, 20)1 More accurate nasurements will require moradvanced

systems such us 2nd 3component setups describeyglBrossard et al. (2009

This chapter proposes the use of a 2D/3D laser device as an alternative to current
methods to study drying crackssoils. Laser scanners have been used with success
in measuring the volume of solid materigdhang and Morris, 20Q%nd in soil ad

rock testing to measure displacements and other geometrical profiddreset al.,

2006 Romero and Simms, 200BbHowever, their effectiveness in studying
desiccatiorncracks in soils has not been determined F&perimental setup of laser
scanning technique is compact which includes, amongst others, data acquisition from
electronic balance for continuous water loss monitoring as well as a motion
controller for preciselaser movement. The name 2D/3D is because the 3D
representation of the soil sample is obtained after compiling subsequent linear (2D)
profiles data. A series of experimemtereperformed teevaluatehe functionality of

the proposed device to study soélsiccation. The main soil properties, the proposed
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device and methodology, and experiment results are discussed in the following

sections.

5.3 OBJECTIVES AND EXPERIMENTAL CAMPAIGN

The aim of this experimental campaign was to introduce a new and
improvedalternative test setup for investigating desiccation cracks behaviour in
drying soil. The specific objectivesere: (") to validate the
2D/ 3D | aser scanner device in investigat,
the advantage using lasers scanning technique over existing techgenezally

used for analysis of cracking behaviour ail.s

Desiccation plate tests were performau reconstituted Bengawan Solo Soil what
was allowed to dry in a laboratory controlled environm@iable 5.1 gives the test
details and initial condition. LDT 01 refers to Laser Desiccation Test nol and so on.
LDTO1 was performed to measure the volumetric shrinkage which was then
compared with the volumetric shrinkage curve describedClna pt e Boil 3 A

Characterisation .
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Table 5.1 Desiccation Test detailssing 3D compact Laser Scanner

Test Initial moisture Aim of the test Plate
Ref. content, V(%)
LDTO1 53.37 Measuring volumetric
shrinkage
LDTO2 54.75 Analysing cracking Circular
parameter glass plate
LDTO3 57.689 Analysing cracking
parameter

5.4 EXPERIMENTAL SET-UP

The experimental setip consistd of the following main components: i) compact
2D/3D lasefrscanner(ScanControl 27000, MicroEpsilon Messtechnik GmbH &
Co, Ortenburg, Germany)i) laser motion controller; iii) electronic balance with the
soil sample on it; iv) relative humidity andieerature sensor; v) digital camera and
vi) a computer with data acquisition system (DASyure 5.1presents a schematic

representation of this setup and the main components are briefly described below.
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Figure 5.1: Schematic of set up of Desiccaptate tests using 3D compact Lase

Scanner.

The laser unit was fixed to the wall using a frame designed to allow positiohing
the laser at different height&igure 5.2). In order to obtain a 3D representation of
the sample, the laser was coupled vaitmotion controller (model OWIS PH) that
moves horizontally (»axis) at a constant speed perpendicular to the laser line. This is
a single axis position controller with aphase stepper motor including open loop
functionality which has an USB interfate communicate with the computer. The
Software toolOWISoftwas used to configure and control this unit. While scanning
over the surface of the sample, the soil profiles were transferred to the computer as
an array of points. Scanned data was transfeorétae computer for processinging

the software ICONNECT frorMicroepsilorWebsite (201 Each of these profiles
consists of a certain number of calibrated measuring points, including additional
information like intensity, time and counter information. Measurehe water loss
during desiccation, a high capaciprecision weighing balance was uséde(tler

Toledo model SBO00YJ). It features 8.1 kg of maximum weighing capacity which
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offers 1x10" kg readability. Via a RS232 interface, the balance was connected to a

computer and programmed (using Windmill softwdoe continuous monitoring.

