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Abstract

The effects of infiltration in geoenvironmental systesharacterized by unsaturateails subject

to occasional significant precipitation eveh&s beem subject of conceras practitioners look

for improved methods to reduce pressures and divert water from foundations, mechanically
stabilized earth structures, cover systems, and other civil infrastructure. Drainage in these
structures has typically been achieved with engetélls, often combined with geosynthetics,

and more recently with standalogeosynthetics designed for the express purpose of drainage.

One such geosynthetic is DrainT@®ecomprised of a PET (polyester) filter, PP (polypropylene)
drainage blanket, and perforated PP mpipies spaced at regular intervals for diversion into a

primary water collection system. The research presented focuses on laboratory characterization of
DrainTube® and evaluation of its performance in an unsaturated system subject to rainfall.

The geosynthetiavater characteristic curve (GWCC) and permeability functiofufkction)

were characterized in the lab experimentally. A modified Tempe pressure plate cell with a high
flow, low Air-Entry Value (AEV) porous ceramic was used to obtain GWfoCseveral

variations ofgeotextilesused in the DrainTube® product lineder a variety of vertical loads by

use of hanging column and axis translation principles.

A custom permeameter was constructed to suit the unique task of measynisngein
permeability of the geotextile undsuction to experimentally measure thdufction A series
of tests were conducted to measure permeability of the Drai®rgeetextile under a range of

suctions up to 20 cm of suction head (approximately 2 kPa).

The applicability of commonly used Water Characteristic Gfittiag models and their related
K-function predictions (van Genuchten 1980, Fredlund and Xing 1993, and Fredlund, Xing and
Huang 1994) were evaluated against the measured GWCC-amtt#ons.Both the van

Genuchten (1980) and Fredlund and Xing (1993) formulations for -ittimg were found to be
satisfactory models, while the-Kinction predicted by the Fredlund, Xing, and Huang (1994)
formulation was found to better match the measurddrition over the range of laboratory data

collected.

A soil column was constructed &xperimentallyevaluate the behavior of an unsaturated soil

DrainTube® system subject to infiltratiom.heapparatus was assembigith the geosynthetic



situated in the middle of the colunand tested withvto soil materials: a commercially available
abrasiveblastingaluminum oxide gritnedia(referred to aslox), and a slightly coarser rock
crusher dusivhich was further washed and procesgeterred to asand) A series of infiltration
experiments were conducted with varying water table elevations and infiltration rates. The
column was outfitted witlsix tensiometey to measure the suction profile during infiltration.
Porewater pressure and suctiorasiged by the six tensiometers showed that pressure profile
remained hydrostatic below the geosynthetic but became subvertical to vertical above the
geosynthetic, indicative of increased water content in the soil dieveopment of theapillary

breakeffect

The column featured unique outlétsallowindependentollection of theoutflows for the
DrainTube® minipipe and geotextile components to determingedfficiency of the geosynthetic

to capture infiltration and divert it out of tikelumn It was found that a certain infiltration rate

was required to initi@capture of infiltrating water. The capture efficiency peaked as the
infiltration rate approached the saturated permeability of the soil material in the column.
Maximum capture efficiency was as high 75% of infiltration captured with a shallow water

table 2.5 cm below the geosynthetic, and as low as 40% with a deeper water table 22 cm below
the geosyntheticlhe minipipe generally accounted for the majority share of the total capture.

A 3-dimensional (3D) numericaialibrationof the physicalcolumnexperimentvas created in
GeoStudio 2021.3 Seep3ith the same dimensions as the physical experiment. Each
combination of lab infiltration rates and water table elevations were modeled faltwtind
sandmaterials in order to calibrate material parameters to the lab data. A reasonable fit to the lab
data was achieved lmgaking minoradjustents to the GWCC, SWCC, apdrmeabilityof the

materials

The calibrated materials were then utilized in a numerical simulation ofstééembankment
The labscale embankment was constructed by P\&tRil.(1988) and has been the subject of
other numerical studies (Iryo and Rowe 2005, Thuo.&04l5).Where the prior studiesere
limited to 2D analyseandestimatedhe soilmaterialparameters ahe original physical study,
Thepresent research extended gf@@metryinto three dimension® incorporate the DrainTube®
mini-pipes anditilized the calibratedlox and sand materialShree geosynthetic layouts were

assessednder infiltration rate conditiongarying from 6 mm/hr to 36m/hr and minipipe



spacings of 0.25 m, 0.5 m, 1 m, and Zompared to a geotextitnly scenarioHeatmaps were
generated to compare the change in pressure head be@sssnncorporating mupipes against

the base case (no geosynthetics) @sd against the geotextitaly scenarios

Capillary barriers were found to develop within the embankmaethte interface of the
geosynthetic and soil materials in the simulatidawever, scenarios incorporating the mini
pipes generallyeported an overall lower pressure head distribution withiehgankment
domain Specifically, the severity of capillary break devetapwas reduced whemini-pipes
were includedn comparison t@eotextileonly scenariosThis suggests that the inclusion of

mini-pipes even in unsaturated conditions leads to a more favourable hydraulic condition.
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1 Introduction

1.1 Background

Reducing water pressures and providing suitable drainage in geoenvironmental syatkeys
consideration for engineers and buildersnany aspects of civil infrastructure. Drainage has
typically been achieved with engineered fitiften assisted witjeosynthetis(e.g French
drains) However, he usage aftandalonelrainagegeosynthetichas become commaon
practice as more products become availalibe present research is focused on one Soleimar
drainagegeocompositeproductcalled DrainTub® which utilizessmall, perforated
polyprapylene (PPmini-pipes sandwiched between nonwoven geotextiléabsport fluids

from soils intocollection systemsA photographof DrainTube&® is provided inFigurel.1.

Figure 1.1: Photoqrapof Drain@

Whensoils arepredominantlyunsaturatedvith occasional significant infiltration eventhe
performance ofuchdrainage systenmay be reduced in comparison to a similar scenarder
which soils are saturatedh certainunsaturated sl anywaterintroduced into theystem must
break throughair thatpervacksintra-granularvoid spaceThe soil exhibits an apparent low
permeability umtil such areakthrough occursn structures composed of layered soilspfesoils
and geosynthetics, this phenomenon leads to the developmeramfiary barriereffect which

may lead taleviations from the behavior expected from drainage systems



Some pactitionerswho do not have a thorougimderstanding of the behauroof unsaturated
soil-geosynthetic systenmay shy away from the use of geosynthetics in such scenaaiygiag
ona more familiamaterialwhich mayincludea wellcharacterized borrow source or an
engineered sailGeosynthetis howevemmay outperforntraditional soil materials regardless of
their sourcewhether it ben terms ofcost,capacityto divert waterpr longevity.This research
seeks to providadditionalinsightinto thehydraulicbehaviorof unsaturated soils and

geosyntheticsandspecificallyaddresses theffect of theDrainTub&® mini-pipes.

1.2 ResearchObjective
Theobjective of this researalias todetermine ithe incorporation oDrainTube®mini-pipes
will improve drainage in unsaturated soils subjectdoying saturated and unsaturated

conditions. Tle following four tasks were completed to achieve the resedjelstive:

1. Characterization of thBrainTub&® geosynthetic using laboratory methpds

2. Evaluaton of capillary break development ialkscale infiltration experimentation

3. Measuement oDrainTubd 6 s  atddivertinfiltsating waterin unsaturated conditions;
and

4. Numerical calibration and simulation of a sggosynthetic system incorporating
DrainTube®

The firsttaskinvolveda laboratory programncluding determination of the Geosyntheti¢ater
Characteristic Curve (GWCC) as well as the Permeability Functignr{étion) of the geotextile

component of DrainTube®

A series of infiltration experiments were conducteddmplete thesecond and thirthsks The
experimentassessed the diversionwsdter byDrainTube® installed within two similar soil
materials under a variety of simulated infiltration rates and water table conditfemapparatus
was instrumented to measure soil suction above and below the geosyntretgefament of

capillary barrier development resulting from theorporation of the geosynthetic within the soil.

The fourth and finalaskwascompletedn two stages: firsthe soil materials and geotextile were
calibratedn a numerical modedgainst thghysical infiltration experimenSeconda numerical
simulationwas conductedased on &b-scalereinforced embankmestenaridPWRI et al.

1988)which has received prior attention in the literat{irgo and Rowe 2005, Thuo et al. 2015)



The numericasimulationincorporated thenaterialscharacterized in the present research which
werecalibrated against the physical infiltration experiment. The effect of includingpipes

within the reinforcement was assessatthree layout®f DrainTube® within the embankment

1.3 Scope ofResearch
The intent of the works conducted was to focus on the specific #ftgdhe inclusion of mini

pipes may have in unsaturated soils. Tdil®wing limitationsare recognized

1. Characterization ojeosynthetics is specific to those commercially available under the
DrainTubeé® productline;

2. Both of the twasoil materials characterizeohd used in the infiltration experimemére
classified asilty sand withsimilar characteristics in unsaturated conditioBeil materials of
other classifications were not assessent

3. Thebasis of the numerical experiment is a physical embankment which was condtgucted
others(PWRI et al. 1988in a lab environment witboundary conditions which are not

necessarily representative of typigalotechnical structures.

Due to limitedmaterial characterization providég the authorsf the original physical
experimen{PWRI et al. 1988)a degree oéstimation othe soil and geosynthetimaterial
characteristics was requirég the other author@ryo and Rowe 2005, Thuo et al. 2015}har
numericalevaluatiors. The soil materials characterized in the present research were substituted in
the simulation rathaghanapproximating the materials of the physical experiment as was done in
the other studieszurthermorethe instrumentation installed in tbeginal physical embankment

was limited These two factors limit comparison of the simulation results to the original physical
experimentAny comparisos of the numerical resuligenerated in thpresent research the

findingsof previous works irthe literaturearethereforeonly qualitativein nature

1.4 ThesisStructure
Thisdocumenthas beemnlivided intosix chapterseach focusing on a particular componéihie

presentation of the thesisds/idedas follows

1. Chapter 1: Introduction T providesthe backgroundybjectivesand scope of the research.
2. Chapter 2: Literature Review i a synthesis of the literature relevant to ldigoratory and

numerical components of the present research



. Chapter 3: Lab Methodology1 outlines the procedures used to determine the characteristics
of the geosynthetic.

. Chapter 4: Lab Results and Discussiofi detailsthe results of the laboratory component of
the researchas well as a numerical calibration.

