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SETTLEMENT BEHAVIOR OF SANDY LOAM DUE TO SUCTIONARGES
ASSOCIATED WITH SIMULATED ARTIFICIAL TREE ROOTS

ABSTRACT

Shallow foundations rested on Leda clay that amdelyidistributed in Eastern Canada
exhibit shrinkage characteristics and are pronéifi@rential settlements. Due to this
reason, significant repairs are necessary to thedations and basements of residential
structures constructed in Leda clay deposits. BEffeal settlements are commonly
attributed to the changes in the natural water esdnbf soils associated with water
infiltration, evaporation or plant transpiratione(i tree-roots-suction). Various research
studies have been undertaken to estimate the possitilements of shallow foundations
associated with the water infiltration or evaparati Several thumb rules have been
proposed through research studies, providing recemdistions with respect to the
distance at which trees must be planted as a famofi their heights at maturity such that
differential settlements can be avoided. Howevsnitéd studies have been carried out to
estimate or model the settlements of shallow fotioda taking into account the

influence of tree-roots-suction.

In the present research program, a comprehensiperiexental study regarding the
deformation characteristics of a sandy loam soimfrOttawa due to tree-root-suction is
undertaken, using specially designed equipment.siindy has been undertaken using a
sandy loam soil so that the testing program caodoelucted in a shorter period of time.
An artificial rooting systemARS was designed and placed in a specially desigamekl t
at the University of Ottawa to simulate tree-roststion and measure soil surface
settlements associated with a decrease in natatalwontent (or increase in soil suction)
using particle image velocimetri?lV) technique. Thé&RSconsists of an artificial root,
suction generator, matric suction and volumetritcewaontent monitoring devices. The
variation of matric suction and volumetric watentant are monitored at various depths
using the instrumentation of tRS Based on the results of the experimental studies,
methodology is proposed to model the settlemenawiebr of sandy loam soils due to
suction fromARS using commercial finite element softwaB5ERW andSIGMAW (i.e.
software package of GeoStudio 2007). The studyroféereasonably good comparison
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between the measured surface settlements and déistisgated using the finite element
modelling analysis. The modelling methodology pnéseé in this thesis is promising and
may be extended for estimating the settlement bebhaassociated with the tree roots
suction of Leda clay deposits and to other soils.
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement

Trees around residential structures are aesthgtigdeasing in residential areas.
However, there are also adverse effects assoamtedheir growth which contributes to
excessive ground displacements or differentiallesatints of the foundations in some
soils, such as the Leda clay, which is widely pnése Eastern Canada. The settlement
problems may predominantly be attributed to the-tmots-suction that contributes to a
decrease in natural water content (or increaseiirssction). Property owners depend on
the consulting engineer or contractor’s servicesadoress these rather expensive to
correct problems. Researchers have been investigaolutions for reducing the
settlement problems associated with the extra dryamound the tree-foundation
proximity for several decades. Many rules of thuanikd empirical applications have been
promoted in practice to control soil deformatios@sated with tree-roots-suction based
on the types of trees by investigators (Cameromle2006). However, the existing
methodologies cannot be generalized for all tygfesods and practical scenarios, since
there are limited field and experimental studie$soA there is a lack of theoretical
background to explain this behaviour from a geatexdi engineering standpoint of view,

based on the mechanics of unsaturated soils.

Several settlement problems in Leda clay deposit® bbeen reported in Eastern Canada
(Crawford, 1968). A survey of 574 structures intcanOttawa highlighted the nature of
movements in relation to soil and vegetation cood# (Bozozuk, 1962). In this study,
differential settlements up to 14 inches (35 cmjeareported in buildings of 60-80 years
old without vegetation influence. However, sigraiit movements associated with the

large elms and other broad-leafed trees were aported and summarized. The
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conclusion was that shrinkage of the subsoil causssous damages to shallow

foundations of residential structures constructededa clay.

As per Statistics Canada (2006), the populatio®tiéawa has risen by 7.3% between
2001 and 2005 which contributed to a significanderiin residential structures
construction activity. Ottawa region is now consateto be the undisputeédwn house
capital of Canada with 65% of its total populati@n3 million) living in single family
units and town homes. Most of these town homesamstructed in Leda clay deposits,
as they are widely spread in Ottawa region and psing differential settlement

problems associated with tree roots action.

There is an urgent need to develop a methodologgpproach that can be used to
estimate the tree-roots-suction related foundasiettiement taking into account the site
classification, single or group of trees and seakam environmental changes. Such
studies can be useful not only for the Ottawa &ngaalso for other regions in the world

where similar problems are encountered.

1.2 Objectivesof the Thesis

The objectives of this thesis are; i) to designcsdzed equipment that can be used to
investigate the deformation characteristics ofssaith respect to tree-roots-suction; ii) to
develop a numerical modelling methodology to siteuthe surface settlement of a soil
due to tree-roots-suction, using commercial fintlement software, extending the

mechanics of unsaturated soils (Geo Studio 2007).

To achieve these objectives, a comprehensive erpatal research program was carried
out at the University of Ottawa, using a specidigigned artificial rooting systerARS
with sandy loam soil (a local soil collected frontt&va). This system comprised: a
Piezocone (artificial root), a vacuum gauge, a eotional Tensiometer, a direct suction
measurement MPS-1 probe (for monitoring the vammtf matric suction in the soil) and
5TM Volumetric Water Content and Temperature Prabenitoring the variation of
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volumetric water content in the soils. The systeaseanbly was powered by air pressure
that could be converted to vacuum (analogous te-rmets-suction) by a vacuum
generator. Experimental results gathered from ¢isearch studies were modelled using
Geo Studio (2007), which is a finite element metbaded commercial software. One of
the key parameters required to estimate surfat¢lersent was the suction modulud,

A modelling method to estimate reasonable surfatidements due to tree-roots-suction

using the suction modulull, is detailed in the present research program.

1.3 Scopeof Thesis

This thesis consists of two parts: experimentagpm and numerical analysis.

The experimental program, details tA&RS and the procedures used to conduct the
laboratory tests for simulating surface settleneentsed by tree-roots-suction. This part

also includes the following:

I.  Preparation of soil sample and compacting theisdiie tank

ii.  Saturation and desaturation of the compacted soddjusting the level of water

in the tank

iii.  Installation of various apparatus to monitor theiateon of matric suction (i.e.

conventional Tensiometer) and volumetric water eon{5TM)

Iv.  Monitoring surface settlement using a software pgekby analyzing the images

taken from an HD camera

v. Performing various experiments to determine thesmay and mechanical

properties of the sandy loam soil referred to ia thesis

The numerical analysis part, details the simulatibthe experimental results, including:

i Introduction of the commercial finite element safte, Geo Studio 2007,
SEEP/W and SLOPE/W.

SETTLEMENT BEHAVIOR OF A SANDY LOAM DUE TO SUCTIOMNANGES
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ii.  Details of simulating saturated and unsaturatedlitionms using the SEEP/W
iii.  Details of modelling the artificial root and treeets-suction

iv. Comparison between the measured surface settlerardtthose estimated using

the finite element analysi§EA)

<

Comparison between the measured matric suctionhbiison profile with depth

and those estimated using fFigA.

1.4 Organization of the Thesis

The research undertaken is organized in seven chaipters as follows:

The First Chapterdescribes the problem statement, the objectivéleofesearch, scope
of the thesis and the organization of the thesis.

The Second Chapter‘Review of Literature”, provides research backgrd related to
artificial rooting system along with brief reviewlated to the mechanics of unsaturated
soils that are relevant to the estimation of tdesaent behaviour of soils due to suction
induced by tree roots.

The Third Chapter,“Methodology and Equipment Details” presents tesign details of
Artificial Rooting System ARS along with (physical and mechanical) soil projssit
sample preparation, installation and operationasfous apparatus, including monitoring
techniques.

The Fourth Chaptey “Experimental Testing Program and Results”, pnesARS test
results such as surface settlement and variatiomatfic suction, volumetric water
content in the compacted soils with time for diéier vacuum pressures (analogous to

tree-roots-suction).
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The Fifth Chapter “Numerical Modelling Studies’, presents a summafyhow finite
elements method analysis has been used for egignide surface settlement behaviour

of soil associated with the simulated tree-rootssac

The Sixth Chapter“Analysis of Laboratory and Model Results”, prdgs comparisons

between the experimental results and those estimiiag the~EA.

In the last Chapter, “Conclusions”, summary of éixperimental program and numerical
modelling analysis results is presented. In addljtithe various applications of this
research work for professional practice are presknt

SETTLEMENT BEHAVIOR OF A SANDY LOAM DUE TO SUCTIOMNANGES
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CHAPTER 2

REVIEW OF LITERATURE

2.1 Introduction

The Champlain Sea, as referred to in the presentitgésature, was once a vast body of
salt water found 12,500 of years ago, extendinghftbe present Pembroke region to
Quebec City. As the glaciers retreated, so didsteg leaving large pockets of sensitive
marine clay known as “Leda clay” in its wake (SmmideFeet of Clay, Weekly journal,
9th year, no. 44, Friday, October 15, 2004). Leldy still exists in thick pockets at
varying depths beneath Ottawa (one recent studynastd about 30% of Ottawa is
resting above a layer of marine clay). Ottawa hiatkast 377,100 households on this
sensitive Leda clay deposit by the end of 2010. Wahthese houses have already
encountered or will be having foundation problemssogiated with the soil shrinkage due

to tree-roots-suction.

According to the Canada Mortgage and Housing Caitpmr survey (CMHC-2004), 50%
of the 19,381 households reported "wear and temuiring renovations and 29 per cent
of them have reported issues related to basemehlgmns. The Bank of Montreal (BMO)
surveys (see Figure 2.1) conducted by the Legekdliuig Department, identified that 38%
of the top 10 Canadian home renovation loans weston basement repairs.
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Figure 2.1 Top 10 Canadian Home Renovation Projects for gdddrce: BMO surve!

Basement and foundation damage necessitating honmwvatton and repair can |
caused by many factoincluding shrinkage of the clay soil which leadsctacks anc
contributes to leakage into the basements and gquésdy poor fitting doors an
windows caused by the differential settleme

2.2 Potential role of rootsin soil shrinkage

In the capital regiorof Canada, which constitutes the Ott-Gatineau region, hight
transpiration from trees occurs during the warm ehgnths of June, July and Augt
each year. In this highly urbanized area, the amadinvater transpired by trees
estimated to be largd¢inan that provided by natural rainfall, specifigalluring the tree:
growing season. When the soil experiences watertegdey trees exploit all sources
water at their immediate disposal. The longer tlmight conditions exist, the higher w
be tre risk associated with the trees which contribatéhe shrinkage of the surroundi
soil.

SETTLEMEN BEHAVIOR OF A SANDY LOAM DUE TO SUCTION CHAN:I
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The key parameters that influence the soil settterbehaviour due to trees transpiration
(see Figure 2.2). Transpiration involves the movanod water vapour from the leaves'
canopy into the atmosphere. The soil in which tigresv is the reservoir from which the
roots replenish the tree. In most tree specie$/o8&f roots are found in the upper 0.3 m
of the soil. Most of the remaining 20 % of roots &pically found within the top 1.0 to
1.5 m of soil, with some growing up to 2.0 m, amdety as deep as 3.0 m (CHMC,
Understanding and dealing with Interactions betwdeses, Sensitive Clay and
Foundations, 2005). Generally, trees take up wakare the soil is in contact with fine
or small feeder roots. Once the soil dries out adothe root, roots are capable of
withdrawing water from surrounding soil areas, buly within an area about 0.3 m from

the tips of tree roots.