A data logger (Model RH520) was used for relative humidity (RH) and temperature
measurements. The RH measurement range is from 10 to 958 napekraturérom

-28 to 60°C. The basic accuracy is 3% RH and 1°C. Measurementsraresteitred

to a computer via a R332 serial port for further data analysis. A 12.1 MP digital
camera was mounted on the laboratory stand to take images of the sample during

desiccation. A desktop computer was used for data acquisition and devices control.

The laser frame is a vital part as the motion controller and the laser scanner itself is
attached with this. The laser frame was manufactured by the mechanical laboratory
within University of Strathclyde. There are three holes at each side of the frame in
order to hang the frame with wall to achieve three differergsolution of the laser

line towards the test sample. The bracket was carefully mounted to wall in order to
maintain the proper alignment of the laser. After attaching the laser, the alignment
was checked using a level. Figure 5.2 showing the image of the complete set up.

3DLaserScamer

Motion controller

DAT forcamera
and balance

DAT for scanner

Laser bracketz ’

Figure 5.2 Photo ofdesiccatiortest setup using 3D compact Laser Scanner
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5.4.1Scan CONTROL 2704.00: Compact 2D/3D profile

sensor with integrated controller

ScanControl2700-100 from Micro-Epsilon (MicroepsilonWebsite, 201}l was used
to do he tests The general specification of the laser scanner ScanC@no@100

is given in Table 5.2.

Table 5.2:Scan CONTROL 270Q00 scanner specification

Light source semiconductor laser; wavelength 658nm;
aperture angle laser line 20°; output
power10 mwW

Operating temperature 0°C to 50°C

Storage temperature -20°C to 70°C

Measuring range-axis 100mm

Start of measuring rangeaxis 350mm

End of measuring rangeaxis 450mm

Start of extended measuring rangaxes 300mm

End of extended measng range zaxis 600mm

Linearity zaxis [%] NO.2% (3G) FSO (Fu

Linearity zaxis +200 pm

Resolution xaxis 640 points/profile

Reference resolutionaxis 15um

Profile frequency 100Hz (standard measuring field)

The nmeasuring pringle of the laser line scanneasthe triangulation principle for a

2D acquisition of a height profile of various target surfagegure 5.3) A laser line

was generated by a special lance and projected onto the target surface-gidligh
optical sysem projectd the diffuselyreflected light of this laser line back onto a
highly sensitive sensor matrix. In addition to the calibrated distance information (z
axis), the controller, integrated into the sensor head] tlie matrix image to
calculate theposition along the laser line-gxis). This generates calibrated matched
measurement values (z, X) which are than output as a precise line profile. The profile
sensor scanCONTROL 274M0 delivers 64,000 points/sec or 100 line frames/sec
with an absoluteonsistent and reliable rate.
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X-Axis .
Measuring field

Figure 5.3: Measuring principle of the laser.

5.4.2 Llaser2D/3D Resolution

Z-axis resolution corresponds to the elevation resolution (i.e. the one concerning the
distance from surface to sensor). Any points in the sarfaoint cloud(A point
cloudis a description of a set of points, usualipecifiedin a threedimensional
coordinate syster®, Y, andZ and are intended to be representative efdhkternal
surface of an objerseparated by this amount or more can leatified by scanner.

The laser scanner used inghiesearch has aszx i s r e s o | uTheredore, of 15
the sensor is able to measure steps of up ¢oftd h etakodna reference line of

640 points, at the manufacturedpecified standard measuring target-axs
resolution corresponds to the resolatedong the laser line. Higher resolution means

a greater amount of acquired data along the laser line, hence more information about
the surface. The adopted laser has adefened parameter for this purpose, which is

in the form of points/profile. The wdth of the laser line depends on the actual
distance of the sensor to the target. For example, for suddaser distance of 400

mm, the laser line widthvould be100 mm. ¥axis resolution corresponds to the
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resolution normal to laser line axis. Thigelal resolution does not have any-pre
defined value. It depends on several laser scanner parameters, e.g., exposure time,
profiles/sec, scanning distance inaxs. With other parameter fixed, higher

profiles/sec gives highergxis resolution

5.5 EXPERIMENTAL METHODOLOGY

The reconstituted specimespecimens were prepared according to the procedure as
described inCh apt eSroi 3 & h ar aAlltsgecimessawere qregared at
around the Liquid Limit of Bengawan Solo s@5%) to ensure a slurry s&a Only
reconstituted specimens were used for the tests described in this chapter. A slurried

sample was chosen in order to allow analysing evolution of drying soil.