. Chapter 5: Numerical Experimenti presents an application of the calibrated materials in a
soil-geosynthetic scenario which has received prior attention in the literature.

. Chapter 6: Conclusion and Recommendation$ provides a summary of the results as well

as recommendations to supplement the present research.



1.5 References
Iryo, T., and Rowe, R.K. 2005. Infiltration into an embankment reinforced by nonwoven
geotextiles. Canadian Geotechnical Jour#2l): 1145 1159. doi:10.1139/t6535.

PWRI, Toyobo Co. Ltd., Toray Industries Inc., and Unitika Ltd. 1988. Development of
Reinforcing Method for Embankment Using Spunbond Nonwoven Geotextile. Performance
of Geotextile Within Soil and Its Effectiveness, Vol. 2, Cooperative research report of
PWRI, No. 6. Tsukuba, Japan.

Thuo, J.N., Yang, K.H., and Huang, C.C. 2015. Infiltration into unsaturated reinforced slopes
with nonwoven geotextile drains sandwiched in sand layers. Geosynthetics International,
22(6): 457 474. doi:10.1680/jgein.15.00026.



2 Literature Review

2.1 General

Section Zontains a review of literature pertaining to unsaturated soils, characterization methods,
and numerical modeling methods relevant togressent research. Firgihe important concepts of
unsaturated soil behaviour are introduced. Sedted;ommon methodology used for
characterizationf unsaturated geosynthetics are describladd, factors influencing the shape

of GeosynthetidVater Characteristic Curves are discussed. Fourth, the application of common
curvefitting models is considere€ommentary otab-scaleinfiltration experiments from the
literature follows The section is then concluded with a discussion on numerical studies of

unsaturated sotjeosynthetic systems.

2.2 Unsaturated Soil Concepts

In this subsection the concept of the Stflter Characteristic Curve (SWCC) and permeability

of unsaturated porous media are introduced, followed by the introduction of the capillary barrier
effect, which is the critical component of this research.

2.2.1 The SoitWaterCharacteristic Curve

The SWCC is the relationship between soil water content and matric suction. Matric suction is a
representation of the tensile forces of thevater interface acting on soil particles as a result of
capillary action. Water content may be representedaasngetric water content, volumetric

water content, or degree of saturation. The SWCC is related to the pore size distribution of the

material and therefore varies greatly for different soil types.

The hydraulic behaviour of porous media is largely driven by the water content and therefore the
SWCC. Several points on the curve are highlighteeignre2.1 below. At Point A, the suction

is near zero and the material is fully saturated. At Point B, suction has increased the curve breaks
into a downward trend. This is called theantry value (AEV) and is related to the largest pores
desaturating (i.e. agntering the pores). At Point C suction has increased such that the soil is at a
residual water content. A high degree of suction is required to expel the remaining water beyond
this point. The SWCC exhibits hysteresis between drying (i.e. starting featu@ated or near
saturated condition) and wetting behaviours (starting from a mostly unsaturated condition).
Hysteresis is a function of the entrapment of the pore air within the pore structure, forcing the

path for water uptake to be more tortuous. PDioih Curve 2 is called the watentry value
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(WEV) and is related to the resaturation of the smallest pores. As suction decreases from this
point water content increases along a similar but not identical path to the drying curve, to a new

saturated state at point E.

0.6
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E Curve 1 - drying
o~ Curve 2 - wetting
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Figure 2.1: Example Drying and Wetting SWCCs

SWCCs vary between soil types because of the variation in the pore size distribution and in situ
soil structure. A sketch of SWCCs for different soil types is givdrigare2.2. Curve 1

represents a material with a uniform pore size distribuf@ryhich desaturation occurs over a
small range of suction. Curve 2 represents a material with a high porodiégsuniform pore

size distribution.
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Figure 2.2: SWCCs of Different Soil Types

2.2.2 Unsaturated Permeability in Porous Media

Permeability in unsaturated media is a function of the water content, however it is often plotted
against matric suction by the SWCC relationship. A fully saturated soil has-eonakcted

water phase. However, in unsaturated conditions the pores aadlypélled with air and the

water phase becomes disconnected, lending to a more tortuous path. The result is a reduced
permeability. The Kfunction also tends to exhibit hysteresis between wetting and dAing.

example of wetting and drying-finctionsis illustrated inFigure2.3.



1.00E-03

Curve 1 - drying

1.00E-04 A

LOOE-95 1 Curve 2 - wetting
1.00E-06 4
1.00E-07 A

1.00E-08 A

1.00E-08 A

Permeability (m/s)

1.00E-10 A

1.00E-11 A1

1.00E-12 A

1.00E-13

0.01 0.1 1 10 100
Matric Suction (kPa)

Figure 2.3: Hysteresis of Permeability Functions

2.2.3 The Capillary Barrier Effect

The capillary barrier effect occurs when two dissimilar materials are in contact in a wetting front.
The effect is a result of a discrepancy between the permeability of the two materials at a given
matric suction, as illustrated Figure2.4. Beginning at Point A in the illustration, the

permeability of Curve 1 is less than the permeability of Curve 2 despite the opposite being true of
the permeability at saturation. This phenomenon results in ponding at the interface (i.e. an
increase in war content) and a corresponding decrease in suction to Point B. When suction
reduces to the degree such that the permeability of the two maitedglsal a breakthrough of

the capillary barrier occurs. The water ponding at the interfaceéheilbe permitted to flow into

the underlying material.
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Figure 2.4: K-functions of TwoSoils creating a Capillary Barrier

If suction increases following breakthrough to a degree similar to PoinElyume2.4, the
capillary barrier effect will be restored. This regenerative property has warranted the use of the

capillary barrier effect in soil cover systems.

2.3 Unsaturated Geosynthetics

In this subsection a variety of methods for measurement of GeosyntVetiec Characteristic
Curves (GWCCs) and permeability functionsf(itctions) araliscusse@nd results compared,
specifically highlighting thdéactors that appear to influence thegree of saturation, 8nd the
air-entry and water entry suction hea@lke applicability of common SWCC curigting

methods for GWCCs are also introduced.

2.3.1 Geosynthetic Capillary Barriers

As was briefly mentioned in Secti@?2.], the pore size distribution of geotextilesasge,highly

uniform and well connected. €lsize of the pores and high degree of conneclimitgls to a very

high water content at saturation and a high saturated permeability. However, only a small change
in suction is required to fully desaturate a geotextile to residual, rendering it effectively
impermeablalue to the uniformity of the pore size distributidihe GWCC, SWCC,and K

functionsof a geotextileand soil are illustratech Figure2.5. Note thentersection of the tw-
functiors: the relationship of the two materials is typical of a capillary baasawas presented

in Figure2.4.

10



1

1.00£-02 { Geotextile

92 1 Geotextile
1.00E-03
08
1.00E-04 Soil

07

06

05 2 1oop07

Soil £
04 & 1.00r08

etric Water Content
)
&

Volum

03 1.00E-08
02

LO0E-11
01

1.00E-12

0

001 01 1 10 100
100
Matric Suction (kPa) Matric Suction (kPa}

Figure 2.5: GWCJ SWCC(left) and K-functions (right) conducive to Geosynthetic Capillary
Barrier Development

The usage of highly permeable nonwoven geotextiles for drainage puhaesescome more
desirable. This application is suitable when saturated conditions are anticipated, however in
primarily unsaturated conditions it has been demonstrated that an inhibition of drainage may
occur due to the capillary barrier effect. The phenomenon may hgaéveeimplications in

gedechnical worksvhere ponding may generate positive pore pressuresd to erosian

2.3.2 Measurements of GeosynthetiWater Characteristic Curves

Use of the hanging column principle was utilized in eamiestigations in unsaturated

geosynthetics and has been revisited due to its relative simplicity. While the usefulness of the
hanging column principle igmited to a small range of suction and therefore not useful

testing ofmanysoils, it is much more suitable for geotextiles given the coarse pore structure of

the geotextile. It has been shown that geotextiles desaturate at relatively low suction heads which
can be achieved with a hanging water column setup. Researchers in8tatimgnt et al.

(1997) Stormont and Morris (2000%tormont and Ramos (2004jo (2000) Cartaud et al.

(2005) Park (2005)Bouazza et al. (2006dyIcCartney et al(2008)Bathurst et al(2009) and

Cunningham (2018&ach demonstrated that this method was suitable for measuring GWCCs.

Perhaps the simplest methodology for measuring the GWCC is relying solely on the capillary rise
of water into a geotextile suspended over a water reseGeatextile specimens have been

tested in drying phases (saturating the specimen prior to suspending) and wetting phases
(specimen left dry). The specimen is suspended for some peaddvoit to reach acapillary

equilibrium andhen removed and cut into thitrips for determination of water content at

11



increments of height above the water reser{iégquation 210). Researchers includirgenry and

Holtz (1997) Lafleur et al. (200Q)Stormont and Ramos (2004ark (2005)andKrisdani et al.
(2008)used this method and results have generally agreed with the other approaches; however,
the water content was generally lower than other methods at similar suctions. TiEdly
beenascribed to the higher potential for evaporative tosjueezeut of watemwhen cutting

the thinstrips It is also worth noting that the flow path of water into the voids by capillary action

is in-plane for this method, whereas it is throygane for others.

Due to the lengthy duration required to complete the hanging column test and a lack of
confidence in the capillary rise test, outflmentrolled pressure plate cells were independently
developed bKnight and Kotha (2001 Bouazza et al. (2006aandMcCartney and Znidarcic

(2010) This equipment enabled the removal of a desired volume of water and the corresponding
suction that resulted from the change in water contestmeasuredsWCCs were obtained by

using this methodology atraore rapidpace and results obtained were comparable with other

methods, although the equipment requireekigensive andhore complex.