The zone of influence of the trees demonstrates sttaylow-foundations in the range of
1.5 m deep, such as those of town homes and deagiéy units, are at greater risk than
deeper foundations in the range of 3.0 m deep (€igLB). The zone of influence of trees
is generally related to the extent of their roatvgth (Figure 2.4). The lateral spread of
roots is recorded to be two to four times the hieaflthe tree.
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Figure 2.3: Theorrelation between an immature tree and buildgéatiol

(Source: Cnada Mortgage and Housing Corporation)
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(Source: Canada Mortgage and Housing Corporz

Soil shrinkage is localized to the zoof influence,where soil water is removeleading
to differential settlements. Water can also be needofrom the soil by several oth

mechanisms apart from transpiration, such as agtgin activities, e.g. excavatic

The conventional housing constrion is not designed to handle differential settletsy
deformation and cracks on foundation associatett wee roots suction. Due to tl
reason, in this research work, 1ARSIs used to investigate deformation characteristic
sandy loam soil assoted with the capillary action. An artificial roobrf inducing
capillary suction movement of moisture in the sals first discussed about a century
by Briggs and Lapham (1900). The concept of aréificoot has progressed slowly o\
the past decade Research work, in recent years, has revived mdeeest, particularl

in the agricultural science field (E-tal et al., 1991 and van Bruggen et al., 2(
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2.3 Capillary Suction

Figure 2.5 details the concept of capillary risechican be used as a tool to explain the
influence of root action. The voids present withive soil can be considered as 'bottle
necked' capillaries, which begin to fill as the ergbresent in the particles integrate. Due
to gravity, there will be maximum water quantityepent in the voids. The soil suction is
in the state of reduced pressure compared to te drater surface. As the moisture
content of the soil decreases, the water quangigps into smaller voids, their radii of

curvature also decrease, finally causing increasédduction.

ground surface A
2R\
)
@
0
L
c
.0
°
. 3
hc > w
Z p—
< .
AR ¥ 5 ) e S ey e L
AR : h, = 1/a \
y W ate (air-entry head)
>
water content

Figure 2.5: Capillary rise in soils of differenktares (Source: Lu and Likos 2004)

Water evaporating from the leaves starts the sugtidl. The water molecule evaporates
from the leaf and pulls on the molecules aroundsitit departs. This creates a small
suction in the water column and pulls water alohg teaves-stem-branch-root wall
causing capillary action. The chain continues ® shrrounding soil acting as a pump,
bringing water to the surface from a well. Thefantl rooting systemARS adopts this

same concept using a pump and porous materiakastdrface between the soil and tree
root.

SETTLEMENT BEHAVIOR OF A SANDY LOAM DUE TO SUCTIOMNANGES
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2.4 Key Studies Related to Artificial Roots

There are three different types of approaches tegoin literature with respect to
artificial roots or artificial root systems. Thedi approach is based on the experimental
methods which were adopted by early researcheagrdultural science. The other two
approaches are based on using the empirical metbhodteld studies. Both these
approaches are used by geotechnical engineersabmgvorld. The flow chart in Figure

2.6 highlights some key contributions in this resbarea.

Briggs and Lapham (1900)

Experimental Approach Empirical Methods Field Studies
|

Bozuzuk (1962)
Bar-tal et al. (1991) Feddes et al. (1976) Tucker and Poor(1978)
Van Bruggen et al. (2000) | Nyambayo and Potts Cutler and Richardson

(2009) (1981)
Fatahi et al. (2009) Biddle (1983, 2001)

Navaro (2009) Richards et al. (1983)

Silvestri (1992)

Jaksa et al. (2002)

Figure 2.6: Shows development of studies relateatttbcial roots

24.1 Experimental Methods

Briggs and L apham (1900)

Briggs and Lapham (1900) were the earliest invastig to study the capillary

movement of soil moisture using an artificial rodhe key parameters required for a
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successful artificial root was highlighted by theseestigators in the Bulletin 19,
Division of Soils of the Department of Agricultur&éhey proposed different ways to
determine the rate at which a soil with certainshoke content is able to supply moisture
to the roots of a plant considering an analogoubnguforce to the action of the plant

root.
Bar-tal et al (1991)

Nearly a century after Briggs et al. (1900 and 1988d King (1904) pioneering
contributions, Bar-tal et al (1991) extended a e€lés similar concept to study zinc
transportation into an artificial root. The objeetiof this agricultural research was to

practically test the transportation of Zinc anddatle a model for absorption in plants.
The experimental system adopted consisted of;

(i) A 15-bar bubbling pressure ceramic tube (manufadiuby a soil-moisture
equipment corporation in Santa-Barbara, CA) wittmehsions 0.8 g mass, 100
cm long, 0.2 cm inner diameter, 0.4 cm outer di@mahd 12.6m? surface area
simulated as the artificial root.

(i) A solution flowing from a source container towamd$raction collector through
connecting Tygon tubes and ceramic tube.

(i)  Tygon tubing
(iv) A peristaltic pump which drove the source solutitirough the rate of
3.5+0.5cm3h™1

(v)  Water and Sand: Montmorillonite mixture of knowngsaatio.

Bar-tal et al. (1991) suggested from their expentakstudies that zinc transportation can
be decreased by increasing the fines fractionaf itl the source solution. In other words,
zinc present in fertilizers can be prevented toreagextent from contaminating food
supply if clay soil is mixed up with the growingilsd’he assembly used for conducting

this study is shown below (Figure 2.7).
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ASSOCIATED WITH SIMULATED ARTIFICIAL TREE ROOTS 13



Ceramic tube Tygon tubing

Tt et |
o A
SRS
e Ten e eeets
o S S

R R RN

O

@)

Container (soll

Fraction Peristaltic

or solution)
collector pump

Figure 2.7: Experimental set up by Baraahl.(1991)

Van Bruggen et al. (2000)

The use of artificial roots cut across disciplireesl contributed to the development of
several models that are used in practice today. Bfaiggen et al. (2000) proposed a
model to study the movement of rhizosphere bacteojulations along wheat roots.
Based on their study results, a wave-like distrdru{called BACWAVE) is suggested to
simulate and model the growth and death of bactenelation to their substrate.

2.4.2 Empirical Methods

Several investigators proposed empirical methodswinclude some models developed
to understand the influence of root action on thmugd movement. Root water uptake
modelling is the process of generating an abstcaciceptual and graphical method, with

or without mathematical models to determine poretewgressures and ground
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movements considering dynamic factors of the atmesy vegetation and soil. Research
literature offers a growing collection of methotlschniques and theoretical background

including finite element analysis models.
Feddeset al.(1976)

Feddes et al. (1976) developed a model for rooefugttake by adding a volumetric sink
term to the continuity equation for soil-water floarcy’s law was used to describe the
flow of water in the unsaturated-saturated soitesys For one-dimensional vertical flow,

the origin ofz (¢cm) at soil surface and positive in downward directitre volumetric

flux g (cm® H,0.cm™? soil.sec™1) can be written as:

q=-K©O)7F, [2.1]
where;

6 = volume water conterfcm?® H,0.cm™2 soil)
K (8) = hydraulic conductivitgcm. sec™1)
H = total headcm) i.e. sum of the pressuhgf) and the gravitation hedd-z)

Applying the principle of continuity and represefithe water uptake by the roots as a
sink termS (cm3 H,0.cm™3 soil.sec™!) depending on volume water cont€a), the

time rate of change of the soil-water content is:

20 _ 9q _
ot oz 5(0) [2.2]

wheret is the time (sec).

The basic differential equation for one dimensiowattical flow can be obtained by

combining equation (2.3) and (2.4) as given below:

SETTLEMENT BEHAVIOR OF A SANDY LOAM DUE TO SUCTIOMNANGES
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% - ai (K(e) Z—H) —5(8) [2.3]

Equation (2.4) is a second order, parabolic paditierential equation which is non-
linear because of the dependence Kfuponf. SubstitutingdH = h — z, assuming a
single-valued relationship betweénand 6 (i.e., hysteresis taken into account) and
representindl dh/96 by the symbol of diffusivityD (cm?. sec™1)

206 _ 2 20 0K(0)
== E(D(H)Z) () [2. 4]

The sink term can be considered as a function @fsthil water content as illustrated in

Figure 2.8.

For conditions drier than the wilting point and teetthan a certain anaerobiosis point, it
may be assumed that the water uptake by rootsr ¥¥ilting points vary with the

variation in the osmotic pressure of plant-tissues.

5 {a) a(@):S(G)/SmGX

41

[ JESY o ul Sy g U S

° o
] °r 5y
-107 -15,000 -400-50 0 h (cm)

Figure 2.8: General sink term as a function offs@iter content and pressure heads

critical for water uptake by roots. (Source: Fedelesl. 1976)
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Some differences were observed between the measxmetimental resultand the
computed values due to the adoption of a singlestma retention curve and a sin
hydraulic conductivity curve for the entire soilofite. More so, boundary conditions
the top of the soil compared to the water uptake rbgts ir-situ differ due tc

oversimplified expressions used for sink termsathbr-situ and experimental resu
Nyambayo and Potts (2009)

Nyambayo and Potts (2009) present a root watekapteodelin finite element prograr
that can perform mechanical and fluid flow behawdoalyses (RWUN Figure 2.9. The
authors consider the sc-plant-atmosphe continuum using rainfall ar
evapotranspiration as input data in coupled analy®¥VUM). The oot water uptake i
assumed to be zero at pore water suctions (negadreswater pressure) greater tlthe
wilting point (S,) and below theife sustained by the tree roat the absence ¢
oxygen(S; ). A linear variation similar to Feddes et al. (697Avas proposed fc

transpiration ¢) to suction.

;oo ~
7 ; ~
7 ~
/ : N
7/ 1 N
/ ' ' N
/ 1 1 N
7/ 1 1 N
/ ! ' N
/ 1 ] \
I 1 1 \
0 & b b h >
Sl S2 S3 S4 Suction (-Py)

Figure 2.9.Linear variation of transpiration to suct (Source: Nyambayo and Po
2009)

The results of this model demonstrathat RWUM can be used as a tool to model
ground movement in different seas. RWUM further showed that in the sumn
seasons desiccated profile formed cannot retuits toitial thickness during winter whe
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evapotranspiration reduces totally. The resultthf study also show that the influence
of S is limited to the suction range of 50-200 kPa, akhis unlikely to have any

significant influence on the ground movements.
Fatahi et al. (2009)

Biddle’s (1998) investigated the influence of Pogiees roots suction on the ground
settlement behaviour. Fatahi et al. (2009) haveeuallen numerical analysis and
parametric studies using the case study resultsnsuized by Biddle (1998). From these
studies, they found that the most important faciarsoot-water uptake are the root

density, root distribution, and potential transpama.

A two-dimensional finite element analysis was utedetermine the distribution of soll
moisture within radial distance of the tree. InstAnalysis, it was assumed that rainfall
and evaporation compensated each other. The pa@amdisted below were
recommended to be measured or estimated accutatelghieve reliable predictions of

the ground settlement using the finite element oe{{FrEM) model.

I.  Soil permeability

li.  Suction of wilting point
iii.  Solil density
iv.  Root length distribution

v. Rate of potential transpiration

This study further stated that the potential tranagion with depth had marginal to no

effect on ground movements.
Navarro et al. (2009)

Extending the studies originally presented by Inairaa et al. (2006), Navarro et al.
(2009) presented an approach for understandingnfiieence of root distribution on

foundation settlement behaviour in urban areas. ddreeptual model used the hydro-
mechanical behaviour of unsaturated soils to vedidareal stabilization problem. The

model investigated makes it possible to point athiesnatically the functions of the
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buildingtree system in aarge number of cases. It was applied in supportire
identification of damage mechanism in a real cds&tabilization, playing a key role

the design of remedial workTable 2.1 summarizesther key studies based on empiri
methods or models.

Table 2.1 Other studies based ompirical methods

Author Publication

Prasad (1987) A liner root water uptake model

Gardner (1990) Modeling water uptake by roots

Green et al. (2006) Root uptake and transpiratiofrom measurements a

models to sustainable irrigation

Rees and Ali (2006) Seasonal water uptake near trees: a numerice

experimental study

243 Field Studies

,.|‘|E'
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b

i
i
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Figure 21C: Showing Safe distand®/H, (SourceCHMC)
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Bozozuk (1962) was one of the earliest pioneers mvboitored settlement and shrinkage
with depth and distance from an elm tree. Subsdtyleseveral researchers have
investigated using a field approach to monitor\thkdity of safe distance and provided
their recommendations (see Table 2.2). Safe dist&igure 2.10 can be expressed as a

ratio of minimum horizontal distanc@)) to foundation base and the height of fiidg

Table 2.2: History of attempts made using the fag@roach
Author Related studies
Bozozuk (1962)| Pioneered and monitored settlemmhisarinkage with depth

and distance from an elm tree.