The desiccation tests were performed in a small room under controlled temperature
and réative humidity conditions. The room has no windows and the lighting was
strictly controlled to facilitate constant conditions during testing. The soil sample
was prepared close to its liquid limit and allowed to dry in audarc glass
desiccation plate(689 cmdiameter, 1.292 cm height; Figure 5.Zhe moisture
content was determined before and after the test. Humidity data logger was
continuously monitoring the temperature and relative humidity of the room. The
average temperature during the test ¥@%°C £0.30°C) and the average RH was
37% (3%). The sample was placed on the balamdg@ch was programmed to

record water lossontinuously
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Figure 5.4 Glass desiccation plate used Faserscanner.

As with the desiccation testfie change of the vahe of the soil specimen was one

of the intereststhe whole experimental set up remained untouched until the end of
the test to avoid interfering with the test conditions. The scan time was noted and
captured image from the camera at the same time was takperform image
analysis for the comparison in measurement of crack networks between two
methods. The volume change of the sample was measured from the scanner data
using Surfer softwareThe scanning was performed at every two hours during until
most c¢acking initiates and the interval time was increased to 3 to 4 hours at the very
end of the tests when no significant changes occurred within the specimen. The scan
frequency was increased after LDT 02 (4 scans) because more scans were found to
be usefuto achieve detailed information. Therefore, LDT 03 was performed with 15

scans.

A calibration process was performed toestigate the accuracy of theser scanner
in the context of particular application whichvislume changeFor this purpose, we
measwed volume of atoy Lego by the water displacement method. We then
compared the measurement with the volume found by laser scanner system.
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5.6 GENERAL SET-UP AND ANALYSIS PROCEDURES

5.6.1Setting up the scannesind Motion Controller

After the desiccationlpte was ready to start the test with specimen in it, the plate
was placed at the top of the balance. It was done by displaying image data within the
scanCONTROL configuration tools (Figure &%). The motion controller software

was set at 3.88x10m/s and the travel distance was controlled as required (Figure
5.7). The travelling distance was then calculated to select the buffered profiles in
scanCONTROL 2700. This parameter defined the number of profiles that make up a
point cloud (i.e. to determine ehresolution in the Y/T direction with this
parameter.). The minimum adjustable value was 100 and the maximum adjustable
value depended on the paramegtemtsprofile. This setup was kept constant until

the test finished. The scanning position was immbréé each scan in order to avoid
unexpected noise around and within the desiccation plate which could lead to

incorrect calculations of the cracking parameters.

extended
measuring range
29

P
=] Standard i A ' 1025
J MEeasunng range i H
| Extended it ' 115
) Measunng range )

23
: 25 -.
extended measuring
. range 29 _

o 124 -

laser line
a6

Figure 5.5 Laser resolution measurement regfbhicroepsilorWebsite, 201
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Figure 5.7: Motion controller lab software screen.
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The sequence osetting up the 3D compact Laser Scanner is illustrated flasva
chartFigure 5.8. The position of the desiccation plate under the scanner is important
to achieve a better scanning resioin zone. The travel distance of the laser line for
scan depends on the size of the desiccation plate, the laser line length and finally on
the motion controller. For the tests performed here the travel distance was selected
based on the diameter of thesitcation plate. The next step was to calculate the
buffered profile which can be calculated from travel distance. Finally the sample was

ready for scanning and the scan continued until the test finished.