2.3.3 Factors influencing behavior of Unsaturated Geosynthetics

The presence of surfactants remaining in the geosyntietibeen demonstrated to affect the
degree of saturation that can be achieved by a geotextile. This was first obserertdbgnd

Holtz (1997)who cleaned their geotextile specimen prior to performing a capillary rise test and
observed a capillary depressi@tormont et al. (199&howed that the presence of surfactants
influenced the maximum saturation achieved by a geotextile specimeneXdmajned the

wetting and drying behaviors of four polypropylene nonwoven geotexiili® asreceived
condition and following cleaning. Specimens in theeaeived condition achieved a minimum
degree of saturation (S) of 0.8 in each of the four samples, whereas the cleaned specimens
achieved S oapproximately0.3 in one sample and less than 0.2 in the three others. Air entry and
water enty suction heads were consistent regardless adgheceivedvs cleaned condition.
Cartaud et al. (2005nade a similar observation andted that certain parts tifeir geotextile
specimerwere more hydrophohi@ targetechydrophobic specimen wetted to S of
approximately 0.3vhile the typical specimen wetted $oof 1.0.Water and & entry suction

heads werapproximately 30 mm antiD0 mm respectively for both specimens.
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Polymers used in construction of geosynthetics include polypropylene, polyethylene, polyester,
among others that are less common. These polymers are hydrophobic in nature and this property
is in turn exhibited by geotextild€aman et al. 2022)he polymeric makeup of the geotextile

fibers could therefore also have an influence on unsaturated behaviour, although this is difficult
to directly observe as manufacturers do not typically assemble products with different polymers
but are otherwise &htical.Stormont and Morris (200®)jsually compared the capillary rise in
polypropylene, polyester, nylon, and fiberglass textiles and demonstrated the significantly higher
wettability of the fiberglass and nylon textiles compared to the more typical polypropylene and
polyester textilesThey also directly compared the wetting and drying GWCCs of polypropylene
and polyester nonwoven geotextiles gathered using a hanging column. They fotinel wadér

entry suction head was approximately 30 mm for pathvever the polyester specimen et a
higher S of approximately 0.8 while polypropylene reached S of approximately 0.7. The
polyester geotextile also retained water up toiaardry suction headf approximately 100 mgn

while the polypropylene specimen began desaturation at approxii@telyn. Measurements

of the GWCC for a fiberglass nonwoven geotextile complete8tbymont and Ramos (2004)
generally showed a higher water content than more typical polymeric geotextiles, in higher
ranges of suction in particular. At 1000 mm of suction head a degree of saturation over 0.2 was
reported for wetting and 0.3 for drying. In comparison, polypropyderkepolyester geotextiles

from the other literature sources were typically less than 0.2 in both wetting and drying scenarios.

The onstructionspecificsof a particulalgeotextilemay additionally play a role in the

unsaturated behavior. Production methods such as thermal bonding anepneetiag tend to
reduce the size of the voids between fibers. A variety of arrangements are available, and the
processes used to achieve similanfigurations are likely to vary between manufacturers. Still,
researchers have compared the behaviour of differently constructed geotStailemnt et al.

(1997 showed that water entry suction head was comparable between two staple fiber and two
continuous fibegeotextiles and varied from approximately 0 mm to 30 mm. However, air entry
suction head was higher for both staple fiber specimens (approximately 80 mm) when compared

to continuous fiber (approximately 50 mm).

Lafleur et al. (2000measured the tplane GWCC of four polyester geotextilgfsvarious

constructionncluding two nonwoven needfgunched geotextiles with continuous fibers, one
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with staple fibers, and one knitted woven/nonwoven geotextile. Air entry heads were reported to
be approximately 50 to 60 mm for the two continuous fiber specimens, 170 mm for the staple
fiber specimen, and 100 mm for the knitted specimen. Water entrg inemd reported to be
approximately 50 to 70 mm for the two continuous fiber specimens, 100 mm for the staple fiber

specimen, and 50 mm for the knitted specimen.

Cartaud et al. (2005neasured GWCCs divo needlepunchedcontinuous fiber polypropylene
nonwovengeotextile productsandathermatbonded polypropylene nonwoveeotextile

product One of the needipunched specimergad a water entry valud approximately 30 mm
andapproached S of 1,.@hile theother needle punched geotextile remained entirely unsaturated
from 250 mm and only began to uptake water approaching 0 mm of suction head, reaching S of
approximately 0.95. The thermlbnded specimen produced a bimodal wettingG&y

reportinga water entry value of approximatdl@0 mm, plateauing from approximately 50 mm to
20 mm at S of 0.3, arekperiencinga sharp uptake of water to 0 mm to reach a final S of
approximately 1.0. Air entry suction heads were approximately 100 mm forstheeedle

punched specime@0 mm for the other neespunched geotextile, and approximately 20 mm for

the thermabonded geotextile.

Intrusion of soils into geosynthetics undoubtedly has an impact on the wetting and drying
behaviour of soils. With time it may be expected that intrusion of soil particles becomes more
pronounced and the GWCC may more closely resemble the SWCC of thenglimgpsoils.

There has been limited assessment of the impact of this phenomenon in {tegrigrigpwever
several laktbased observations have been métiary and Holt1997)observed thiesoil fines
increased the capillary rise in an initially hydrophobic geotex@termont and Morris (2000)
modified a polyester geotextile to include intrusions of sand, silt, and clay and showed that the
intrusion of soil enabled for uptake of water at higher suction heads (i.e., a higher water entry
value) over 100 mm for each of the modified specimé&hs.intruded soil also increased the
maximum S achieved during wetting, reportingf&pproximately 0.8 for the unmodified
geotextile,0.85 for geotextile specimens modified with sand and, elag 1.0 for the specimen
modified with silt.Bathurst et al(2009)similarly modified a polypropylene nonwoven geotextile
by introducing a kaolin paste which resulted in a dramatic 66% decrease in the water content at

full saturation but comparable air entry and water entry values.
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2.3.4 Measuring Permeability of Geotextiles in an Unsaturated State

Direct measurement of the-plane permeability of geotextiles has been done with relatively
simple equipment first introduced Btormont et al(1998)and later used bg$tormont and

Morris (2000) Stormont et al(2001) andStormont and Ramd2004) They constructed a
permeameter as illustratedkigure2.6. The equipment consisted of a tiltable platform to control
the hydraulic gradient and two reservoirs at either end to control the suction by lowering the
reservoirs relative to the platform. Outflows measured from the downstream reservoir were used
to conpute the permeability at a given suction. Tensiometergplaced within the apparatts

the ensure suction was constaatoss the specimeAn inflatable bladder was used to supply a

compressive load to the specimen.

geotextile specimen
top plate

tensiometer
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Figure 2.6: Unsaturated Permeametdor Geotextilesafter Stormont et al. (2001)

2.3.5 SWCCCurve-Fitting Methods forGWCCs

Applicability of the common Soil Water Characteristic Cufittng methods to GWCCs has also
been extensively demonstrated in the literature. A quality fit of@ineGenuchten (198@odel

to GWCCs was shown ytormont and Morris (2000%tormont and Ramos (2004 cCartney

et al. (2005)Bouazza et al2006a) Nahlawi et al. (2007)Bathurst et al. (2009andMcCartney
and Znidarcic (2010Nahlawi et al(2007) Bathurst et al. (2009andKrisdani et al(2008)
demonstrated that tgedlund and Xing (1994prmulation also provided a good fit to the
measured GWCC#o (2000)andKnight and Kotha (20013imilarly utilized theBrooks and
Corey (1964¥ormulation.
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Stormont and Morris (200@pompared th@an Genuchte(l1980)parameters and r derived

from curvefitting the GWCC and curvétting the measured Hunctionshowed dair level of
agreementStormont and Ramd2004)made a similar comparison demonstrating that the eurve
fitting parameters for wetting GWCCs/permeameter tests were more comparable than for drying

GWCCs/permeameter tests.

2.4 Laboratory-Scale SoiGeosynthetic Experiments

In this subsection various one and tdimensional soijeosynthetic experiments are discussed.

A variety of infiltration boundary conditions have been examined in the literature, including
ponding and simulated rainfall/flux conditions. Results for ed¢heostudies discussed below

are indicative of capillary barrier development, showing a decrease in matric suction above the
geosynthetic as the wetting front approached the geotextile and a corresponding response below

the geosynthetic as suction decezhio a breakthrough threshold.

2.4.1 OneDimensional Infiltration Experiments

Stormont and Morri$2000)comparednedimensional 1D) infiltration into acolumn

containing a nonwoven polypropylene geotextile sandwiched between sand and between silt
(overlying the geotextile) and sand. They compared results to a test with the silt overlying sand
without the geotextile. The columns were instrumented with a tensomiebve and below the

layer contacts. In each case they observed the suction above the interface decrease as the wetting
front proceeded, while suction below the interface remained constanttimgliceat a capillary

barrier had developed. Breakthrough occurred at 150 mm and 160 mm of suction head in the
cases the geotextile, and 300 mm for the silt overlying sand. Breakthrough occurred at a greater
suction head than was measured in the wettingy@ameter tests, which may be attributed to the
crossplane nature if infiltration, or soil intrusicreach behaviours that were not captured in the

in-plane permeameter test.

Ho (2000)constructed a 1.95 m column incorporating a nonwoven polypropylene geotextile
sandwiched between two layers of sand. The geotextile was tested in botteesivad

condition and following modification with kaolin paste. They utilized a 10 cm pondingdaoy
condition at the top of the column and a free water table at the bottom. The column was
instrumented with conductivity probes to detect the wetting front and tensiometers to measure

soil suction. Tensiometers placed above theeasived geotextilesported approximately zero
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suction head as the wetting front passed and approximately 2 cm of pressure head was observed
immediately above the geotextile, indicative of slight ponding. This condition remained until
breakthrough was achieved and a hydrostatic profile was realizzdhilar sequence occurred in

the modified geotextile case; however positive pressure heads as high as 50 cm were observed.

Hydrostatic pressure was similarly realized once breakthrough occurred.

McCartney et al(2005)performed infiltration experiments a geocomposite (geonet sandwiched
between nonwoven geotextiles) between a low plasticity clay and a gravel. The column was
instrumented with Tim&®omain Reflectometry (TDR) probes to measure water content at three
locations above the geonet. Volumetric water content reached approximately 25% as the wetting
front passed the upper TDR probes, and proceeded to approximately 39% above the geosynthetic,
indicating an increase in water storage due to the development of aryapédirier. Water then
accumulated and water content in the upper probes continued to increase until breakthrough
occurred. The corresponding breakthrough suction head determined from the SWCC was
approximately 20 mm, which was comparable to the intemseof the geotextile and clay-K

functions.