Recommended: Safe distance of foundation udngl).

Ward (1953) Monitored planting of trees and so#ideation in
United Kingdom.

Recommended: Safe distand® H) should be equal to one.

Tucker and Studied a demolished estate caused by tree rdmessfecies
Poor (1978) present were mulberry, elm, cottonwood and willows.

Recommended:D: H) greater than one.

Cutler and Reported cases on 2,600 cases of building damaddK.ilbata
Richardson base of specie findings showed 75% of building dganaas
(1981) influenced by a particular tree species.

Recommended: The farther the tree related to tigdhthe more

dangerous the tree.

Biddle Conducted soil water changes around specific fpeeiss in
(1983, 2001) open grass land in the UK. Water changes were wr@aitwith
neutron moisture meter.

Recommended: The depth, radius, horizontal andcaérdrying

was dependent on the specie of the tree.

Richards et al. | Conducted tree species within two cities in Ausdtalhe
(1983) eucalypts and pine tree species.
Recommended: Eucalypts had more drying effects pivae on

clay soil.

Silvestri et al. Monitored soil moisture over targears for two damaged
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(1992) buildings in Montreal, Canada. The ressiitsw that Lombardy
popular and other species match Biddle (1983)&sffo
Recommended: Desiccating effects would affect dayiewv
foundation constructed at distandd$ to 1.5H.

Jaksa et al. Used suction profiles to study influence from laggen trees in
(2002) two cites. Single gum tree and Row of trees.
Recommended: The single gum trees influenced suatien
D/H < 0.5, the row of trees influenced suction when

D/H < 0.8, this was in accordance with Richards et al. (1983

Tree pruning can play an important role in redudmgndation damage. When pruning
the mass of trees in terms of branches and roetgemuced, to maintain a balanced
system. This role reduces the amount of water rkédemeet transpiration. Some
researchers in geotechnical engineering Table aw& linvestigated the effect of tree

pruning.

Table 2.3 : Effect of Tree pruning on foundatiomdae

Author Publication

Holtz , Forth geotechnique The influence of vegetation on the swelling and

symposium in print (1983-6) | shrinking of clays in the United State of America

Driscoll, Forth geotechnique | The influence of vegetation on the swelling and
symposium in print (1983-6) | shrinking of clays in Britain

Blight (2002) The vadose zone soil-water balanak an

transpiration rates of vegetation

Smethurst et al. (2006) Seasonal changes in pdes paessure in a

grass-covered cut slope in London clay
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2.5 Other Studies

Some investigators have studied the damage caugedrelk roots on buildings

foundations from laboratory tests conducted in rheateks.
Satriani et al.(2010)

Satrianiet al. (2010) studied the influence of the direct andirgat root effects on
monumental and historical buildings using non-degdive geophysical techniques. A
three year old peach tree was planted at the cehthee wooden box of 1.10 m x 1.10 m
x 0.60m and filled with about 60% of sand and 40% of clayuhderstand the growth
rate of roots. The results of this study were usefextending geophysical techniques to

the identification of tree root growth close toldings.

2.6 Studiesrelated to Leda Clay and roots action

The Table 2.4 summarizes the key contributionsdweral researchers who studied the

shrinkage characteristics of Leda clay due to toe¢s suction using different approaches.

Table 2.4: Summary of the key research contribgtr@hated to the shrinkage behavior of

Leda clay.
Authors Publication Summary
Bozozuk | Soil shrinkage damages Drying of undisturbed Leda clay breaks
(1962) shallow foundations at Ottawadown flocculated structure of the soil.
Canada Large trees cause severe settlements in
buildings and damage streets and
sidewalks.

To minimize effects of flocculated break
down vegetation should be watered
during summer months

Crawford | Summary of Eastern Canada| Large settlements occur due to shrinkage
(1968) Quick clays in the upper 10 or 15ft of Leda clay.
Shrinkage is caused primarily by
withdrawal of soil water by vegetation.
Restricting tree growth near shallow
foundation unless soil is dried with low
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water content it has little swelling

potential.
Burn House settlements and trees Trees cause the nmagdainder the
(2973) fast growing species.

Damage is caused by lack of rainfall
during the growing season

Where subsoil is Leda clay, problems can
be avoided by judiciously planting slow
growing tree species.

Penner and Review of engineering Foundation damage by trees include
behavior of Leda Clay consumption of water proportional to size
Burn .
Electron micrographs of Leda of tree
(1978) Clay Fast-growing trees require large amounts
of water

During landscaping trees should have
distance equivalent to height of tree.
Rows of trees are more aggressive and
water consumption extends beyond
influence zone, compared to individual
trees.

As soon as damage is observed offending
tree should be removed.

The species recommended by the City of Ottawa la@d~orestry Service, were selected
according to their height and root depth. This sifasation can serve as a means to
mediate the problem statement but it does not $hep moisture demand of trees,

especially during prolonged summer seasons or titoug

2.7 Treespeciesplanted in the Ottawa area

The summary shown gives a list of trees recommerspeties for the Ottawa area,
compiled by the forestry services. The speciessalected depending on the localization
of the tree; also certain species are categorizeskasitive to the marine clay soil. The
trees are classified in terms of maximum heighte Table 2 ifAppendix D] shows

height and species of trees in terms of: (i) sni@lmedium and (iii) large.
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2.8 Estimation of Settlement Behaviour from the Modulus of Elasticity

extending to the M echanics of Unsaturated Soils

The modulus of elasticity can be used as a toodbetier understand the stress and
deformation behaviour of unsaturated soils in teofisvo stress state variables; namely,
net normal stres§o - u,) and matric suctiofiu, — u,,). Several investigators have

provided relationships for soil structure, wateagpd and flow laws for the water phase to
determine the deformation behavior of an unsatdratél (Alonso et al. 1990, Gens and
Alonso 1992, Fredlund and Rahardjo 1993, Vu andlBrel 2004).

The primary interactive processes involved with @umne change analysis of an

unsaturated soil are stress deformation and wiater f

There are four different types of modulus of etastidiscussed by Vu and Fredlund
(2004).

i. Eis an elastic deformation parameter for the rarayement of soil structure or
soil with respect to net normal stress.

ii. His an elastic deformation parameter for the rerggement of soil structure or
soil with respect to a change in matric suction.

iii.  E, is an elastic deformation parameter for the raragement of soil structure or
soil with respect to the change in the amountater in the soil with respect to a
change in net normal stress.

Iv.  H, is an elastic deformation parameter for the raragement of soil structure or
soil with respect to the change in the amountatier in the soil with respect to a

change in matric suction.

In addition to any these parameters, a succes#fidrmation model would include
Poisson ratiqu; slopes of the soil structure and water phase titotige surface see
Figure 2.11.
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Figure 2.11: Constitutive surfaces for (a) Soiusture (b) water phase of an unsaturated
soil (Source: Vu and Fredlund 2006)

wheree, = Ae/(1+ ey), ey is the initial void ratio of the soil as a refecenelement

Omean 1S the mean net total stress.

The above relationships can also be used to umshershe volume change characteristics

due to root action of the Leda clay using the measeof unsaturated soils.

2.9 Summary

The influence of root capillary suction on soil oehation behaviour has been
investigated since 1900. Several researchers hdmeted different approaches towards
understanding the behaviour of ground movementsethbby maturity of tree roots as
summarized in this Chapter. However there are dichistudies using a laboratory
artificial rooting system to monitor surface def@ation behaviour of soils. In this thesis,
surface deformation of soil with respect to masiaction was investigated using an
experimental approach from laboratory studies.addition, a finite element modelling

approach is also presented to estimate the setitebehaviour associated with roots
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action. The results of both these approaches weespreted using the mechanics of
unsaturated soils. Comparisons between the expetaineesults and the modelling
approach were also provided. The objective of tiesis is to provide a rational basis of
not only interpreting the settlement behaviour @fund settlements due to tree roots but
also to provide a modelling approach using comraéoftware Geo-Slope (2007) to

estimate the settlements.
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CHAPTER 3

EQUIPMENT DETAILSAND METHODOLOGY

3.1 Introduction

A comprehensive experimental program was plannddcanducted for investigating the
settlement behaviour in a loam soil when subjetdedttificial-roots-suctionARS in the
University of Ottawa Bearing Capacity Equipment @CE). The UOBCE was
originally designed by Mohamed and Vanapalli (200@) determining the bearing
capacity of unsaturated soils using model platel l@sts. Several design modifications
were introduced into the UOBCE for conducting theposed research. This chapter
provides key details with respect to the modifizasi introduced into the UOBCE along
with the instrumentation and other accessories tmecbllecting the necessary data. The
data collected from the modified UOBCE include ngatsuction, volumetric water
content and surface deformation changes assoaiatieduction changes due to tARS
The instrumentation used for collecting the datdudes conventional Tensiometers and
decagon MPS-1 for measuring matric suction and frébes for measuring volumetric
water content and temperature. A new and innovatime-contact method is used to
measure surface deformation of the soil in the UBB&ing thePIV technique. In
addition, design details with respect to #heSfor simulating tree-roots-suction in the
UOBCE are also detailed.

3.2 Experimental program

The experimental program performed for the propassdarch is summarized in Figure
3.1 as a flow chart. The details related to theiowsr phases of this research are

summarized succinctly in the following sections.
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3.3 Experimental setup

The key experimental setup for collecting the regpiidata include the University of
Ottawa Bearing Capacity Equipment tank and thé@&di rooting systemARS which is
comprised of a piezocone, a peristaltic pump ansuetion probe along with nine
volumetric water content probes. In addition, eigbhventional Tensiometers, several
MPS-1s and two high definition cameras were usethé&experimental setup. While
Tensiometers and MPS-1 were used for gatheringlate of matric suction; the surface
settlement information was estimated usilky technology from the high definition

cameras.

3.3.1 University of Ottawa Bearing Capacity Equipment (UOBCE-
2006)

Mohamed and Vanapalli (2006) designed and congimiuspbecial equipment to determine
the bearing capacity of sand under saturated asdturated conditions. This equipment
is referred to as the University of Ottawa Beai@apacity and is abbreviated throughout
this thesis as UOBCE. The aluminum tank was coatgduusing a 6mm thick aluminum
sheet. Metal stiffeners were added along the hotaairection to prevent any lateral
bending or bulging that may occur during the logdifi the soil. Several modifications
have been introduced into this equipment to contheproposed research program. The
key features along with the modifications in the R{CE are shown in Figure 3.2. The
major modifications in the UOBCE includes the diors of the single tank into two
independent tanks A and B with dimensions 375 m&9& mm x 750 mm and 500 mm

x 900 mm x 750 mm, respectively.

The smaller tank, A with no artificial-root-systdiRS is used as a reference tank. The
settlement, suction and volumetric water conteainges are measured in the larger tank
B with theARSand other accessories. Similar procedures weie fosglacing the loam

in both the tanks A and B with respect to compactensity and initial conditions. More
details of the functions of the tanks A and B anelARSare provided in later sections
and while discussing results in later chapters.
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Two piezometers, one on the left and the otheherright side of the tank were added to
monitor the level of water table in tanks A and é&pectively (Figure 3.2). The front
elevation of the tank was made from transparentliagpanel. The acrylic panel served
the function of a window to allow observation oétvater table. The acrylic panel was
25 mm thick fastened with C-clamps and acrylic glddere were no observed
deformations in the acrylic panel or water leakagthe test tank during the soil fill and

throughout the duration of the tests carried ouhentank.