Specimen ready for test

Position the desiccation plate

Set up the travel distance of
the laser line for scan

Calculate the buffered profile
from the travel distance

Set up the scanner parameters
{e.g:Points per profile,Exposure
time,Z-cordinate direction)

-

Ready to Scan (scan 1,2,3...at
defined intervel)

Figure 5.8: Set up flow chart of laser scanresiccation test.
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5.6.2Dataacquisitionsystenfor scanCONTROL 270@&nd

Software operation

The laser was attached with the motion control unit for scanning on the move. The
laser was operated to move at a speed of 3.88x16 which allowed taking liree
measurements at 38 &em increments. Mor eov
100 mm, it produca 3 1 2. 5 -toepoint gisbance in the axial direction. The
sample was scanned at time intervals depending on the crack appearance in the
sample. Thavhole experimental set up remained untouched until the end of the test,
allowing for the accurate recording of experimental data during the test without
perturbation of the sample position and condition. The exported 3D data of the
surface profile from lax scanner is reconstructed aathlysedusing Surfer Laser
scanner surface 3D data represents point clouds distributed in-aniiomly

spaced grid. Irsurfer, the first step was to create a uniform spaced grid from these
nonuniformly spaced vectorsX(Y,Z). For the purpose of this study, and in order to
achieve high precision measurements, oua dats were additionally densifieal

both the x and y directions during gridding. This is a standard feat&erfgrwhich
facilitates the creationof aevr y f i ne gr i d. Equi di stant s
axis was used. The surface was then interpolated at the points specified by uniform
spaced grid using natural neighbour linear interpolation method. It calculates the
weighted average of neighbouringoservations using weights determined by
Voronoi polygon conceptéOkabe et al., 2008 Nearest neighbour algorithmas

useful for converting regularly spaced XYZ dense datasefutter grid files. A

module inSurfersoftware allows the calculatidhe volume below the interpolated
surface. Volume change during two different time&as then calculated as the
difference between the corresponding volurdasy other program able to process a

file containing the digital information of the sample (X,Y@n be used instead of
Surfer(e.g. Matlab)or this type of analysis
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5.7CALIBRATION OF THE L ASER SCANNER

For calibration purpose two rectangular aluminium brick with deep square groove at
the top surface of them were manufactured by the mechanibaratary of
Strathclyde University. The rectangular aluminium brick is referred dsnamy

brick in the discussion that follow¥he grooves were precisely machimade with

a differencei n wi dt h no more than 100 & m. The
known from the manufacturing process and verified by vernier calliper

measurements. Figure 5.9 shows the schematic of the dummy sample.

Difference in width no
Y2NB (KIy

5mm

smm 3T L[]

‘/(;mm

Figure 5.9: Schematic of dummy sample.

The aim was to scan both of the dummy bricks and determine the volume changes in
between them from scanner result.P&rspexplate was also made in order to ensure

to have the same scanning positioning. After the first scan"tHerigk is placed in

the same position and get another scan. Figure 5.10 and Figure 5.11 shows the

aluminiumdummy sample and the Perspex positioning plate.
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Figure 5.10: Aluminium Dummy sample.

Figure 5.11: Aluminiundummy sample with positioning place.

Unfortunately, the scanner result was not acceptable for the dummy bribkras t

was some noise preserspecially at the sharp edges, because of reflections from the
shining surface and the inability of the laser line to reach the sharp and steep edge of
the dummy. There was also some reflection from the transparent PerspeXIpate.
parameters for expage time and the filter settinggere adopted to avoid the noise,

but it was found that the error was in all measuring direction (X, Y, Z axis). Figure
5.12 shows a dummy sample in lab software screen with noise all around the dummy
after a scan. Figure B3 is the reconstructed view of the scan illustrating that these

problems could not be overcome.
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Figure 5.123D image of sanneddummy sample with lots of noise.

Figure 5.13: Surfer view of the dummy with measuring error at all direction.