Krisdani et al(2008)tested a geotextile/geonet similaiaCartney et al(2005)between two

layers of sand in a column instrumented with both TDR probes and tensiometers. They initially
conducted a drawdown experiment, dropping the water table from the top of the column (1 m) to
the bottom (0 m). Suction head above the geosynthascslightly less than below the

geosynthetic indicating a capillary barrier had developed after 48 hours following the change in
water table elevation. This state was used as the initial condition for a simulated rainfall event
over the top of the colum&uction below the geosynthetic remained constant over the 6 hour
course of the rainfall event but reduced above the geosynthetic to the top of the column. The
column was allowed to dry for 72 hours following rainfall and reached a similar capillary barrier

state as was observed following the drawdown stage.

McCartney and Zornber@010)investigated the effects of infiltration and evaporation on
geosynthetic capillary barrier columns. They constructed a column with 1.35 m of clay overlying
a nonwoven geotextile on 0.1 m of gravel, instrumented with TDR waveguides at 50 mm, 250
mm, 500 mmand 1250 mm above the geosynthetic. They applied infiltration at 03 mm/day for

3106 hours. The volumetric water content increased by approximately 10% as the wetting front
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passed each TDR probe and stabilized. The wetting front reached the lowest TDR waveguide (50
mm above the geotextile) at approximately 1400 hours. From this point the soil water content
continued to rise by approximately 22% immediately above the geetdatiinage did not

occur from the base for another 474 hours indicating that water was stored due to the

development of a capillary barrier.

2.4.2 Two-Dimensional Infiltration Experiments

Krisdani et al. (2010fested a sloping geosynthetic capillary bamiging an apparatus developed
by Tami et al. (2004a, 2004)r soil capillary barrier assessmefihe initial study demonstrated
the capillary barrier effect in a sloping tabale test apparatus incorporating a fine sand overlying
a gravelly sand subject to various rates of rainfall and demonstrated the diversion ability of the
capillary barrier andhe capacity to regenerate following a series of rainfall events and
breakthroughKrisdani et al. (2010nhcorporated a geonet comprised of a monofilament mat
between two polypropylene nonwoven negaleched geotextiles. The geonet was placed within
two layers of the fine sand used Bgmi et al. (2004aand was subject to a series of rainfall
events similar to the initial study. All rainfall was diverted in the upper soil layer above the
geonet for each of the stages with no drainage collected from the geonet and no percolation into
the lower soil layeevident illustrated in the water balancekigure2.7(a). The system was then
subjected to a very higintensity rainfall event, triggering breakthrough into the geonet, however
there was still no evidence of water percolating into the lower soil ésyshown irFigure

2.7(b).
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Figure 2.7: Water Balance, afteKrisdani et al.(2010)

Portelinha and Zornbe@017)investigated the capillary barrier effect within an experimental
nonwoven geotextilkeeinforced soil wall. The wall was 1.8 m high, 1.55 m wide, and 1.8 m deep

with five 1.6 m long reinforcement layers spaced vertically at 30 cm. Reinforcement layers were
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wrapped around the face of the wall graded at 1% toward the face of the wall. The wall was
sealed with shotcrete with drains at théghd 4" reinforcement layers. The soil used was

described as a clayey sand which exhibited a bimodal SWCC with apparent AEVs at
approximately 7 kPa and 3000 kPa. The wall was instrumented with FregDen@jin

Reflectometry (FDR) sensors and tensiometers for uneagent of and water content and suction
andLinear Variable Differential TransformefLVDTs)/tell tale extensometers to measure
displacement of the wall face and tensile displacements of the reinforcement. Infiltration was
applied across the top of thellvat 0.65 mm/hr for approximately 830 hours. Development of a
capillary barrier occurred in each layer progressively, taking 65 hours to develop at the first layer
and at 165 hours breakthrough was achieved. Lower reinforcement layers exhibited goia@tar c

of capillary development followed by breakthrough.

2.5 Numerical Modeling of SoitGeosynthetic Systems

Numerical methods of evaluating sgiosynthetic systems are discussed in this subsection.
Modeling a material such as a geosyntheiib a thickness on the order of millimeters and

highly variable hydraulic behaviour in unsaturated conditions presents unique challenges with the
presently available numerical modelling programs and techniques. Examples from the literature
are discussencluding the application of curvited GWCCs and Kunctions as introduced in
Section2.3.5 meshing methodology used to represent geosynthetics, and techniques to calibrate
models to experimental dat&ach of the prior works discussed demonstrate that the interaction

of geosynthetics and soils, and specifically development of geosynthetic capillary barriers, can be
modelled successfully.

Ho (2000)used the progra/HI Unsat SuitendVS2Dfor simulation of their 195 cm tall 1D
sandmodified geotextile column test with a 10 cm ponding boundary. A 2 cm node spacing was
specified across the full height of the simulation. Bneoks and Corey1964)GWCC (curve

fitted to their experimental data) was used in the numerical model. Modifications were made to
the saturated permeability parameter to achieve a better match between the experimental and
numerical results. The numerical model predicted a redwyp similar suction head at the various
depths measured in the experimental apparatus, however the numerical results showed a
stepwisetype response which contrasted the gradual response observed from the experimental

results as illustrated iRigure2.8. This was understood to be due to the limitations oBtlo@ks
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and Corey(1964)model which requirethatthe full saturated hydraulic conductivity be realized

when suction is less than the AEV.
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Figure 2.8: Experimental and Numerical Results, aftédo (2000)

Iryo and Rowe (2004nodeledHo's (2000work using the progralSBEEP'W. The mesh size was
reduced from 20 mm péto (2000)to 5 mm in the soil and the geotextile was represented as 3.8
mm thick divided into 5 mesh elemenisme was stepped from 0.001 second to 1 secbimely
replaced the use of tigrooks and Corey (1964h0del with thevan Genuchten (198@odel to
curvefit the SWCC and GWCC. They also utilizEdol and Parker's (198 Method to model
hysteresis when transitioning from drying to wetting cur¥é® numerical results showed good
correlation with the experimental results from the original study and showed a discontinuity in
pressure above and below the geosynthetic indicative of a capillary barrier, as illustrated in

Figure2.9.
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Iryo and Rowg2005a)andThuo et al(2015)produced numerical models of a{atale

embankment reinforced with nonwoven geotextiles construct€Nfyl et al.(1988)with

varying lengths of geotextile reinforcement as showkigure2.10. The embankment stood 3 m

tall, 4 m wide, and 6 m deep and was situated on concrete. Reinforcement was spaced vertically
at 0.75 m. Rainfall was applied to the top and face of the embankment at a rate of 12.7 mm/hr. It
was reported bPWRI et al.(1988)that the embankments failed due to erosion of the soil in the

vicinity of the reinforcing layers.
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Figure 2.10: Layouts of GeotextileReinforced Embankments constructdy PWRI et al.
(1988)and modelled byryo and Rowe(2005a)

Both research groups used the prog&EEPYV. Iryo and Rowg2005a)modeled all four cases,
while Thuo et al(2015)focused their efforts solely on Embankment 2. The meshing technique
was slightly different between the groups, with the former using-thwde triangular elements in

the soil and geotextile (further divided into six vertically stacked elements) arattdreusing

six-node triangular elements in the soil and quadrilateral elements in the geolgxtind
Rowe(2005a)performed a parametric analysis to produce a suitable SWCC-anttton for

the soil, whileThuo et al(2015)derived an SWCC from the particle size distribution and

predicted the soil Kunction usingvan Genuchte1980)parameters from the SWCC. Both
research groups represented the geotextilewgithGenuchte(i1980)parameters typical ofryo

and Rowés (2003)prior review. Numerical results from Embankment 2 are illustrat&igimre

2.11in terms of degree of saturation profiles and contours. The existence of a capillary barrier at
each of the reinforcing layers is evidencedrigure2.11(a) andFigure2.11(c). The contours
presented ifrigure2.11(b) andFigure2.11(d) show a high degree of saturation at the face of the
embankment, a result of perched water resulting from the capillary barrier effect generated by the
geotextile. This supports the findingsP{VRI et al.(1988)
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Figure 2.11: Experimental Results and Numericddegree of SaturatiorProfiles and Contours
for Embankment Layout 2, aftelryo and Rowe(2005a)(left, a and b) andlhuo et al. (2015)
(right, c and d)

It should be highlighted that the water content was measured during the physical experiment by
the radio isotope (neutron scattering) method. The contrast between numerical and experimental
is in part due to the ineffectiveness of the neutron scatteritigpohér determining the water

content of a thin layer of sqiFredlund et al. 2012)ts usefulness for measurement of water

content in a system exhibiting highly variable water content such as this scenario was therefore

limited.

Iryo and Rowg2005a)also performed numerical experiments on four additional reinforcement
layouts illustrated ifrigure2.12. A 10 cm ponding condition at the top of the embankment was
considered in addition to the 12.7 mm/hr rainfall. A similar meshing regime was implemented.
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Figure 2.12: Layouts of GeotextildReinforced Embankments for numerical experimentation
modelled byiryo and Rowe(2005a)

Conclusions of the numerical experiment embankments were similar to that of the numerical
analysis of the physical embankment. Results showed that a capillary barrier developed in both
the rainfall and ponding cases fmbankments incorporating reinforcement (Embankments 7

and 8). Resulting water fluxes through the geotextile were also analyzed at the point in time
where the wetting front had proceeded halfway down the embankment. Under the rainfall
condition suction remined less than 1 kPa, the approxienatersection of the soil and geotextile
K-functions (i.e. the breakthrough suction). As such, outward flow did not occur in any of the
reinforcing geotextile layers for any of the reinforcement layouts, but did occur at toe drains of
Embankments 6, 7nd 8. Conversely, flow was reported in several reinforcing layers in
Embankments 7 and 8 (as well as the toe drains) undpotifigng condition. Only the upper
reinforcement layer reported outflows in Embankment 7, illustratétjure2.13. There was no
pressure or elevation gradient across the middle layer and as such no flow occurred. The bottom
reinforcement layer reported inflows because of a strong suction gradient toward the centre of the

embankment with no opposing elevation gradientard the embankment face.
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(2005a)

In contrast, outflows were reported in all reinforcing layers in Embankment 8 shdwgune
2.14. This shows that the inclination of the reinforcing geotextile, however unconventional, was
able to provide a sufficient gradient toward the embankment face along the geotextile.
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Figure 2.14: Fluxes and SuctionkPa) Contours of Embankment 8, aftdryo and Rowe

(2005a)