The decagon 5TM and MPS-1 probes were buried dan@goil fill in three layers. With
the aid of the acrylic panel and drainage valves,amount of water supplied to the tank
was controlled to avoid over-flooding in the tafikere were two elevated buckets (on
the left side of tank ‘A’ and right side of tank’)Bat 1.2 m above ground level connected
to the modified UOBCE by four supply valves andiltde pipes. The HD cameras are
firmly glued; one on the acrylic panel and the otlb@ the rigid aluminium walls
avoiding any form of movements.

Figure 3.2: Modified UOBCE Special equipment
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(A) 25 mm-thick Acrylic panel

(B) Piezometer for the water table level

(C) Clamps used to hold Acrylic panel to aluminum walls

(D) Metal form work and cross bar

(E) Rigid-aluminum walls

(F) 20 mm-thick Acrylic panel separating the test taffksind B)
(G) Water supply valves

3.3.2 Test Tank

The modified UOBCE with the tanks (A and B) shatessame frame work as shown in
Figure 3.3. A single sheet acrylic partition paoel9 mm was braced to the walls of the

aluminum and the 25 mm acrylic front panel by bals waterproofed sealant.

Partition panel

Figure 3.3: Empty test tanks (A and B)

The soil collected from the site was prepared bwmaeing roots and rocks by hand
picking. This soil was oven dried at P@0for a period of 24 hours to remove the natural
water content. The soil was allowed to reach ro@mperature conditions in the
laboratory and then poured into a 60 liter rublrend The drum with the soil was rolled

across the laboratory to achieve homogenous soditons.
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The prepared soil was compacted in both the tamkisree equal layers. Each layer was
compacted using a 5 kg hammer to achieve density @f kN/nf. A total of 214 kg and
435 kg of soil were needed respectively in tanknd tank B to achieve this density.

The compacted soil was saturated from the bottontanks using valves. This was
achieved by allowing the water to seep from elaVvdecket to the respective tanks (A
and B). The saturation valves were installed athibitom left and bottom right side of
the test tank (seEigure 3.4 (a)). For flood control, drainage floalwes were installed
under both test tanks (see Figure 3.4 (b)).

‘Drainage Valve

v ‘

Figure 3.4:(a) Water supply valves on left of testttank (b) Draining valve

3.3.3 Artificial Root System

A special system was designed to simulate the raatifotree roots in the modified
UOBCE tank which is referred to as the artificiabt-systemARS. TheARSused for of
the research consisted of (i) piezocone; (ii) sodisture suction vacuum gauge; (iii)
rubber tube and (iv) peristaltic pump.

Piezocone is essentially a piezotube (i.e., bralss with fine perforations) that can be

easily inserted in the soil. A single piezoconeisgd in the present research program to

CHAPTER 3 32



simulate tree roots. A peristaltic pump in tARS facilitates to generate suction by

displacing water from the soil surrounding the pmme through a flexible tube.

Figure 3.5shows theARS assembly which consists of the piezocone conneicted

flexible 9.5 mm rubber tube and the vacuum gaugetwis capable of measuring suction
from 10 kPa to 100 kPa. The peristaltic pump heapacity to generate a minimum of 40
kPa at 10 rpm (revolution per minute) and a maxinaird0 kPa at 100 rpm under ideal
conditions. The number of revolutions per minuta ba controlled to achieve different
values suctions. The limitation of the presentiugethowever is that a uniform suction
cannot be generated all along the length of theogene and its surroundings. More

details of the performance of tAd&kSare detailed in later sections.

Suction gauge

Artificial Root

Figure 3.5: Artificial root system assemblies

The peristaltic pump of th&RSassembly shown in Figure 3eéxperienced problems
during the lengthy periods of testing (e.g. 15 Bpukonger time periods were required
to achieve equilibrium conditions with respect twe tremoval of water using the

peristaltic pump (running it at a constant capacjyn). Due to this reason, in some cases
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irregular suction values were achieved around tbeogone that was buried within the
soil. The single stage vacuum generator manufadtby Gast incorporation is used in
the ARS This vacuum converts air pressure to suctiomgusi hydraulic pump system.
The vacuum generator does not need any source=ctriebl power and can work for
extended periods of time without laboratory hazarfise Gast-single stage vacuum
generator uses a vacuum splitter to regulate theuatmof suction transferred to the

piezocone which simulates as an artificial roahie UOBCE.

The Artificial Rooting SystemARS used in the present research is shown in Figuie 3
includes the piezocone, vacuum gauge from Soil Mmsinc., Gast Inc. single stage

vacuum generator all connected by fisher scientifixng with a diameter of 9.5 mm.

O

L U]

Figure 3.6: Single stage vaccum generator
3.4 Tensiometer

A Tensiometer is a device that can be used to ttirereasure the negative pore-water
pressure in a soil. The measured negative porerwegssure is numerically equal to the
matric suction when the pore-air pressure is atimesp (i.e.,u; = 0 gauge pressure).

Tensiometers are conventionally used both in therktory and in the field to measure
the matric suction in unsaturated soils reliablyhia range of 0 to 90 kPa.

CHAPTER 3 34



Figure 3.7 : Tensiometer with a vacuum gauge ahdraccessories

The Tensiometer assembly consists of a high amepbrous ceramic cup connected to
a pressure-measuring device such as the vacuune glanogigh a small bottebe (Figure
3.7). The tube is usually made from plastic due to itev lbeat conduction and

noncorrosive nature.

To measure suction, the tube and the cup are fllgd distilled de-aired water and
inserted into a pre-cored hole such that theregsaal contact with the soil. The water in
the Tensiometer will have the same negative presasithe pore-water in the soil once

equilibrium is achieved between the soil and thasneng system.

Tensiometers cannot measure matric suction valiggehthan 90 kPa due to problems
associated with cavitation of the water in the Temeter. The osmotic component of
soil suction is not measured with Tensiometersesisaluble salts are free to move

through the porous cup.

3.5 Volumetric Water Content (5TM Hoskin Scientific probes)

Figure 3.7 shows the Decagon 5TM Hoskin Sciengifimbe used for the present research
program. The probe dimensions are 100 mm x 32 n¥mn. This device is capable of
measuring the volumetric water conteht, and the temperature. The 5TM is designed to

measure the volumetric water content (VWC) and &napire of soil and growing media.
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It consists of two different sensors; namely, digle volumetric water content sensor
and thermal sensor (thermistor). Using an oscillatoaning at 70 MHz, it can measure
the dielectric permittivity of soil to indirectly edlermine the VWC. The measurable
apparent dielectric permittivitygf) is in the range of 1 (air) and 80 (water) and the
accuracy is £3% of the actual VWC of soil if the \BAof a soil is calculated using the

Topp equation (Topp et al. 1980).
VWC = 4.3x10P¢,;> - 5.5x10%,2 + 2.92x10%€, - 5.3x10° [3.1]

A thermistor in thermal contact with the sensorng® provides the soil temperature in

the range of -40 to 50°C with the accuracy of £atd 0.1°C resolution.

3.6 Matric Suction Device (MPS-1 Hoskin Scientific probes)

The MPS-1 is a tool that can be used to estimatendter potential of soil and other
porous materials (Figure 3.8). It has a low poveguirement which makes it an ideal
sensor for permanent burial in the soil and comtirsureading with a data-logger or
periodic reading with a handheld reader. The dino@ssof the sensor are 75 mm x 32
mm x 15 mm. The MPS-1 measures the dielectric gawity of a solid matrix — porous
ceramic discs — to determine its water potentidle porous ceramic disc is highly
dependent on the amount of water that is preseheipore spaces of the ceramic. Hence,
the accuracy of the MPS-1 is dependent on the atzuneasurement of water potential.
The range of matric suction that can be measuregd MPS-1 is in the range of 10 to
500 kPa with the accuracy of 5 kPa from 10 to B@ knd +20% of the reading from 50
to 500 kPa. Resolution is 1 kPa from 10 to 100 &R&4 kPa from 50 to 500 kPa.
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Porous ceramic di

Figure 3.8: MPS-1 Dielectric Water potential sensor

3.7 Data Acquisition System (Em50 Hoskin)

Figure 3.9 shows the Em50 data acquisition systenwas used in the present research
program. This system has five sensor ports and comeputer port (com-port). The
dimension of the data acquisition system is 127 xn893 mm x 51 mm, configured by
plugging a laptop or handheld into the com porie BCH20 utility software included in
the EM50 package provides a setup where windowdearsed to specify how often the
sensors (5TM and MPS-1) can be recorded.
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Figure 3.9: EM-50 Data Logger

3.8 PIV Technology

Several images of the modified OUBCE soil surfa@eamaken using a high definition
(HD) camera with specifications of 720p auto foéli3 video (Figure 3.10). The images
taken over a long period of time as the soil s@wfaas settling due to the desaturation in
the tank associated with tB&RS The HD camera has dimensions of 48.8 mm by 109 mm
and is connected to a USB port of a laptop on wbiolgem software was installed. This
software has the provision to specify how often gescan be taken and saved in a
specified folder on the laptop. The images from Hi2 camera can be uploaded onto
java-based software called JPIV. The property regptof JPIV was modified in the
interrogation window in order to allow for an extal plug-in called “image J-3D surface
plot” to run successfully in the program. This plagprovided an added advantage to
JPIV software in its analysis of surface deformatiovhich is the primary objective of
this research project. The software used a referetimension (in this case, the
dimensions of UOBCE inputted in pixels) to deterenihe change in surface deformation
by comparing between pixel changes in the phot filhe summary of the results is
represented on a contour graph plan. The “persm8caind “scale” functions allow the
calibrated photos to be visualized in 3D-projectiorthe form of contours. More details
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of how the collected information is converted imeformation data are summarized in
Chapter6 Section 6.7.

Figure 3.10: High Definition (HD) camera (sourceicksoft Life Cam manual)

3.9 TempeCdl

The Tempe cell is a device commonly used to detexntine soil water characteristic
curve SWCQG for soils in the suction range of 0 to 500 kPhe Trempe cell is used to
measure th&WCCtypically for a higher suction range (i.e., 0 -00%Pa). The Tempe

cell is a smaller unit and only facilitates to maastheSWCCof an individual specimen.
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Figure 3.11: Schematic of a Tempe cell used irr¢search

Figure 3.11shows the Tempe cell set up used for measurinGWeEC A saturated soil
specimen is placed on the saturated porous cestore or disk in the pressure chamber.
The air pressure in the chamber is raised to acpbesl value above atmospheric
pressure (i.e., above zero gauge pressure). Thewmster pressure connection at the
bottom of the cell is open to atmosphere (i.e.epmater pressurey, = 0). The matric
suction of the soil is equal to the gauge air presén the chamber since the pore-water
pressure is maintained at atmospheric conditiotseduilibrium conditions, the soil
specimen(s) has a water content that corresponds gpecific matric suction value
applied. The mass of the soil specimen(s) is detemn after the equilibration.
Approximately, 1 or 2 days of time is required thigve equilibration conditions for the
tested loam. The equilibration time is dependentlentype of soil, thickness of soall
specimen, applied suction and the coefficient off@ability of the soil specimen and the

high-air entry disk.

Several values of matric suction that are increaBiom low to high values are applied to
obtain theSWCCrelationship. Typically, 6 to 8 data points ardexied such that the key
features of th&WCC(i.e., the air-entry value and the different zookansaturation) are

determined. The gravimetric water content of thi smecimen(s) is determined at the
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end of the test (i.e., highest suction range t¢sfBlde information related to the other
data points of th&WCCare determined from back calculations based orviheme-
mass properties of the soil. TBRACCis plotted as the variation of water contemtor

volumetric water contenf, or degree of saturatio8, with respect to suction.

3.10 PressurePlate Apparatus

The pressure plate is another device used to deterthe Soil Water Characteristic

Curve SWCQ. The pressure plate equipment is designed toyapptric suction to soil
specimen utilizing the axis translation technigée&gure 3.12 shows a schematic of

pressure plate equipment.