To see thescanning accuracy in more detail, the groove width of the dummy was
measured with laser scanner which was supposed to be 5 mm. But as it was found,
the scanner results showed the groove width not to be uniform. This was probably

because of the discontinyiand shining of the surface. Figure 5.14, the left figure
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represents a zoom version of the scanning of the groove of the dummy sample and

the discontinuity of the line proves the inaccuracy of the scanning results.

Figure 5.141 eft: Scanned output @frove of the dummy samplRjght: Zoomed

version.

Measurement errors can also re$tdin laser scanner and analysis software/method.
We need to consider the laser scanner resolatsowell For the 3D measurement,
there ae three aspects of resolutipri&axis resolutionX-axis resolution Y -axis
resolution Measurement error source can be divided fotlowing two categories
laser scanner setup errand @mputational error These error sources effects in

every way and theutput differs from the atual input surface.
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5.7.1Calibration of laser scanner for volume change

estimationwith an alternative method

Considering all the problems associated with the aluminium dummy bricks it was
then thought to take an object with no shining surface focahbration and yet with
specific dimension that could help measuring desiccation cracking features as well.
To check the accuracy of the laser scanner for volume measuremendther

measuring featuresye t oo k a etype Hrick (Fgure 5.35). 1 e g o

() (b)

Figure 5.15(a) Image ofthe h i | d r dypebsckusesl {piothe volume
calibration (b) 3D image of théego-type brickfrom surfer using scan

data.

The volume of the Lag brick wasmeasured witlthe water displacement method
(Head, 1992BS137%2:1990, 199pand vernier callipe(measurement to 0.01 mm)
to compare to the laser scanning data. This wasallengingthing to doas it was

just a toy butit has the real advantagd capturingthe irregular crack valleys of

desiccated soil specime®ne other advantage of the brickhattthe sides are steep.
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Although not recommended by the laser manufacturer, the steepedidesthe real

data, since theealcrack sides are also steep.

Due to thecomplex and irregular shape of thegb piece the volume measurement
was performed byvater displacement metho@ihe volume was found6600 mm
Thevernier calliper measuremenwts not accepted. Theegopiecehad curveswith
shapetoo complexto be measured accurately by callipeFhe measurement from

the water displacement method agreed well with the volume calculated from the 3D
reconstructionAlso, the reproduction of #ndimples on top of each knob was found

precise Figure 5.16hows the P visualisation of the scanner data.
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Figure 5.16: 2D visualisation of the Lego in scanCONTROL software scree

The actual height of theegotype brick was withVernier calliper measurement
25.42 mmEach measurement was taken eight times and the avewrsytaken. The
height of the kegomeasured fron2D scan datavas found24.697 mm(Figure 5.15).
Thus, height was foun@d.723 mmless than the actual heigftherefore, volumetric
resolution was calculated as 728n°/cn?. Thevolume (Viegosurfe) Measuement by
surfer using 3D scanner data was found 36917.24°.nWhereas thevolume
measuredoy water displacement metho¥ {yoactua) Was as36600 mm which is

317.24mm° less So the percentad®b) error can be calculated @87%. Therefore
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for the scararea of 27.0345 cmthe volumetric accuracy per unit area was found
1.17*1 cm’/cnt .

The width was also checked from above scan data wiast81.985 mm. The actual
width was31.05 mmwhich was an average of eight measurements taken by vernier
calliper. Theheightwas underestimad by 0.723 mm, for the range of 450 mivut

the widthwas overestimatedgrobably because of the edge discontindityis is why

we found volume measurement overestimated.

5.8RESULTS AND DISCUSSION

5.8.1 Digital model

Figure 5.17presents the 3D digital imagd the sample at two different timgs) 6

hours and (b) 23 hours. The corresponding digital images are presented alongside.
The capability of the proposed device to capture the actual pattern obsethed in
tests is apparent from theigbres; only a few small fissures are not perfectly

reproduced by the model.
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(b)

Figure 5.17 3D images of the soil sample at two different time of drying, gener:

by Surferafter scanning (leftand digital imagetaken by camera (right)a)
6 hours and (b) 23 hours of drying.