Iryo and Rowg2005b)performed a numerical experiment to investigate the effect of slope on
soil-geosynthetic capillary barrier systems using the pro@&&P/W The hypothetical

geosynthetic was analogous to a monofilament geonet sandwiched between nonwoven
geotextiles. The models incorporated the geosynthetic below a layer of sand inclined at 2.5% and
5%, and loam inclined at 5% and 10%. A variety of rainfallfary conditions were used at the
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upper boundary. The nonwoven geotextile was modeled as a material with a WEV of
approximately 1 kPa, and the geonet was repre:
assigning zero pressure head following iterative review at nodes where pressure exceeds z

This approach mimics the water entry behavior of the open andaralected pore space of the

geonet which lends to a very low (~0) WEV. They used a similar meshing apprdaehdad
Rowe(2005a) meshing the 3 mm thick geotextile in three 1 mm thick divisions and

progressively increasing the mesh size to 10 mm in the soil above. Their model was transient

with time steps varying from 1 second to 60 seconds. It was found that capillary barriers

deweloped at both the segeotextile contact and the geotextjeonet contact each at

i ndependent | engths downsl|l ope. The Adiversion
the slope and rainfall rate. This is similar to observations ma@dss 1990, 1991pteenhuis

et al.(1991) andBussiere et al2002)

Krisdani et al. (2008)nodeled transient drawdown, rainfall, and drying phases of their 1 m tall

1D geocompositsand column experiment using the progi@ylux They inputted-redlund

and Xing(1994)parameters for the GWCC (fitted to the experimental data) and obtained the K
function by the statistical meth@Bredlund and Rahardjo 1993)hey modelled the full width of

their physical column using a 2D triangular mesh automatically generated by the program, which
became smaller with proximity to the geosynthetic. In contrasydoand Rowés (2005b)

approach of a similar geotextile/geonet product, the geocomposite was modeled as a single
material rather than two unique components. Their model provided a good fit through each of the
experimental phases (illustratedrigure2.15) but deviated as vertical distance from the sand
geosynthetic interfacacreased at the end of the drawdown and drying phases. This was
recognized as a result of the low permeability of the sand as given by the prediatextiéh

allowing sand to retain water over a larger range of suction.
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Figure 2.15: Numerical and Experimental Results of 1D Column Experimeatfter Krisdani et al. (2008)
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Thuo et al(2015)modeled the column experiment conductedmCartney and Zornberg

(2010)using the prograrBEEP/Wn 2D using a mesh size of 1 cm in the soil region and

representing the geotextile as a line element. Time was stepped in increments of 1 second to 100

seconds, scaling over time automatically. Vae GenuchteL980)formulation was used to

represent th&WCC, SWCC,and K-functions of the clay and geotextile, based on the

characterization bivicCartney and Zornber@010) The model provided a reasonable match to

the increase in the cl ayods

further increase in water content was reported by the model indicating the development of a

capillary barrier. The ma underpredicted the water content immediately above the geotextile

water

content

over

by approximately 5% but approached the experimental value with distance above the geotextile,

shown inFigure2.16. The authors suggested that the discrepancy was due to air entrapment

within the geotextile and particle clogging effects which were not represented in the model. Both

factors would reduce the permeability of the geotextile and thus result in a highes dég

ponding as was reported in the experimental results.
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3 Experimental Methodology

3.1 General

Section 3outlines the methodologies used to meet the experimental objectives of this research.
First, characterization of the geosynthetiater characteristic curve and permeability function of
the DrainTub® geotextile are discussed. Second, characterization of the soil materials used is
presented, including particle size distributions,-8@iter characteristic curves, and saturated
permeabilities. The section is concluded with a discussion of the infitirakiperimental setup

and procedures.

3.2 GeotextileCharacterization

3.2.1 Description

The DrainTub® product is commercially available with several geotextile variations and two

mini-pipe sizes. DrainTul& 300P and 400P were supplied for the purposes of this research, as

well as the drainage blanket component of 300P, referred to as O60E. The difference between the
300P and 400P geotextiles is primarily their mass per unit area, the former being 3a@6dy/m

the latter being 400 gfmConsequently, the hydraulic behaviour can be expected to be different
between the two. 300P and 400P geotdxte s ar e constructed with a p
bl anketd component (i.e. product O0O60E), and a
components are nee¢peinched together with pockets left unstitched at 250 mm spacing to allow

room for the mirtpipe to be inserted between the geotextiles. Mipes are commercially

available in two sizes: 20m and 25 mm diameter. The 25 mm diameter 1pipé was used for

the experimental component of this research.

3.2.2 Equipment for Measuring the GWCC

The GWCC for the nonwoven geotextile component of Drain®uvas determined using a

modified Tempe pressure plate cell, illustrate&igure3.1. The cap of the cell was modified

such that a vertical load could be applied through the cap to the top of the specimen. The Tempe
pressure plate cell is more suitable for low ranges of suction than other equipment and either the
axis translation or hangg column methods can be utilized. At low suction hadthnging water
column was used to control suctigks suction increased beyond the physical restrictions of the

lab setup the hanging columwas supplemented with axis translation. This was achieved with a

low-pressure regulator and gauge witméh (25.4 mm) increments of water column equivalent.
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The Tempe cell is constructed of a clear acrylic base, cylindrical wall, and cap which are sealed
with O-rings at the mating points. Six bolts seal the assembly. A porous higihtairceramic

disk is inserted into the base. Since it was anticipatedheageotextile would reach a residual

state at a low suction relative to the AEV of commercially available ceramicsflong6.5-bar

and Xbar ceramics were selected for this experiment. The higher permeability of these ceramics
expedited (to some degdae completion of the experiment.

The acrylic base is also outfitted with fittings to allow connection of flexible tubing. The long
flexible tubing was plugged at the downstream end with a rubber stopper. A vial was used to
collect water from the Tempe cell. The vial was suspended onieavscale next to the Tempe

cell to compare elevations and was fitted with a hypodermic needle through the vial cap. The
rubber stopper in the flexible tubing was punctured by the needle to allow water to drip into the

vial.
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Figure 3.1: Schematic Diagram of th&lodified Tempe Pressure Plate Cell
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3.2.3 GWCC Specimen Preparation and Experimental Procedure

Geotextile specimens were cut to a disanef 63 mm Multiple specimens were collected to

increase the total volume of the sample which enabled a greater mass of water to be extracted at
each increment, requiring less precision in the measurement of mass to detect changes in water
content. The dry mass efch specimen was recorded, and the specimens were placed in-a water
filled vacuum chamber for a minimum of 24 hours to saturate agasle

Once saturated, specimens were transported in a secondarfileateressel to the bench top

for placement in the Tempe cell. The specimens were removed from the vessel and excess water
was shed from the specimens by gently shaking the specimen. Spewererthen stacked on

the porous ceramic and the Tempe cell was sealed. Once closed, the load piston was placed in
contact with the specimens and weights were placed on the piston to achieve the desired

confining pressure.

A small increment of suction was initially applied (typically with 1 cm hanging column) to

remove remaining excess water that was either not shed by shaking or had been squeezed from
the specimen during the application of confining pressure. After thup s&ige suction was

gradually increased from saturation to residual state. Small increments of suction head were
required when approaching the AEV to ensure the desaturation portion of the GWCC was well
captured. Suction was maintained at each increnoert minimum of 24 hours with the mass of
collected water periodically checked for an increase. Once the mass remained constant for a
period of at least 24 hours it was presumed that equilibrium had been achieved and the next

suction increment was imposed.

3.2.4 Equipment for Measuring the Geotextile-Runction

A custom geotextile permeameter was constructed for this research, inspired by an apparatus
built by Stormont et al(1998, 200}, Stormont and Morri§2000, andStormont and Ramos

(2004) An illustration of the apparatus is showrFigure3.3 and a photograph is provided in
Figure3.4.
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Figure 3.3: Schematic Diagram of th&nsaturated Geosynthetic Permeameter

Fiaure 3.4: Photograph of the Unsaturated Geosynthetic Permeameter

The permeameter was constructed of two sheets of aawtig fit a 300 mm widespecimen

and 600 mm longrour bolts along each long side kept the top and bottom sheets aligned.
Confining load was applied with three largeclamps tightened across st€ethannels to stiffen

the application of force across the width. The desired confining pressure was set by tightening the
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C-clamps to the desired force measured witlie load cells. The permeameter base was set on
a scissor jack with a pivot that was allowed to tilt to finee the gradient. Two HDPE containers
were used as the upstream and downstream reservoirs, asossetsor jacks to change the
elevation relative to the permeameter base and in turn control suction. The upstream reservoir
was maintained at a constant level supplied by a peristaltic pump and an overflowing outlet
which returned water to a primary eggoir. All outflows from the downstream reservoir were

collected to determine the flux through the geotextile.

3.2.5 K-Function Specimen Preparation and Experimental Setup

Specimens of geotextile wecat 1200 mm longo ensure there was sufficient length to suspend
from the permeameter into the reservoirs. Specimens were targeted to include guipemini

pocket (i.e. nomeedlepunched area). The specimen was placed dry into heat shrink wrap to seal
the geotextile andeduce evaporation during the experiment. Once sealed, the geotextile was
placed in portions into a watéiled tub. Submerged portions were kneaded to expel air bubbles
until the entire geotextile was submedg The complete specimen was then left to rest fully

submerged in the tub for a period of at least 24 hours.

Once the specimen was prepared and had rested it was placed on the bottom of the permeameter
platform with equal lengths on the upstream and downstream side. Excess geotextile at the two
ends was placed in a snaking pattern to ensure adequate subméosioe reservoir. The top of

the permeameter platform was then placed on the specimen and the bolts were installed loosely to
maintain alignment. Next, the gradient was fineed, and the elevation of the reservoirs was
adjusted to equal suction. Finalthe steel @&hannels, Sype load cells, and-Clamps, and bolts

were put in place and tightened to the desired stress.

Following setup, the permeameter was allowed to reach an equilibrium at low suction head
(typically 1 cm). A series of flow rate measurements were then taken over a peridchod fio

ensure that the flow in this state had reached an equilibrium. Ouitbrem was reached the

suction head was increased to the first suction increment by lowering the reservoirs at the
upstream and downstream ends. Suction was maintained at each increment for a minimum of 24
hours with the downstream outflow periodicatlyecked for a reduction in the flow rate (which

would indicate equilibrium had not been reached). Equilibrium was presumed to be achieved

when the measured flow remained constant for a period of at least 24 hours, after which the next
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suction increment was imposed. This process was repeated for each increment until flow could no

longer be detected.