Compressed Air

Pressure
-—
Guage
Clamping

Pressure Bolt \

Outflow
Line

Soil Specimen

i
High Air Entry [lﬁ [ ] ‘ ’

Ceramic Stone \ |

Steel Pressure Vessel

Figure 3.12: Schematic of pressure plate equipmesd in the research
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The pressure plate is larger and suitable to mes&®WCCfor several soil specimens
simultaneously. It is important to provide a surgjeaload onto each specimen to ensure
proper contact and seating onto the high air estoge. Poor seating problems will result
in an over-estimation of the equilibrium water eitfor soil specimens. The mass of
the soil specimens is determined after the eqatiibn. Approximately, 1 or 2 days of
time is required to achieve equilibration condiiofor the tested loam. Equilibration
condition is assumed when no water is dischargen fthe pressure plate. The
equilibration time is dependent on the type of,sthiickness of soil specimen, applied
suction and the coefficient of permeability of thail specimen and the high-air entry
disk. The pressure plate is used to measur&WME Ctypically for a higher suction range
up to 1500 kPa. The gravimetric water content @hesoil specimen(s) is determined at
the end of the test (i.e., up to the highest snatamge tested). The information associated
to the other data points of tiVCCare determined from back calculations based on the
volume-mass properties of the soil. TR&/CCis plotted as the variation of gravimetric
water contenty or volumetric water contené, or degree of saturatio, with respect to

suction.

3.11 Summary

Experimental program details and the methodologdu®sr some of the key tests are
briefly summarized in this chapter. Some succimthids of the various devices that were
used for gathering the required data are preseiiteel. modifications introduced to the
UOBCE are highlighted. The artificial rooting syst§ARS used for generating the
suction in the OUBCE is presented. In addition, thehnique used for measuring the
SWC-Cusing the Tempe cell and Pressure plate was grdviginally, theP1V technology

that was used for determining the surface soilesetint due to thARSis summarized.
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CHAPTER 4

EXPERIMENTAL TESTING PROGRAM AND RESULTS

4.1 General

This chapter presents various test programs andises the research. Details of these
test programs are presented in three parts,es.ptogram I, Il and Ill. In test program I,
soil properties are determined using the specifevity, sieve analysis, hydrometer,
standard proctor test, direct shear test and Adtgritimits. Test program Il presents
details of measurement of matric suction, volurcewater contents, water head and
volume of water in addition to the methodology ugadcollecting data fronPlV photo
images. The technique used to determine the sustmaulus (modulus of elasticityy)

is also presented. Test program Ill summarizeghhee different methods followed for
the measurement of the soil-water characteristieecWCQ.

4.2 Test program |

The soil sample required for use in the research edained from a pit near the train
yards/Sand-ford Fleming, Ottawa, Ontario, Canadhee fbllowing tests were carried out
in the geotechnical laboratory of the UniversityGQitawa using the collected soil sample
after preparation as part of test program I: (ig@&fic gravity, (ii) Organic content, (iii)
Sieve and hydrometer analysis, (iv) Standard Prdesd, (v) Direct shear tests, and (vi)
Atterberg limits.

The loam soil collected had 75 % Sand and 15 % 8t per the Unified Soll
Classification System (USCS), the soil can be diadlsas CL-ML. The plasticity index,
I, is 6.3 %, and the specific gravity, is 2.65. Figure 4.1 shows the grain size

distribution curve along with other soil propertfes the Ottawa loam soil.
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Figure 4.1: Grain size distribution of the sandgrfosoil

The air-dried soil was gently broken to separagesihil lumps using a rubber mallet into
individual particles and was then passed througlYya mm sieve. The prepared loam soil
was mixed with different water contents for condhgtthe compaction tests in several
plastic bags. These plastic bags were stored umadity controlled environment for 24

hrs prior to conducting the standard proctor t@stsrder to achieve constant moisture
content in the soil sample. Figure 4.2 shows tlendsdrd proctor test results. The

optimum dry density was 16.7 kiN?, and optimum moisture content was 18 %.
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Figure 4.2: Compaction test results showing zero«ads curve

Other tests such as the coefficient of permeabititganic content and direct shear tests

were conducted and the results are summarizedhle Bal.

Table 4.1: Summary of soil properties of the testady loam

Hydraulic conductivityk (m/s) 5x 10°
Organic content (%) 5

Dry unit weight (dense condition) (kNAn| 17.40

Dry unit weight (loose condition) (kN/fp | 15.4

Uniformity coefficient Cy) 3.3
Coefficient of curvature(c) 0.98
Optimum water content (%) 18
Internal frictional anglez (°) 36.5
Effective cohesior’ ( kPa) 1.3
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4.3 Test program |1

The test was performed in the modified UOBCE atter artificial rooting systemARS
achieved equilibrium conditions with respect to measuction values. Details of the
modified UOBCE were summarized in Chapter 3. Sdévaata and other information
such as: (i) Photo images of the soil surfacePby technology; (i) MPS-1 for matric
suction between 10 kPa to 500 kPa (iii) 5TM profmsvolumetric water content (iv)
Tensiometers for matric suction between 1 kPa ug0t&Pa (v) Piezometers for positive
pore water pressures and (vi) Total volume of watdracted from soil, were recorded
during the test program. Figure 4.3 shows a schierofthe sectional view with all the

instrumentation used in the research program.
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Figure4.3: Schematic of Experimental program —Il set-up
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4.3.1 Presentation of Test Results

The Decagon EM50 data acquisition measured thematiic water content at nine
different locations of the test tank. The tank wdagided into three regions and are
labelled as A, B, and C respectively, as shownigutfe 4.4 below to observe the flow of
water in the soil towards thERS Table 4.2 shows the volumetric water content eglin
the region B of the tank.
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Figure 4.4: Arrangements of 5TM decagon probesetions A, B and C

Table 4.2: Volumetric water content at equilibriton 5 kPa and 50 kPa applied suction

ARS VWC- (A) VWC- (B) | VWC- (C) Elevation | Equilibrium
Suction( kPa) m3/m3 m3/m3 m3/m3 (mm) (days)
5 0.427 0.417 0.415 50 28
5 0.430 0.428 0.437 200 28
5 0.430 0.432 0.437 350 28
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50 0.196 0.136 0.201 50
50 0.211 0.197 0.219 200
50 0.225 0.232 0.230 350

The MPS-1 results were not significant for the tdstation because they can only
measure matric suction accurately between 10 kRh 50® kPa (Decagon MPS-1
specification manual). The average matric suctiastridution in the experimental
program was typically below 10 kPa aroulldS

The volume of water removed due to the applicatbulifferent suction values by the
ARSwas plotted in Figure 4.5. The volume of watdiembed in the graduated cylinder
increased as suction on thERS was increased. The time required for achieving
equilibrium conditions is shorter at high&RSsuction values, compared to low&RS

suction values.
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Figure 4.5: Volume irm3 of water collected at various suction values aupby the
ARSsuction
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Figure 4.6shows the difference in the water head after dmuilim condition had bee
achieved. The water head was 478 mm at 5 kIARSsuction. At 50 kPa cARSsuction,

the water head was 110
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Figure 4.6Variation of water head with respectARSsuction at equilibriur
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Figure 4.7 shows the schematic arrangements of idraesers used during the
experiment. The Tensiometers were used to deterthm@egative pore water pressure
(i.e., matric suction) distributed within the safter equilibrium conditions were achieved.
Table 4.3, presents the readings for (T-1 to Twlich were collected after equilibrium
was attained. The results show that higher matrati@n in the soil occurs at highRS
suction (i.e. at 50 kPa) while lower matric suctimecurs at loweARSsuction (i.e. 5
kPa).

T-3 T-2 T-1

e IR

TOP SOIL

400mm

Figure 4.7: Schematic of Tensiometer arrangementsink B

Table 4.3: Tensiometers readings after equilibrium

ARS T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8

(kPa) | (kPa) | (kPa) | (kPa) | (kPa) | (kPa) | (kPa) | (kPa) | (kPa)
5 0 0 0 0 0 0 0 1
50 16 10 9 7 7 7 4 3

4.4 Suction Modulus (M odulus of elasticity, H)

Using the HD camera, Figure 4.8 illustrates the \mgw of the soil surface with pins
segmenting the surface into smaller zones. TheracgwfPIV measured deformation

depends on the resolution of pixels captured byHbBecamera and analysed by thg/
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technology. The figure also shows the top soilaefdeformed from the edges and more
deformation towards the vicinity of teRS After deformation (Y), several soil contours
were obtained for differenARS suction applied (i.e. 5 kPa to 50 kPa). The volume
change(é6V) was detected by measuring the differences in saramtours obtained

from PIV output files.
6V == (Vl - Vz) [4.1]

where; (V;) = initial surface contour, used for elevation ioil svolume at saturated

condition

(V,) = final surface contour, used for elevation inlsedlume after equilibrium

(unsaturated condition)
The volumetric straing = (6V/V;) [4.2]

For each volume change scenario (i.e. between 5akida50 kPa) the matric suction,
(u, —u,) was recorded from the eight (8) Tensiometers uaed averaged to
obtain (u, —u,)qe - This accounts for all the matric suction recordédm
Tensiometers (T-1 to T-8). The modullisis the slope betweem, — u,,) e VErsus
volumetric straing. The Figure 4.9 presents the suction modulus medsduring the

laboratory tests.

CHAPTER 4 52



5TM and MPS-1 ——» Tensiometers —— —»

_A-RS—b

Initial soil height' o

™ Final soll height

2011-11-28, 14:22:44

Figure 4.8: HD capture of soil deformation
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45 Test program Il - Soil Water Characteristic Curve (SWCQ

The soil water characteristic cun®@WCQ is the relationship between soil water suction
and the water content of the soil. When estimaS8WgCCusingARSand 5TM probes,
different scenarios oARSsuction are applied until equilibrium is achievétbwever,
when equilibrium condition is achieved, the averagdgumetric water contents (i.e.
5TM’s) correlates with eaclARS suction scenarios. The average volumetric water
content can be converted to gravimetric water ganising;

0 = w x Lol [4.3]

Pwater

where,w = gravimetric water content
6 = volumetric water content

Psoir = density of soll

Pwater = density of water

The void ratio ¢) was back calculated from the void ratio at saagra@ondition and after
equilibrium (50 kPaARS suction). The data collected will be used with the
relationship(Se = wG;) to determine th& WCC The estimated data obtained using 5TM
and Tensiometers was denoted as (an “x”) and cal&BCE SWCC demonstrated
comparable results with the measured Tempe cel diatioted as (a circle) and Pressure
plate denoted as (an inverted triangle) shown gui@ 4.10. The threSWCCtest
scenarios had a common boundary zone and air ealug of 4 kPa. The boundary zone
was consistent between the three tests rangingeket® kPa and 100 kPa. The residual
zone of theSWCCmeasured for the loam soil was obtained usingpitessure plate
equipment. There was a notable correlation betvwirelsWCCs determined using the

three different techniques discussed in Chapter 3.
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Figure 4.10SWCCecurve for Ottawa loam soil

4.6 Summary

This chapter summarizes the properties of the lsaihused for the test during the
experimental program. The experiment was divided three main tests and these were
discussed in detail in this Chapter. Test prograresented the geotechnical engineering
tests used to determine the soils properties. fregfram Il showed the results from the
5TM, MPS-1, Tensiometers and water head obtainet)ubke modified UOBCE. The
Modulus of elasticityl) was also presented in test program Il. Test nogil presents
the results of three different methods used torgete theSWCCin Chapter 6.

SETTLEMENT BEHAVIOR OF A SANDY LOAM DUE TO SUCTIOHANGES
ASSOCIATED WITH SIMULATED ARTIFICIAL TREE ROOTS 55



CHAPTERS

NUMERICAL MODELING STUDIES

5.1 Introduction

Numerical modeling studies were undertaken usirgdifferent finite element softwares,
SEEP/W and SIGMA/W (Geo-Slope Int. Ltd.) to simel#te settlements associated with
the artificial rooting systemARS. SEEP/W can be used to model both saturated and
unsaturated flow and to analyze seepage as a dmnatitime. In other words, SEEP/W
facilitates to accommodate different processes agcthe infiltration associated with the
precipitation. On the other hand, SIGMA/W can beduas a tool to analyze stress versus
deformation behavior in soils. In this thesis, b8BBEP/W and SIGMA/W were utilized
combined in order to investigate the hydro-mechaniesponse of the unsaturated soil
resulting from the artificial roots. In other wordke initial saturation condition and the
resultant pore-water pressure distribution in thié due to theARSwas simulated using
the SEEP/W. The subsequent displacements in theveog then estimated using the
SIGMA/W. The estimated pore water pressure chawbeh was obtained from solving
the hydraulic process, was used to analyse the anedl response and determine the
strain in soil from which the deformation behavitdetermined. In this chapter, the key

details related to the modeling of the experimestlts are described.