Once the digitaimagemodel of the soil is generated, it can be used to explore other
features/properties of drying soilghich aredifficult to study using other available
techniques; for example, the depth of the cracks and their morphology below the soll
surface are aderved in this digital modeFigure 5.18presents the vertical profiles
associated with the two cross sections indicateligare 5.17(i.e. the two dashed

l i nes, parall el t o d&Mubesd8aresporidto thexaetiwal) . Sy
points scaned with the laser in the-direction (i.e. along the laser line). In the same

figure, the digital model obtained wiurferis represented by a continuous line. As
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expected, the digital model closely fits theanned points. Figue18bpresents the
profile of a vertical in the Xdirection dotained with the digital model.
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Figure 5.18 Evolution of typical cross section during drying showing the sectic
profiles at different times (&rosssectional profile along Y axis (model ar
experimentafter 6h of drying)(b) Crosssectional profile along X axis
(model after 6h of drying).
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5.8.2 Cracking mechanismbservedrom scanner result

Figure 5.19presents the time evolution of the vertical profile in thelifdection.

This kind of informationis very useful in learning about the dynamic of crack
propagation with depth, which is not possible to obtain with other available
experimental technique#t. can be observed that at the beginning, the shrinkage is
asso@ted with settlement only (Fige 5.19 from initial to 2hrs). The first crack
appears around 4 hours after drying and stameden at the tip followed by vertical
propagation wh sharp local drying front (Fige 5.19 at @rs). This process
continues until 16 to 18 hours with a settlenface cracking pattern. Vertical crack
propagation and widening continued until approximately 24 hours of drying. At 24
hours, the initial cracks seemed to have reached the maximum depth first. The total
test duration was 60 hours. From 18 hours to 60shdhe average spacing of these
cracks did not vary much. The extent of cracking vertically seems to depend of the
thickness of the plate/soil layer. Similar observations were madghbylin et al.
(2000.
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Figure 5.19: Evolution of the central cressction along Yaxisduring drying,

showing the section profiles at different times

5.83 Estimation of volume change of the drying soil specimen

Following the procedure explained in Section 5.6h2 information from the digital
imagesat differenttimes can be used to calculate the volume change of the sample.
This is one of the main advantages of this device and methoddlogydvantage of
knowing volume change is that volume change during shrinkage can be associated
with vertical deformation ahe surface, lateral shrinkage, and cracking. It allows for
the calculation of the variations in the void ratio/porosity that takes place during
shrinkage. Changes in porosity of intact soil can be used to estimate the changes in
its permeability. The chrages in crack geometry can also be tracked and then used to

develop models accounting for the effect of cracks on flow and evaporation. Future
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work can use this method to study the volume changes associated with each stage of

the desiccation and crackingogesses in high resolution.

Figure 5.20(a)presents the evolution of volume change in tidéer 24 hoursof
drying, the volume remained nearly constant. The proposed device allows recording
the water loss during desiccation; from which the water cor@m be calculated.

Figure 5.20(bpresents the corresponding results.
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Figure 5.20: Timeavolution of (a) volume changf) water content.
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5.84 Evolution of the drying desiccated soil specimen

Detailed information about the shrinkage lenion and how settlements and cracks

are distributed in the soil sample during drying can easily be obtained from the
digital model of the soilFigure 5.21presents the contour levels at different times,
from which it is possible to study how settlemeansl cracks evolve during drying.

A contour plot has been used to describe the vertical deformation of the drying and
cracked soil. Contours are one of severmhmon methodssed to denotelevation

or altitude and depth ormaps Generally, a contour linéor a function of two
variables is a curve connecting points where the function has the same particular
value. A contour line joins points of equalevation(height) above a given level.

From these contours, a sense of the getemaincan be determad.
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Figure 5.21Contour levels at different times.
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