3.3 Characterization of Soils

3.3.1 Description

Two soil materials were selected for the infiltration experiment component of this research,
discussed in Sectid®hi4. One was a commercially available aluminum oxide sandblasting

material, referred to as alox, manufactured by Elfusa. This material was selected because of its
uniform particle size with minimal fines content. The other soil was a mixed aggregate produced
from a rock crusher that was sieved down to material passing the 150 micron sieve, washed over
a large 75 micron sieve in batches to remove fines, and mixed. This material is referred to as

sand.

3.3.2 Measurement of Particle Size Distributions

Both alox and sand were subject to particle size distribution (PSD) testing. A narrow band of
particle sizes that was visually observed for both soil materials. Due to the nature of the sand
material (i.e. produced specifically for the present researahcle size testing was completed

with a selection of sieves appropriate for the range anticipated, as well as hydrometer testing. The

sieve sizes used for each soil material are summariZBabie3-1 below.

Table3-1: Sieves Used for Particle Size Distribution Testing

Sieve OpeningSize (mm)
Alox Sand
0.85 0.25
0.425 0.15
0.25 0.09
0.15 0.075
0.075

Due to the number of data points on a narrow banded PSD being limited to the available sieve
opening sizes, a sample of sand was also tested in a hydrometer to compare to the sieve data.
Readings of the hydrometer were taken in quick succession shagtiypafiinning the

hydrometer test to obtain data points for larger particle sizes.
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3.3.3 Measurement of SWCCs

Similar to the GWCC, SWCCs of the sand and alox materials were also tested in a Tempe
pressure plate cell. ABar AEV porous ceramic was selected. Following saturation and
assembly of the Tempe cell base and ceramic, soil samples were prepared bytheestinignto

a supersaturated (S>1) slurry in a mixing bowl. A stainless steel ring measppraximately 50
mmin diameter and 32 mm in heiglvasused to contain the soil. The ring was placed on the
ceramic and the soil slurry was then placed int& dhto the ceramic within the containment

ring. A low suction head (typically 1 cm) was then applied via the hanging column method until
excess water had drained from the cell. Suction was then increased incrementally by applying air
pressure into the Béthe axis translation principle) following ASTM D6838STM 2016)

Expelled water was collected in a vial and the mass was used to determine the water content
corresponding to the increment of suction. Water content was presumed to have reached
equilibrium when the mass of collected water did not increase over a pé@ddours, at which

point the next increment of suction was imposed until the residual condition was reached.

3.3.4 Equipment for Measurement of Soil Saturated Permeability

Soil permeability was measured with a constant head apparatus with a manometer board as
shown inFigure3.5. Water is provided by a large reservoir to one end of the soil column and
permitted to flow through the soil from the opposite end. Ports are located at various locations
along the length of the column, connected with flexible tubing to a manometertdoard

determine the total head at each location.
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Figure 3.5: Soil Permeameter Apparatus
Darcyodos Law, given in Equation 1 below, was

change in total head across the soil column was measured to provide the githdie@utflow
was measured from the downstream outlet with a beaker and timer over a period of time to
determineQ (m3¥s). Knowing the crossectional area of the interior of the apparatugn?),
Equation 1 is rearranged to determine the saturated permeabditym/s) of the soil.

0 0 —0 [1]

3.4 One-Dimensional Infiltration Experiment

3.4.1 Infiltration Experiment Apparatus

An apparatus was constructed for the purpose of assessing the unsaturated behaviour of the
DrainTube® geosynthetic subject to infiltration, illustratedrigure3.6. 25 mm thick grey PVC

was used to construct the apparatus. The internal-sea$®n was square, 250 mm by 250 mm,

and the fully assembled apparatus stood 1000 mm high (twmB08ections). The bottom of

the apparatus was outfitted with a 25 mm thick PVC plate. Rubber gasket sheets were attached to
the butting ends of the sections and the bottom to form a watertight seal. The two sections and the
bottom cap were secured with eidolts around the circumference of the mating surfaces. The
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interior of the apparatus was lined with 12 oz nonwoven geotextile to allow pore air to be

expelled during the experiment.
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Figure 3.6: lllustration of Apparatus used for Infiltration Experiment

A valve was situated &0 mmfrom the bottom to facilitate filling and draining the apparatus. A
second valve was situated 55 mm from the midpoint to allow drainage of water captured by the
geosynthetic and diverted out of the apparatus via thepipei A groove was cut into theofit

PVC wall (along the same face as the rpiipie outlet valve) and ten pinholes (five on either side
of the minipipe outlet) were drilled through the wall along the groove. The downstream end of
the geotextile would later be inserted into this groovenduhe soil filling stage to allow for
drainage of water captured by the geotextile to escape the app@natfisys were collected

separately for the geotextile and rapipe, facilitated bythe valve for the minpipe andPVC
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tubing to collected fluid draining from the geotexti#ephotograph of the outside face of the
apparatus is presentedrigure3.7 to illustrate

Fiquré 3.7: Outside face of the Apparatus

The 25 mm diameter mipipe selected for the experiment was cut to a length of 250 mm. Heat
shrink tubing was added at 1 cm from both ends of the-pifr@ to reduce the possibility of
leakage of collected water due to the boundaries. The geotextilengpesas cut slightly larger
than the interior crossection of the apparatus to ensure that the geotextile fully covered the soil
(i.e. prevent leakage), with a noaeedle punched pocket in the middle of the specimen to be
placed around the mhupipe. Thegeotextile was rolled up onto the middle of the rpie and

the ends of the mirpipe were secured to the interior of the lower section at the desired
inclination (5% or 10%). Twgart epoxy was used to fix the mipipe to the walls at the ends

and wasallowed to cure for a minimum of 12 hours. This stage of the setup is illustrated in

Figure3.8.
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Figure 3.8: Geosynthetic installed in the Infiltration Apparatus during Assembly

3.4.2 Instrumentation

Six TEROS 31 miniature lab tensiomet@#ETER Group 2021)vere used to measure the in

situ suction within the soil. The tips were located 22 mm (two), 92 mm, and 144 mm above the
geotextile and 29 mm and 95 mm below the geotextile. The tensiometers are constructed with a
main polymethyl methacrylat€PMMA) housing containing the transducer and electrical
components, a PMMA shaft, and an aluminum oxide ceramic tip measuring 5 mm in diameter.
The ceramic tip has a bubbling point of 500 kPa. TEROS 31 can report over a range of +100 to
-150 kPa with an accuracy of 0.kBa. A photograph of the six tensiometers installed in the side

of the assembled apparatus is presenté&dginre3.9.
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Figure 3.9: Tensiometers installed in the Infiltration Experiment Apparatus

Readings from the tensiometers were recorded with a Arduino Mega 2560 REV3 microcontroller
running a custom program to receive data from the TEROS 31 sensors utilizing th2 SDI
communications protocg¢Battler et al. 2020Data was typically collected inrinute intervals.

The use of this system required an external measurement of atmospheric pressure to offset the
reported suctions. A Barologger and the accompanying Levelogger sofwadirest Canada Ltd.
2020)were used to achieve this. The six TEROS 31 sensors were inserted into the side of the
apparatus following placement of the soil and the Barologger was placed on the benchtop next to

the apparatus.

3.4.3 Filling the Apparatus

Following assembly of the PVC sections and base of the apparatus, the valve at the bottom of the
apparatus was connected to an external water supply. The soil (alox or sand) was pluviated into
the apparatus as the water level rose. The advance of thdevatexas controlled to ensure that

the water elevation remained below the surface of the soil. Once the soil reached the D&ainTube
location the geotextile was unrolled from the npipe and placed over the soil ensuring the
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desired inclination was achieveshown inFigure3.10. The geotextile was oriented such that the
PET filter component was on top and the PP drainage blanket component on the bottom. The
downstream end of the geotextile was inserted into the groove at the front face of the apparatus.
The upper valve (mirpipe outlet) and pinholes were then temporarily sealed off and filling of
water and soil continued. The apparatus was filled with soil to a total height of 900 mm relative

to the bottom.

Figure 3.10: Geosynthetic laid out over lower soil layer

3.4.4 Experimental Procedure

Following filling of the apparatus, the water supply was disconnected from the lower valve and
the apparatus was connected to a constant head reservoir which was set at the desired elevation
relative to the geosynthetic for the experiment. The water vedesituated 25 mm and 45 mm

below the geosynthetic for both sand and alox, and additionally at 220 mm below for sand. The
pinholes, upper valve, and lower valve were all opened to permit water to drain, and equilibrium
wasachieved generally within two hies. Once equilibriumvas achieved infiltration was applied

with a peristaltic pump at the top of the apparatus at rates from 15 mm/hr to 200 mm/hr over the
sand and 15 mm/hr to 140 mm/hr over the alox. A strip of geotextile measuring 250 mm by 250
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mm was placed over the top to distribute water from the peristaltic pump over the full surface of
the soil. The geotextile was saturated prior to placement to ensure water would diffuse into the

soil evenly across the surface.

The suction reported by the array of TEROS 31 tensiometers was used to evaluate when an
equilibrium under each rainfall rate was achieved. Once equilibrium was reached water outflows
were collected independently from the geotextile and-pipe outlets t@assess the capture of

the individual components. Five successive measurements of outflows were compared to ensure
the flows were consistent. The sum of the outflows was compared to the infiltration rate imposed
to the top of the apparatus as a secondamyircnation that equilibrium had been achieved. The
capture efficiency was then determined. Rainfall rate was subsequently increased in steps and the
same determinations were repeated. The experiment stopped as the rainfall rate approached the

saturated peneability of the soil, and the capture efficiency approached its maximum.
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4 Lab Results and Discussion

4.1 General

This chapter presents results obtained from the laboratory components of this research, including
material characterization and an infiltration experiment. First, the experimentally obtained
geosynthetiavater characteristic curves are discussed, folldwethe measured unsaturated
permeability of the geotextile. The applicabilityv@n Genuchten (1980redlund and Xing

(1994) andFredlund et al. (1994urvefitting methods and permeability function predictions

are evaluated against the lab results in this context. Second, lab characterization of the alox and
sand materi al sd& p ar-watercchaeactesistizcarved, argl saturatedu t i on s
permeability are presented. Next, results of the infiltration and capture experiment are reported
for both soil materials for the series of rainfall rate and water table combinations. A discussion of
a steadystate 3D numerical model calibrated to the resoiitthe physical infiltration experiment

concludes the chapter.