5.2 Modeling the ARSusing SEEP/W

The initial saturation condition and the variatioh pore-water pressure distribution
profiles with time caused by th&aRSwas simulated using the SEEP/W. Figure 5.1
shows the 2D experimental plan and geometry usedh® axisymmetric numerical
analysis in the SEEP/W.
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Figure 5.1 (a) 2D experimental plan and (b) geoynetsed for the axisymmetric
numerical analysis in the SEEP/W.

The general governing differential equation for &2page can be written as Eq. 5.1.

5 (k) 55 (b 5y) + 0= () [5.1]

where, H = total headks = hydraulic conductivity in the-direction, k, = hydraulic
conductivity in the y-directionQ = applied boundary fluxd = volumetric water content,

andt = time.

In SEEP/W, it is assumed that the net normal sti@ss u,) remains constant and the
change in volumetric water content is induced dnhthe changes in the matric suction.
Hence, if the pore-air pressure, remains (i.e. atmospheric pressure) constant the

volumetric water content is a function only of pavater pressurey, (Eq. 5.2).
260 = m,,0u,, [5.2]
wherem,, = slope of the storage curve

Substituting Total head (H) — elevation head (¥ iBg. 5.2 yields

00 = my,y,0(H —y) [5.3]
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Since the elevation is constant (dg.= 0) the governing differential equation used in
SEEP/W can be rewritten as Eq. 5.4 with.

2 (12 4 2 (1 20) 4. = iy, 22 54
The initial saturation condition was defined bywlirag a water table at the elevation of
0.48 m from the bottom. The negative pore-watesguees (i.e. targeted matric suction
values; Table 5.1) in thARSwere simulated by assigning constant negativespres
head (I think it should be pressure head, p nod hdaalong the surface of tieRSas a
boundary condition. The boundary conditionzefo unit fluxwas assigned to the nodes
along the tank to simulate no movement of wateough the tank. SEEP/W allows the
users to specify the duration of the transientyaml Using this feature, the periods for
the equilibrium conditions for each matric suctmadue were specified in the SEEP/W

based on the experiment results (Table 5.2).

Table 5.1 : Negative head in meters converted twi&@uin kPa

Negative pressure head (m$uction ( kPa
0.5 5
1 10
2 20
4 40
5 50

Table 5.2: Experimental time used to achieve douum input as transient time steps

Applied suction iNnARS | Time to achieve equilibrium (time step
(kPa) (days)
5 28
10 22
20
40
50
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In this analysis, the soil was assumed to be hommge and isotropic. The hydraulic
conductivity function (i.e. variation of hydraulimnductivity with respect to suction) was
determined using the hydraulic conductivity fonsated conditiorksa: (= 5 x 10° m/sec)
and the Soil-Water Characteristic Cun®@WCQG. The ks;: was determined using the
falling head permeability test in the laboratorygufe 5.2 shows th8 WCG obtained
from the tank and two different laboratory testsngsTempe cell and pressure plate
apparatus. Relatively high hydraulic conductivigiue (i.e. 1 m/sec) was assigned to the
ARSregardless of suction value. The example of paatewpressure distribution in the

soil after applying a negative pore-water pressuietheARSis shown in Figure 5.3.
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Figure 5.2: Soil-Water Characteristic Curve for o used in the experimental program.
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Figure 5.3: Pore-water pressure distribution indgbie obtained from the SEEP/W.

5.3 Modeling the settlement associated with the ARSusing SIGMA/W

The displacements in the soil induced by thieS were estimated using SIGMA/W.
SEEP/W. When th&RSdischarged water from the voids in the soil theative stress
increases due to the decrease in the pore-watssypee In this case, the displacements in
the soil associated with tieRSare caused by the increment of effective stresisonrt
any external loads or pressures. This implies that displacements in the soil are
governed by linear elastic theory since the changlee effective stress due to tA&Sis

relatively small.

Figure 5.4 shows the finite element meshes and daynconditions established using
the SIGMA/W. The dimension of soil mass in the mad 0.48 m by 0.25 m. The soil
mass was discretized into quads and triangularaglbbite element meshes. A local

finite element mesh of 0.0075 m was placed ondpesbil at 0.1 m and along tdRSat
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0.1 m. Figure 5.4 summarizes the properties of 4bié and theARS used in the
SIGMA/W.
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Figure 5.4: Finite element meshes and boundaryittons used in the SIGMA/W.

Table 5.3: Soil parameters for the deformation seepage coupling analysis

Analysis| Parameters
Soil H (kPa)| 49,485 (see section 4.5)
G 2.65
v 0.3
Ksai 5 x10° m/sec
ARS EkPa)| 10,000,000
G 90
% 0.3
Ksai 1 m/sec

The suction modulusH [= E/(1-2v)] was determined based on the volume changes
measured directly from the soil in the tank usily software (see Chapter 4 for more

details).
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5.4 Summary

The coupled finite element analysiEHA) was carried out using SEEP/W and SIGMA/W,
a software product of GEO-SLOPE (Krahn, 2007) assgra linear elastic model. The
volume change analysis was estimated using an rarigjyric perspective of the
experimental program. The preliminary studies shibwt there is a relationship that
exists between the experimentaltyeasured deformation and the SEEP/W simulated
deformation. Moreover, the measured pore-water spres readings and SEEP/W
simulated pore-water distribution contours followsuhilar trends. The time duration for
equilibrium and the transient time steps are atstsistent because the SEEP/W allows
the users to specify the duration of the transianalysis. In the next Chapter,

comparisons between the measured and the estitliafgdcements will be presented.
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CHAPTER 6

ANALYSISOF RESULTS

6.1 Introduction

The principal objective of the research study isptedict the settlement behavior
associated with tree roots suction. Present engngeepractices with respect to
alleviating potential settlement problems of a fdaton or structure as a result of tree
roots suction are based on rules of thumb. Diffeidistances are recommended for
planting trees based on their type from the foupndato avoid future problems
anticipated with the tree roots suction. In thiesis, a theoretical framework has been
proposed using the mechanics of unsaturated swifgddict the settlement behaviour
associated with the suction changes caused byrdeerbots. The equipment design
details, methodology of generating suction usingudificial root systemARS in the test
tank were discussed in Chapter 3. The laborat@typegram and the test results were
summarized in Chapter 4. Finite element modelesylits of estimation of the settlement
associated with theARS are presented in Chapter 5. The numerical modeling
deformations (settlements) in soil by simulatede tm®ots have been compared to
measured data in the test tank in the laboratoegeRrch studies presented in the thesis
show that there is a good comparison between thasumed settlements from the
laboratory studies and the predicted settlememtgusie finite element analysis. To the
best of the knowledge of the author, there is nfmrmation in the geotechnical
engineering literature with respect to laborataryeistigations using aARSthat aims to
investigate settlement behaviour and provide corspas with modelling results. The
theoretical framework, laboratory studies along hwithe modelling results and

comparisons form the novelty of the research ptesethrough this thesis.
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6.2 Water movement

Water moves through the soil in saturated and uret&d conditions in all directions
from a region of higher potential (higher total hawalic head) to a point of lower
potential (i.e., low hydraulic head). Figure 6.1Jowi3 typical movement of water in soil

caused by the suction pull exerted by &S

Positive Head (+H)
\ \ O
\ /m:\
~ "(']»—:)
&
\Z

Figure 6.1: Assumed flow path resulting from hedféence

The water flow under saturated and unsaturatedittonsl was simulated using the finite
element SEEP/W programme [Chapter 5]. Total heathtbary conditions were applied
to the soil's surface in the SEEP/W simulation.aZanit flux (q) boundary values were
applied to the edges of soil tank’s surface. Thigfines the analysis within the tank
boundaries. The suction applied by &kie@Swas designated in the SEEP/W program and
was applied using a negative pressure head. Thewators determined by SEEP/W at
equilibrium Figure 6.2agree with the water movement direction duringdramt analysis

of the laboratory simulation.
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Figure 6.2: Movement of water towardRS
6.3 Volumetric Water Content

The volumetric water content was measured throughtie experimental phase using
nine different units of 5TM probes. The data wakkected utilizing the EM50 acquisition
system. The initial and final equilibrium water temts were determined for theRS
suction range between 1 kPa and 50 kPa. The teste wall conducted at room
temperature and the results of these tests areemesk in Figure 6.3. The average
volumetric water content values obtained from tleen5TM probes at equilibrium
conditions was plotted as a curve with the corradpa suction values applied on the
ARS

The volumetric water content decreased as suctiom the ARSincreases. However,

volumetric water content values were approximatbly same for values of suction
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between 40 kPa and 50 kPa. These results suggésesidual volumetric water content

for the loam soil was achieved at 40 kPa. Thesaltseare consistent with the results of

the SWCCmeasured in the laboratory using 8#/C(Chapter 4, Section 4.5].

0.45 -
q

0.40 -

0.35 -

0.30 A

0.25

Average Volumetric Water Conterf,

0.20 - °

0 10 20 30 40 50 60
ARS Suction (kPa)

Figure 6.3: 5TM average volumetric water contemsus matric suction

The 5TM probes located on section (A) and (C) & gerimeter of tank “B” showed
lower volumetric water content values compared&3TM probes located at section (B)
close to theARSFigure 6.4.This may be attributed to loss of water close ® tidnk

perimeter towards the source of suction pAR§.

The time required for the volumetric water contémtreach equilibrium conditions
depends on the suction applied by &S The higher thé&RSsuction applied the lower

is the time required for equilibrium.
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(A) (B) ©
@ 0 kPa=0.428 @ 0 kPa=0.419 @ 0 kPa=0.416
@ 5 kPa=0.427 @ 5 kPa=0.417 @5 kPa=0.415
@ 50 kPa=0.196 @ 50 kPa=0.136 @ 50 kPa=0.201
@ 0 kPa=0.430 @ 0 kPa=0.429 @ 0 kPa=0.437
@ 5 kPa=0.430 @ 5 kPa=0.428 @ 5 kPa=0.437
@ 50 kPa=0.211 @ 50 kPa=0.197 @ 50 kPa=0.219
@ 0 kPa= 0.431 @ 0 kPa=0.432 @ 0 kPa=0.438
@ S kPa= 0.430 @ 5 kPa=10.432 @ 5 kPa=0.437
@ 50 kPa =0.225 @ 50 kPa=0.232 @ 50 kPa=10.230

Figure 6.4: Tank B showing nine units of 5TM resudtfter 5 kPa and 50 kPARS

equilibrium

6.4 Equilibrium Time

The time required to achieve equilibrium conditiamghe sandy loam soil depends on a
number of factors, which include: (i) the value tsut applied on theARS; (ii) the
volumetric water content of the soil; and (iii) theefficient of permeability of the soil.
When the volume of water drawn by tARSremains constant in the collection cylinder
over a period of time (typically 24 hours), it issamed to have attained equilibrium
condition. For example, at 40 kPa and 50 kPa suctioplied toARS the soil-water

volume of 7500 crhwas collected over duration of five days. On tixhsday, while still
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keeping theARSrunning, the volume of 7500 émemained unchanged suggesting an

equilibration condition has been achieved.

An incremental time sequence was required in SEER/Mperforming the transient
analyses. The accuracy of the results depends timorequilibrium time, which was
measured experimentally for precise comparisonobserved in Figure 6.5, longer days
are required to reach equilibrium conditions fawéw suction. At 40 kPa and 50 kPa of
ARS suction, a similar duration of five days was reedi to achieve equilibrium
conditions. Experimental work was terminated whée wolume in the collection

cylinder remained constant for more than 24 hours.