4.2 Geotextile Characterization

4.2.1 Experimentally Measured GeosynthetiWater Characteristic Curve

A series of drying GWCCs were experimentally measured in a Tpmagsure plate cell as

outlined in Section 3.2.2 using a combination of the hanging column and axis translation
methods. The specimens were tested with confining loads placed on top to ensure contact
between the geotextile fibers and the porous ceramictca@valuate the possible effect of

confining loads on the shape of the GWCC. GWCCs measured for this research are provided in
Figure4.1 andFigure4.2 for the 300P and 400P geotextile, respectively. The 300P geotextile
was tested under a confining load of 10 kPa, while the 400P was tested under loads of 1 kPa,
10kPa, and 20 kPa. GWCCs are presented in terms of the effective degree of safynadion,

matric suction$m (kPa).
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Figure 4.1: Experimentally Determined GWCCs for 300P Geotextile
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Figure 4.2: Experimentally Determined GWCCs for 400P Geotextile

Both geotextiles exhibit a relatively low antry value ranging from approximately 0.7 kPa to
1.0 kPa, and a sharp decrease in saturation thereafter. A residual state is achieved at

approximately 3 to 5 kPa.

The 400P GWCC measured under 10 kPa of confining pressure exhibits a multimodal nature.
This could potential |l y bcempanert constouatioretdio separaté h e

50

g 1



geotextiles (composed of PET and PP respectively) with unique pore size distributions. Water is
first extracted from one component prior to reaching a sufficient suction to draw out water from

the entire specimen.

4.2.2 Factors effecting the shape of the GWCCs

It was anticipated that a higher confining load would result in the collapse of the pore structure
and a corresponding shift of the GWCC to the right. The collapse of the pore structure would in
theory result in a narrowing of the pores, enhancing thdlarypeffect and the ability of the
geotextile to retain water at a higher suction. However, there is not a clear correlation between
the confining load and the shape of the measured GWCCs for the 400P geotextile. This is
suspected to be in part due to thiatively low confining loads tested for this research. A similar
conclusion can be made from the results present&ht®y/(2005pver a similar range of

confining load.

The difference in the shape of the GWCCs may rather be attributed to random variation in the
geotextilespecimenpreparedGeosynthetic vendors generally report a nominal mass per unit
area (MUA) for a particular product. However, the MUA can vary significantly within a single
roll. The MUA can be considered an analog of the fiber matrix density, which in turn is related to
the pore size distribution of a geotextileconsistencies in specimen MUA therefore represent
variation in the geotextile pore sidestribution, and consequenily the GWCC shapé/ariation

in the shape of the GWCi@ay also be influenced by different levels of hydrophobicity present

in the specimens, as reported@grtaud et al. (2005)

4.2.3 Experimentally Measured Unsaturated Permeability

Geotextile permeability was measured over a drying phase over a range of suction heads from
approximately 0 mm t800 mm at a gradient of 0.1 m/m for specimens of the 400P geotextile
and the drainage blanket component of the 300P geotextile (referred to as 060E). The confining
loads applied to the specimens in each of the unsaturated permeability experiments wex match

to the confining loads used to determine the GWCCs.
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Figure 4.3: Experimentally Measured Geotextile Permeability under Suction

An effort was made to measure permeability at suction heads beyond 200 mm, however outflows
were undetectable in the higher range. At suction heads of 200 mm the geotextile is fast
approaching a residual condition: the effective degree of saturation praxiapately 0.15 for

the 300P geotextile and ranged from approximately 0.1 to 0.2 for the 400P geotextile, with
reference to the GWCCs kigure4.1 andFigure4.2. The low degree of saturation causes the

water phase to become largely disconnected to the point that flow was not detectable.

A single layer of geotextile was used for evaluation of permeability, and as such the volume of
water transmitted through the geotextile was relatively small, even at low suction. Flows may be

detected at a higher range of suction by increasing the silae specimen.

4.2.4 Applicability of CurveFitting Methods

Thevan Genuchten (198@ndFredlund and Xing (1994urvefitting methods were evaluated
against the experimentally obtained GWCCs. Optimization of the curve fit was performed with a
Python script utilizing the sum of least squares method. The experimental and fitted curves are
presented ifrigure4.4 using thevan Genuchten (198Method andrigure4.5 using the

Fredlund and Xing (1994nethod. The optimized parameters for both cditteag methods are
summarized imable4-1. Both methods provide an adequate fit to the experimental GWCC data
and are generally consistent through the desaturation stage, however both tend to slightly
underpredict the AEV.
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Figure 4.5: Experimentally obtained GWCCs arféitted CurvesFredlund, Xing, and Huang
1994)
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Table4-1: GWCC CurveFitting Parameters

. - van Genuchten (198C¢ Fredlund and Xing (1994)
Geotextile | Confining Load Parameters Parameters

Type (kPa)

dvg Nvg afx Nix Mx

300P 10 14 5.3 1.4 5.2 2.2

1 13 5.7 1.2 7.8 15

400P 10 1.0 3.2 0.9 45 1.2

20 14 6.4 13 8.6 1.4

The permeability functions were predicted using the parameters determined from the GWCC

curvefitting routine using the methods proposedviap Genuchten (198@ndFredlund et al.

(1994) Predicted permeability functions are illustrated alongside the measured wdfigure

4.6 andFigure4.7 for the two methods, respectively.
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Figure 4.6: Experimental and Predicted (van Genuchten 1980) Permeability Functions
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Figure 4.7: Experimental and Predicted (Fredlund, Xing, and Huang 1994) Permeability
Functions

While both models provided an adequate fit of the GWCCs, the permeability function was better
predicted by thé&redlund et al. (1994nethod over the range of suction tested experimentally for
the 400P geotextile, particularly for the tests conducted unkiea and 20 kPa confining loads.
Except for geotextile 060E, thvan Genuchten (198®rmulation generally tended to predict the
drop in permeability at a lower suction than the experimental data.

4.3 Soil Characterization

4.3.1 Particle Size Distribution
The particle size distributions (PSDs) were determined for each of the two soil materials
using a combination of sieves and a hydrometer. The resulting PSDs are proVagaed.8.

Both materials as classified by the USCS standard method as sandy silt.
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Figure 4.8: Particle Size Distributions for Alox and Sand Materials

4.3.2 Experimentally Measured SoiWater Characteristic Curves

SWCCs were determined for each of the alox and sand materials using a Tempe pressure plate
cell using the axis translation method and provided in Figure 4.9 alongside van Genuchten (1980)
and Fredlund and Xing (1994) curits. The corresponding parameteirre summarized ihable

4-2.
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Figure 4.9: Experimentally Obtained and CurvEitted SWCCsfor Alox and Sand Materials
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Table4-2: Summary of CurveFitting Parameters for Alox and Sand Material SWCCs

van Genuchten (1980) | Fredlund and Xing (1994)
Material dsat | Cres parameters parameters
dvg Nvg afx Nix Mix
Sand 0.49 | 0.12 10.9 11.7 9.2 24.6 0.4
Alox 0.55 | 0.11 10.0 9.0 8.5 14.8 0.5

Both methods provide an adequate fit to the data, howev@rtbelund and Xing 1994hethod

was selected for later use in the calibration of the numerical model.

4.3.3 Experimentally Measured Saturated Permeability

The saturated permeability was measured for the soil materials using a constant head
permeameter and presented able4-3. Despite the similarities in the measured PSDs, the
saturated permeabilities of the materials varied slightly. The sand was found to be slightly more

permeable, which may be presumed given it had a slightly coarser PSD.

Table4-3: Saturated Permeabilities of Alox and Sand

Soil Saturated
Material Permeability (m/s)

Alox 2.2 X 10°

Sand 3.9x10°

4.4 Infiltration and Capture Experiment

Following characterization of the geotextile and soil materials, an infiltration experiment was
conducted to assess the behaviour of agamkynthetic system in an unsaturated condition and
evaluate the ability of the geosynthetic to capture and dividttating water. Seven series of

tests were conducted with variations in geosynthetic slope, water table elevation, and infiltration

rates. The variations are summarized @ble4-4.
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Table4-4: Summary of Infiltration and Capture Experiment

, Geotextile Water Table Elevation e
Sall o Test . e Infiltration Rates
Material Inc!lnatlon NoO (relative to mini-pipe (mm/hr)
(Horiz.:Vert.) ' outlet) (mm)
201 1 -45 50, 72, 101
Alox 2 -25 54,94, 112
10:1 3 -25 31,47,72, 86
' 4 -45 84,79, 101
5 -45 40, 61, 97, 112, 140
Sand 10:1 6 -25 19, 54, 104, 137
7 -220 83, 97, 122, 136

Outflows were measured individually from the geotextile and the-pid components for each
infiltration rate imposed on the column and the capture efficiency was determined independently
and in totality. Total capture efficiency is illustrated=igure4.10. Two factors contributed to a
reduction in suction leading to a higher total capture efficiency: increasing infiltration rate, which
was observed to plateau whagoproating the saturated permeability of the respective soil

material; and proximity of the water table to the geosynthetic, which lessened the hydraulic

gradient across the geotextile.

Geosynthetic slopes of 10H:1V and 20H:1V were evaluated for the alox material, but due to the
limited scale of the testing apparatus, the effect of the geosynthetic slope on the capture
efficiency was largely inconclusive. Therefore, the slope was magat@nl10H:1V for tests
incorporating the sand material.
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Figure 4.10: Total Geosynthetic Capture Efficiency
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Capture efficiency of the two components in isolation is illustratédgure4.11. In general,
outflows from the minpipe tended to dominate the total capture through the higher infiltration
rates, however at low rates the capture was comparable (note Test 6 in pariduilar)he
capture efficiency of the mispipe continues tancreaseapproximately linearlyvith the

infiltration rate,geotextilecaptureincreases at a much lower rate.
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Infiltration Rate (mm/hr) Infiltration Rate (mm/hr)

Figure 4.11: Capture Efficiency of MiniPipe (Left) and Geotextile (Right) Components

One difference between the capture efficiency of the geosynthetic between the alox and sand
materials was the capture of the geotextile component. In tests incorporating sand (Tests 5 to 7),
the geotextile initially made up a higher fraction of the capaneappears to decrease until the
infiltration rate reaches approximately 70 mm/hr, after which the geotextile capture increases
again. However, the opposite occurs in the alox material (Tests 1 to 4). The geotextile capture
increases to a maximum at appmately 50 mm/hr in Test 2, and approximately 70 mm/hr in

Test 1. This observation is not in agreement with expectations and may be a result of the limited
scale of the apparatus.