30
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15 4

Equlibrum time (days)
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0 T T T T T
0 10 20 30 40 50

ARS Suction (kPa)

Figure 6.5: Variation of equilibrium time (days)tlvithe suction applied on t#RS(kPa)
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6.5 Negative Pore Water Pressure (Matric Suction)

Several Tensiometers as shown in Figurevéefe used to determine the distribution of
matric suction within the soil at equilibrium cotidns in the present study. The
Tensiometers used are represented as T-1, T-2,T¥43,T-5, T-6, T-7, and T-8. The
Tensiometers (T-1, T-2 and T-3) were located alamgofile at approximately 100 mm
apart from each other. Tensiometers (T-4 to T-8)ewaranged approximately 90 mm

intervals from each other and aligned with RS

*‘ 50mmH* T-

3 T-2 T-1
1
T-4 S @
J;@ 100 mm

90 mm

=

T4 @
=1
T8 @

90 mnr

90 mn

90 mm-

Figure 6.6: Arrangement of Tensiometers

The Tensiometer (T-1) responded with (1 kPa) magrtiction reading at equilibrium
conditions near the corner of the tank when suai®oction value of 5 kPa was applied
to the ARS A water head difference of 2 mm was observed frismnitial water table
level at equilibrium condition. The soil in the kaappeared saturated; however, at the
four corners of the tank the soil appeared to legtively dry and experienced a small
volume change. Tensiometers (i.e., T-2 to T-8) mded zero matric suction suggesting
the soil is in a state of saturated condition.
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The next stage of test was conducted by saturéti@goil in the tank again (achieving
similar initial conditions) prior to the applicatiof the next suction value (i.e., 10 kPa).
This procedure was repeated for different suctiaiies. When suction values of 40 kPa
and 50 kPa were applied %8RS T-1 recorded the highest suction value (16 k) a
compared to other Tensiometers (T-2 = 10 kPa, T9kPa). Tensiometers T-4, T-5 and
T-6 recorded 7 kPa and the other two Tensiometéfsand T-8 recorded 4 kPa and 3
kPa, respectively. The experimental work was teat@id at 50 kPa because no further
change in matric suction occurred in T-1 to T-8e Molumetric water contents (5TMs),

MPS-1, andPIV deformation also were recorded at all suction emlat equilibrium

conditions.
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Figure 6.7: Response of matric suction values bgrdint Tensiometers

for various suction values applied to hBS
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Figure 6.7summarizes the measured matric suction data uswveya Tensiometers for
the different suction values applied to #hBS These values presented were all recorded
after achieving equilibrium conditions in the tésbhk. Tensiometers did not show any
response when suction values of 1 kPa and 4 kPa am@plied to theARS This is
because the air-entry value of the soil is apprexaty 5 kPa (which is higher than the
applied suction to thARS and the corresponding suction in the vicinitytiod ARSand

the soil in the tank is low or negligible and has contributed to any desaturation.

The coefficient of permeability function is a ket required in finite element modelling.
In the present study, the equation proposed byGanuchten (1980) was used in the
prediction of the permeability function. The satathcoefficient of permeability and the
SWCCare the required for using the van Genuchten (L@8@ation. The saturated
coefficient of permeability of the soil was detenad from the falling head test in the
present study (i.e., % 10~°m/s). The average value of residual water contéter a
achieving equilibrium conditions for 40 kPARS using 5TM was (0.2in3/m3). In
addition to theSWCCand the saturated coefficient of permeability, thsidual water

content is another parameter required in the figliégnent modeling.

Figure 6.8shows the location of Tensiometers T-4 to T-8 negsliand the matric suction
readings after achieving equilibrium conditions dfferent values of suction applied to
the ARS The Tensiometers close to tA&kShad no response recording zero matric
suction by applying 5 kPa suction, which indicates soil in the tank was in a state of
saturated condition. The graph gradually shiftstite right with an increase IARS
suction values to 10 kPa, 20 kPa, 40 kPa and 50/&Ras. In general, the Tensiometers
recorded the matric suction values that were dsesrgawith depth towards the water
table. This indicates a decreasing water head prasethe soil after each test was

completed.
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Figure 6.8: Tensiometer (kPa) versus Elevation (mm)

The graphical comparison of the above figure watiobd in SEEP/W by selecting
nodes within the same depth (suction profile) @AIRS Because the nodes are in quads
and triangles approximate nodes would be on agsitrdine. Figure 6.%hows the nodal
points selected for the matric suction distribut@nthe end of the (5 kPa) SEEP/W
transient analysis. The equilibrium time and theatlan of the transient analysis have a

uniform time, which was obtained from the laborgtor

Tensiometer T-1, T-2 and T-3 arranged on the sofase were represented with nodes
along thex-axis. Tensiometers T-4, T-5, T-6, T-7 and T-8 aged with the soil profile
depth (elevation) were represented with nodes 50fram theARS The nodes selected
to represent Tensiometer T-1 to T-3 were arrangedhe top soil and share common
depths but variant distances to thirS
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Figure 6.9: Nodes selected to represent (T-1, Me2Ta3)

The SEEP/W results represented in the graph wdeengll after (5 kPa) cARSsuction
had achieved equilibrum. From Figure 6.10, it cambted that before equilibrum was
achieved the soil around the vicinity of Tensioméie3) was tending gradually towards
negative pore water pressure. This indicates Idswater moving through thé&RS
Tensiometer (T-1) on the tank edge and Tension{@t®) remained constant, without

influence from the applied suction pull of tA&S
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Figure 6.10: Distribution of Pore water pressurthwiime (5 kPa&ARS

During the experimental phase, Tensiometer (T-tpneed (1 kPa), and Tensiometers
(T-2 and T-3) both complied with the numerical as& as they remained in a saturated
state with no response on the Tensiometers. A nurabéactors such as boundary
conditions around the soil-tank interface couldegisse to matric suction. The movement
of water towards th&RSgenerating matric suction around the soil-tanknabies that

could allow the Tensiometer (T-1) to respond. Tisidecause bottom saturation was

closed after the piezometer height was slightlywalswil.

Tensiometer T-4, T-5, T-6, T-7 and T-8 in SEEP/Wjstrated in Figure 6.11, shows

elevation Y (m) and the representative nodesturased condition.
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Figure 6.11: Location of nodes used for T-4 to 8(5 kPaARS

Figure 6.12 illustrates zero matric suction disttéal on the entire soil close to tA&S,
indicating the soil was in a saturated conditiohe3e results suggest that the SEEP/W

results are consistent with the matric readinghefTensiometers (T-4 to T-8).
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Figure 6.12: Distribution of pore water pressuréhwviime (5 kPa&ARS

At 50 kPa of ARSsuction, the nodes selected were approximatelgtéac where the
Tensiometers (T-1 to T-8) were located during theeeimental phase. Tensiometers (T-
1, T-2 and T-3) are presented by nodes along thes with common depths, as shown in
Figure 6.13.

CHAPTER 6 76



Representativg

Node for T-3

T-1 > $ ’ >

400 1 * il

- T'2 f% T

£ i

o 200 |

% |

E & |

£ :

'ﬁ 200 |- - ]

g It
2 ¥ i
100 o] ag

A i
Saturatesoil
0

0 100 200

300 400 500

Distance(m) (x 0.001)

Figure 6.13: Nodes selected to represent (T-1ahe2T-3)

Figure 6.14represents the variation fo the pore water pressute time for the

representative nodes, denoting T-1 to T-3.
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Figure 6.14: Distribution of Pore water pressurés Wwime (50 kPa&ARS

The graph illustrates that the soils within theinty of Tensiometer (T-3) responded
earlier, as compared to (T-1 and T-2). The Tensiersegradually sloped towards
negative pore water pressure within the first 28l hfter which a rapid drop in the slope
was observed. This behavior indicates that thereansignificant transition on the second
day. The effect of these changes to surface detmmavill be further discussed in
section 6.8. The Tensiometers aligned alongMR&in the elevation Y (m) are presented
in Figure 6.15.

CHAPTER 6 78



oy |
Representative
T Node for T-4
| T5 . 9]
§3{X)F_ |
= 1 T-6 » « 4
E r }
S5 ¢ |
2 owl
5 | -7 >
Llij r T7| }=
e T—8 > .
[ 44
oL L . | \ | |

o 100 200 20 400 500

Distance(m) (x 0.001)

Figure 6.15: Location of nodes used for T-4 to 8(50 kPaARS

As illustrated in Figure 6.16, observation showest soil in the vicinity of Tensiometers
T-4, T-5 and T-6 remained unsaturated within thst fiew hours of the first test day.
Tensiometers (T-7 and T-8) experienced a slow badwnl slope, tending towards the
negative pore water pressure. This indicates thdhe first day the water table was high
enough to keep (T-7 and T-8) in a saturated canditiOn the second day, the
Tensiometers (T-4 to T-6) experienced higher masuction values, while the soil
around Tensiometers (T-7 and T-8) desaturated Isapih the third day, the soil was in
an unsaturated state, with Tensiometer (T-4) meagarmatric suction slightly above (3
kPa). Tensiometers (T-5 and T-6) recorded apprateip@ kPa, while Tensiometer T-7
and T-8 recorded (1.5 kPa and 0.3 kPa), respegtiVélere were no significant changes
in the Tensiometer readings after the third daye Tatric suction remained constant
until the fifth day, suggesting equilibrium conditi These results indicate that most soils

deformation occurred within three days of the tteat duration in the laboratory.
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Figure 6.16: Pore water pressure (kPa) with Tinaggiifor 50 KPARS

The results obtained for 50 kPaARSsuction were as follows: 7 kPa for T-4 to T-6, 4
kPa for T-7 and 3 kPa for T-8. However, while remngvthe soil from Tank B, it was
observed that the porous ceramic tip of the Tenstemhad drifted from its original
location during assembly towards tWRS Figure 6.17presents the observed final
positions as compared to the initial position oihJiemeters porous tips during soll
removal from tank B. It was observed that the psrbps had drifted towards thERS
caused by th&RSsuction pull applied during each step.
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Figure 6.17: Position of Tensiometer (T-4 to T-8)

The final positions obtained from T4 to T8 weredigsethe SEEP/W in order to simulate
the matric suction results. Figure 6.18 presentagnified view of the numerical
SEEP/W model after 50 kPa of suction had achiewedibrium. Soils close to thARS
experienced an increase of matric suction becdusas closer to the source of suction
pull generated by th&RS In addition, the scale in Figure 6.18 indicatégetent matric
suction boundaries which increase towardsARS The different levels of suction are

differentiated using different colours.
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Figure 6.18: Distribution of matric suction arouBRSin SEEP/W

Figure 6.19 presents the results obtained aftékP#00of ARSsuction was applied to the
final positions of T-4 to T-8, which were used etSEEP/W analysis. THeRSsuction

of the (50 kPa) significantly desaturated the amound the vicinity of (T-4 to T-8) over a
duration of 5 days. The Tensiometers (T-4 and Tw®asured matric suctions of
approximately (11 kPa) after 24 hrs. Tensiometei6)Tmeasured (10 kPa) while
Tensiometers (T-7 and T-8) measured approximatekP@). The numerical results show
that the Tensiometers closer to the water tables Hawer matric suction values. The
change from a fully saturated soil to an unsatdrat@l occurred within the first 24 hrs
on application of 50 kPARSsuction. Residual conditons were achevied on ¢oersl
day and continued until the fifth day.

The SEEP/W results justify the observed drift & frensiometer’s tips. The change in
soil volume caused by the suction could lead tordpmsitioning of the Tensiometer’'s
ceramic tip. The suction pull from the surfacelARScould cause minor movement of
the porous tips, resulting in a shift towards tharse of suction. The Tensiometers (T-1,
T-2 and T-3) all remained different from the remmstive nodes on SEEP/W indicating

no match on boundry soils away from thieS
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Figure 6.19: Pore water pressure (kPa) with Tinagilifor 50 kPa

6.6 Zone of influence of suction

The zone of influence of suction was defined usihg matric suction distribution
contours in the soil after achieving equilibriumnddgions. The zone of influence of
suction lies within the envelope where maximum anghimum matric suction is
measured. For example, Figure 6.20 shows equiliboacurring after 5 kPARSsuction
was reached. The Tensiometer at the corner ofatiierheasured 1 kPa of suction, while
other Tensiometers tending towards thBSremained at zero. The reason for these
results can be attributed to the soil water migmatiowards theARS leaving the
boundaries dry. Figure 6.21 shows suction distidouait 50 kPa after equilibrium was
reached. The zone of influence of suction lies withe modified UOBCE tank, where
the maximum and the minimum matric suction was mmegb The primary limitation
associated with the laboratory testing was assmtitat the suction applied using tABS
during the experimental study. The complex natstreicture and behaviour of actual tree

roots were not simulated in the present study. Hewethe methodology can be
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expanded upowith a focus orunderstandingoil deformation around the vicinity of tr:
roots using theARS There werenotable similarities between thexperimental an
simulated results of th&oil surface deformation arthe matric suction distributewithin
the vicinity of theARS The reseah methodology presented in this thesis can be uge

providing reasonable predictions of settlemente@atedtree rootsuctions.

one of influenc

Figure 6.20: XPe- Influence zone using negatipere water pressur
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Figure 6.21: 5&Painfluence zone using negative pore water pres

6.7 Soil Surface Defor mation

SIGMA/W was used together with the SEEP/W progranorder toperform a couple:
FEM analysis. SIGMA/W calculates the deformatiorsulting from changes in po
water pressures while SEEP/W calculates transient wvater pressure changes |

control these deformatiol

The SIGMA/W deformatiormodel uses the modulusf elasticity in a linear elast
model as its key parame. The suction modulus, defined as the deformatesated tc
matric suction, was measured using average matatos, (u, — U, ) e @S Stress and
volumetric straing = 6V /V; (refer to Chapter 4, Figure 4.9). TR&/ measure volume

change was determined using changes in the pixgtleo$urface of the soil. The sucti
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modulus from Chapter 4 (49.5 kPa) was used as Msd@ input parameter in the
SIGMA/W program to model the soil settlement.

Figure 6.22shows the surface settlement of various applicatairsuction from th&RS
using SIGMA/W. The shift of soil particles (change volume) increases as excess

moisture was removed from the soil ARSsuction.

Section 6.5 discussed negative pore water pressurthe experimental and numerical
modelling phase. The behaviour of negative poreewptessure (i.e., matric suction)
before equilibrium time was observed in the SEERMNEIysis. Matric suction is one of
the two independent stress state variables for tursgad soils (Fredlund and
Morgenstern, 1977). The graphical representationmaftric suction from SEEP/W
enables proper understanding of the soil volumegbas For example, after application
of 50 kPa ofARSsuction, Tensiometers (T-1, T-2 and T-3) gradugbtreased in matric
suction. This indicates that soil deformation (vo&ichange) was pronounced around the
vicinity of Tensiometers (T-1, T-2 and T-3). Sinmatric suction lasted two days before
reaching residual pore pressures, the boundaryitcaml selected in the SIGMA/W
model was fixed in botlk andy directions. This prevents movement on xhendy axis

during the model analysis, subsequently avoidingaaiditional deformation.

As shown in Figure 6.23, tH&lV has measured soil settlements (deformations) ddmgse
various suctions applied by thARS The deformation measured using tRd&V
application detects the changes in photo pixelarséed by time. There is an increase in
soil settlement as suction increases on ARS The soil settlement was identical for

suction ranging between 40 kPa and 50 kPa.
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Figure 6.22: SIGMA/W Y (mm) settlement with distan@gnm) fromARS
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Figure 6.23PIV- Y (mm) settlement with distance froARS

Figure 6.24compares th€1V measured deformation with SIGMA/W after 5 kPa murct
applied by theARS The deformation shows a maximum deformation 8frBm close to
the ARS In the laboratory, th@IV technology also measured maximum deformation of
5.0 mm close to th&RS In both cases, there was no sign of deformatiornhe tank
edges and deformation increased towards the locatfothe ARS The maximum
deformation at th&RSvicinity presented foPIV technology was 20 mm and 18 mm for
SIGMA/W. These results suggest that modelling metlban be reliably used in the

estimation the soil deformation associated withtthe roots suction.
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Figure 6.24PIV and SIGMA/W deformation caused by 5 kPa applietdisn by theARS

Figure 6.25 provides comparison between surfaceragtion from thePI1V technique
and the SIGMA/W analysis at 50 kPa of suction fribi@ARS Soil deformation did not
occur close to the tank boundaries in b technology and SIGMA/W.
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Figure 6.25P1V and SIGMA/W deformation caused by 50 kPa applietdisn by the
ARS

The PIV technology accuracy depends upon the specificatioih the camera and
positioning used to collect time pixel changes. Timtation of thePIV technology was
its inability to determine more than a line on sodl surface profile.

6.8 Analysisof Volumechangein Sandy L oam Soil

The constitutive surface of the soil structure t@nused as a tool to identify volume
change within a soil mass. The relationship camdiablished by combining the results

of deformation (volume change) with the Soil Watdraracteristic CurveSWCQ, as
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summarized ifChapter 4]. An important component of this relationship gities shape

of the constitutive surface with void ratio as em®d in Figure 6.26.

If the soil suction and net normal stress appleethe soil structure were increased from
stress conditions at point A to a stress condisimnilar to point B, there would be soil
suction to cause the void ratio to decrease.

This chapter presents the change in matric suaaused by théRSwith time. The
matric suction increased due to reducing void ratid water content withdrawn by the
ARS For example, after equilibrium for 50 kA& Ssuction, there was sufficient matric
suction acting in the loam soil because more wader been withdrawn by thERS The
soil comes into equilibrium under applied stressdgent (soil particles) and two phases

that flow under applied stress gradient (i.e. aaid water) (Fredlund and Rahardjo, 1993).

The methodology presented in this chapter can éé tssestimate the anticipated volume
change associated with tree roots using the Gemeskbftware. The methodology

presented in consistent with the mechanics of unated soil mechanics.
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Figure 6.26: Soil structure constitutive surfaceaimthmetic scale (Reference: Fredlund
and Rahardjo, 1993)

6.9 Summary

In this study, the matric suction, volumetric wateontents and volume change
(deformation) values were all reliably measuredhe& modified UOBCE using different
instrumentation. Two different scenarios are presgbin this chapter which includeRS
suction 5 kPa and 50 kPa. The results for 5 AR&suction obtained from the SEEP/W
and Tensiometers T-1 to T-8 present reasonableiaraiction results. The SIGMA/W
and PIV technology used to determine soil deformation gisssented corresponding
results. At 50 kP&RSsuction, the SEEP/W and Tensiometers T-4 to Tevedd good
matric suction agreements. The SIGMA/W anl/ technology also presented similar
consistent results for soil deformation. The analygsults showed that decreasing

volume change (settlement) influenced AiRSsuction pull decreases with the decrease
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in degree of saturation, matric suction and vottral'he results presented in this study
are encouraging; suggesting that the parameteenebt from the laboratory could be
used in finite modeling method to successfully dateisoil deformation and distribution

of matric suction with reasonable accuracy.

The study can be used to analyze the stabilityhaflew foundations, retaining wall,

roads and walk ways subgrade as well as buried @ipind the vicinity of tree(s) roots.
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CHAPTER 7

CONCLUSIONS

The conclusions of the research study conductedsanemarized in the Chapter. In
addition, the practical applications of this resbaundertaken are detailed succinctly.

7.1 Proposed Methodology

I.  The Atrtificial Rooting System ARS designed for conducting the research
presented in this thesis was found to be satisfactosimulate tree root action.
Only a single root was simulated in the presergaesh; however, this technique
can be extended to simulate complex behavioureottimplex tree roots system.

ii.  The PIV technique was found to be reliable tool to meashee soil surface
deformation behaviour associated with the chang#sa soil suction.

iii. The peristaltic pump used to simulate suction alie the ARS was not
functioning satisfactorily when the tests were oantd over a long period of time.
This disadvantage of peristaltic pump was overcbmeising vacuum generator

(i.e. convert air-pressure to vacuum)

7.2 GEO-SLOPE Software

The numerical analyses results in this researclwatiothat the two finite element
softwares, SEEP/W and SIGMA/W can be effectivelgdut model the coupled seepage
and stress behaviour. SEEP/W successfully simuldiedperation of thdRSand the
resultant positive and negative pore-water pressiigtibution profiles in the soils.
SIGMA/W estimated the deformation behaviour of #wl based on the pore-water
pressure distribution profile obtained by SEEP/Were was good comparison between

the measured displacements (usiRy technique) and those estimated from the
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numerical analysis. It was also found that theisnamodulusH is a key parameter in

estimating the tree related settlements in sofitead of the elastic modulus,

7.3 Applications of the Research

The present research can be applicable to engmeeractice in various ways as follow.

I.  This research work can be implemented in the ugldiode by recommending
ideal positions of trees to prevent possible t#s related damages to shallow

foundations.

ii.  The proposed empirical model can be further impaovg determining modulus
of elasticityH reliably using more controlled tests and also meég various

parameters that influence it.

iii.  The proposed experiment methodology and analysiigue can be combined
with SWCCto reliably estimate the tree-soil deformationsesidering wetting and

drying cycles or based on the climate data.
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APPENDIX-A

Second Preliminary test showing LVDT’s used forfgce deformation on Loam soil
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APPENDIX-B
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APPENDIX-C
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APPENDIX-D

Tablel: Volumetric water content at O kPa to 408RBation from ARS.

ARS VWC- (A) VWC- (B) | VWC- (C) Elevation | Equilibrium

Suction(kPa)| m3/m?3 m?/m? m?/m? (mm) (days)

0 0.428 0.419 0.416 50 0

0 0.430 0.429 0.437 200 0

0 0.431 0.432 0.438 350 0

10 0.413 0.401 0.405 50 22

10 0.425 0.419 0.425 200 22

10 0.431 0.421 0.467 350 22

20 0.312 0.305 0.327 50 9

20 0.331 0.321 0.344 200 9

20 0.373 0.398 0.381 350 9

40 0.196 0.136 0.201 50 5

40 0.211 0.197 0.219 200 5

40 0.225 0.232 0.230 350 5
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((Qttawa

City of Ottawa/Ville d Ottawa
Forestry Services
Table 2: RECOMMENDED TREE SPECIES FOR THE OTTAWA BR

Botanical
Name/
Common

Name

Arterial Road

Hard Surface
Residential street

School yard

Park

Sensitive marine clay so

naturalization

Height (m)

Small (5-10)

Medium (10-15)

Large (15 +)

SPECIESNATIVE TO ONTARIO

DECIDUOUSTREES

Acer rub/
Red Maple

X

X

X

Acer
saccharinum/
Silver maple

X

Acer
saccharum/
Sugar maple

Amelanchier

spp./
Serviceberry

Celtis
occidentalis/
Hackberry

Gleditsia
triacanthos/
Honey locust

Prunus
pensylvanica/
Pin cherry
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Botanical
Name/

Common
Name

Arterial Road

Hard Surface
Residential street
School yard
Park

Sensitive marine clay

soil

naturalization

Height (m)

Small (5-10)

Medium (10-15)

Large (15 +)

Populus
grandidentata/
Large tooth
aspen

>

Populus
tremuloides/
Trembling
aspen

Quercus alba/
White oak

Quercus
macrocarpa/
Burr oak

Quercus
palustris/
Pin oak

Quercus
rubra/
Red oak

Tilia
Americana/
Basswood

CONIFEROUSTREES

Larix laricina/
Eastern larch

Picea glauca/
White spruce

Pinus
banksiana/
Jack pine
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Pinus strobus/ X X X X
White pine

Tsuga X X X
Canadensis/
Canadian
hemlock

Source: City of Ottawa Forestry Services
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