While the influence of slope on the capture efficiency requires additional research to determine,
the slope does appear to have some effect on the proportions of captured water partitioned to the
mini-pipe and geotextile. In particular, the geotextile oegat a greater proportion of infiltration

in when sloped at 10:1 than 20:1 (comparing Test 3 to Test 2). It is likely that infiltrating water
that contacted the geotextile in the series of tests conducted at the shallower 20:1 slope was
directed laterallyo the minipipe rather than out the downstream face of the column. This
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appears to be supported by the high rpipe capture in Test 1 relative to Test 4, which have

comparable water table depths.

4.4.1 Experimentally Measured Suction Profiles

The experimentally obtained profiles of suction are presentéjure4.12 to Figure4.14

below. The experimental results show that the pressure head distribution remains hydrostatic
below the geotextile, but on the upper side the distribution idinear. This indicates that a
geosynthetic capillary barrier has developed, causing an iredreasoisture stored in the soil

above the geosynthetic. This in many cases would be considered an adverse effect and in fact
may be completely counter to the intended function of the use of a particular geosynthetic. This is

further explored in Chapterfbr one possible usease of DrainTuld® in an unsaturated

embankment.
{1 s T, e = RLLL Water Table 0.4 4 +====- Water Table
—— Geotextile —— Geotextile
0.3 4 « Test 1A g = 50 mm/hr 0.3 - < Test 2A q = 54 mm/hr
O Test1B q= 72 mm/hr © Test 2B q = 94 mm/hr
0.2 Test 1C g = 101 mm/hr 0.2 Test 2C g = 112 mm/hr
0 4 4 0
£ 0.1 [« -] E 0.1 4 O
s o4 (= <<
g oo - 2 00 =
% ....................................................................................... %
W 0.1+ A W -0.1+ <
-0.2 -0.2
-0.3 -0.3
—0.4 1 Test L: Alox, 20H:1V —0.4 1 Test 2: Alox, 20H:1V
T T T T T T T T T T
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Pressure Head (m) Pressure Head (m)

Figure 4.12: Suction Profiles from Infiltration Experiments incorporating Alox Material
sloped at 20H:1V
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Figure 4.13: Suction Profiles from Infiltration Experiments incorporating Alox Material
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Figure 4.14: Suction Profiles from Infiltration Experiments incorporating Sand Material
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4.5 Calibration of a Steady-State Numerical Model to the Experimental Results

4.5.1 Calibration of Material Parameters

A 3D numerical model was created for the purpose of calibrating the soil and geotextile materials
against the laboratory capture experiments. The proGeoStudio 2022 SEEP3Dwas

utilized. A steadystate numerical model was completed for each combination of soil material,
geosynthetic inclination, water table elevation, and infiltration rate tested in the physical
infiltration experimentThe geometry and meshing are illustrate&igure5.15. An example of

the output pressure head contours is illustratédgare4.16.

Figure 4.15: 3D Numerical Infiltration Model Geometry and Mesh
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Figure 4.16: Output Contours from the 3D Numerical Infiltration Model

Several modifications to the model material parameters were required to achieve a reasonable
calibration of the numerical model to the experimental results. Recognizing that only wetting was
considered in the infiltration experiment, the GWCC and pernigahihctions characterized in

the lab (drying conditions) do not adequately represent the relationship between volumetric water
content and matric suction. The GWCC and permeability functions used in the numerical model
were therefore initially deriveddm the literature, with the values proposedogdani et al.
(2008)utilized and implemented into the program as volumetric water content and hydraulic

conductivity data point functions.

The SWCCs, GWCC, and permeability functions were each altered by a trial and error approach
to achieve calibration. The SWCC and soil permeability functions were softened by altering the
Fredlund and Xing (1994urvefitting parameters. Manual manipulation of the GWCC and

geotextile permeability functions was required, as both curves were implemented as data point
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functions into GeoStudio. The saturated permeabilities of the geotextile, sand, and alox materials
were also slightly adjusted from their measured values to achieve calibration.

I n addition to the changes required to these
the shapes of the curves in the vicinity of the AEV and residual suction. Numerical models that
incorporate materials with hydraulic properties that arbligariable over a small range of

suction may require significant computational effort to achieve convergence. Softening of the

curves was completdd improve the computational efficiency of the program.

The experimental, curvitted, and calibrated GWCC/SWCCs akeunctions argresentedn
Figure4.17 andFigure4.18, respectively The calibrated parameters are summarizédalie
4-5,
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Figure 4.17: Experimental, CurveFitted, and Calibrated GWCC and SWCCs
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Figure 4.18: Experimental, CurveFit Predicted, and Calibrated Permeability Functions for
Geotextile, Alox, and Sand Materials

Table4-5: Calibrated Material Parameters used in Numerical Model
Material Ksat (M/S) Osat ax Nix Mix
Sand 8.5x 10° 0.5 6.0 3.0 14
Alox 4.0x 10° 0.6 6.0 1.5 1.2
Geotextilé 1.0 x 10° 0.4 - - -
The GWCCand geotextile permeability functiaverederived from(Krisdani et al. 20083s Volumetric Water

Contentand Hydraulic Conductivity Point Functioaad modified manually to achieve calibration.

4.5.2 Calibrated Model Results

Results for each pair of experimental and numerical results for Test 1 through Test 7 are given in
FiguresFigure4.19to Figure4.25 on the following pages. A satisfactory numerical calibration

was achieved in particular for Tests 1 to 4, which incorporated the alox soil material. In
comparison, the numerical results for Tests 5 to 7 (sand material) agreed to a less with the

experimenal data, particularly at higher infiltration rates. For the purposes of this research the
calibration was deemed sufficient.
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Figure 4.19: Experimental and Numerical Results for Test 1
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Figure 4.20: Experimental and Numerical Results for Test 2
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Figure 4.21: Experimental and Numerical Results for Test 3
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Figure 4.22: Experimental and Numerical Results for Test 4
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Figure 4.23: Experimental and Numerical Results for Test 5
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Figure 4.24: Experimental andNumerical Results for Test 6
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Figure 4.25: Experimental and Numerical Results for Test 7

4.5.3 Implications of a Geosynthetinduced Capillary Barrier

As discussed in Sectiagh4, the geosynthetic has the capacity to divert a podianfiltrating

water in unsaturated conditions. However, the proportion of infiltration that was able to permeate
through the geosynthetic was significant which implies that some degree of breakthrough is
occurring. This is supported by the nearo presse head readings reported in the tensiometers
installed above the geotextile. This finding is likely driven in part by the limited scale of the
column apparatus, particularly in the direction parallel to the-pipe. This dimension of the
experimental gparatus confined water to remain above the geosynthetic, preventing downslope

diversion of the water retained on the upper side of the geosynthetic to occur.

It is conceivable that breakthrough of infiltrating water through the geosynthetic may not occur
immediately upon reaching the interface if the particular arrangement of geosynthetics and soill
materials was modeled on a larger scale. In such a cassyitrigsed that water would be

diverted downslope along the capillary barrier rather than immediately percolating through the
geotextile. Breakthrough would be achieved at some point downslope where sufficient water had
accumulated to decrease suction beflogvbreakthrough suctiqiRoss 1990, 1991, Steenhuis et

al. 1991, Bussiére et al. 200R)is surmised that a steeper inclination of the geosynthetic would

result in an increased diversion length.
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5 Numerical Experiment

5.1 General

Section 5 contains discussion of a numerical experiment conducted to assess the performance of a
lab-scale embankment incorporating layers of DrainTube® situatedloype. First, the

geometry, boundary conditions, and materials are introduced. Secopdzskere head

distributions in the domain are compared with heatmaps. Discussion surrounding the transient
development of the geosynthetic capillary break then follows, and profiles of the peak pressure
head between mirpipes (i.e., where pressure igtatmaximum) are presented. The implications

of the numerical experiment are discussed to conclude the section.

5.2 Three-Dimensional Numerical Experiment

The threedimensional numerical simulation is a modification of previous numerical studies by
Iryo and Rowg2005)andThuo et al(2015)based on the labcale embankment constructed by
PWRI et al.(1988) The 2D geometry is illustratdmelow inFigure5.1. GeoStudio 2021
SEEP'WandSEEP3Dwere used to construct the geometry and complete the numerical analysis.

4%

10

a

| 0
|
Figure 5.1: 2D lllustration of the Numerical Experimentseometry(Scenarios Excluding
Mini -Pipeg

This scenario was selected because ofdlaively simple geometrythe apparenpropensityof

the arrangement tgeneratavell-definedcapillary barriers, and the impact of the increased water
content on the integrity of the slope evidenced in the physical experim@WwBy et al.(1988)

which may be of particular interest in practi¢ée previous physical and numerical studies
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mentioned attempted to gain an understanding of the impact that the geotextile had on the
distribution of pressures within the embankment.

The present research considers the geometry of the original experiment while utilizing aluminum
oxide (alox) and sand materials calibrated in the numerical model of the infiltration experiment
discussed in Chapter 4. This differs from the workyd and Rowg2005)andThuo et al.

(2015)who attempted to replicate the materials usedPWRI et al.(1988)in the original

physical experimenPWRI et al.(1988)did not provide comprehensive a characterization of
materials, and as suttyo and Rowg2005)andThuo et al(2015)were required to estimate the

material parameters

The numerical experiment performedlbyo and Rowg2005)considered four geosynthetic

layouts under upper rainfall boundary condition (12.7 mm/hr) and a ponding boundary condition
(0.1m). Three of the layouts frolnyo and Rowg2005)were adopted in this research, along

with an additional layout unique to this research. The layoutfl@stated inFigure5.2 and
summarized imable5-1. Layouts included a base case with no-sl@pe geosynthetic layers or

a toe drain, a toe drain only, toe drain with three geosynthetic layers, and toe drain with one
geosynthetic layer (new for the present research).-ppe spacings of 0.25 m, 0.5 Q) m,

and 2.0 m, as well as a scenario without mipies were considered for each geosynthetic layout.
A 3D illustration of all geosynthetic layouts with mipipes is given irfFigure5.3. The rainfall
boundary condition of 12.7 mm/hr usedlbyo and Rowg2005)was also adopted and
supplemented with the rates 6 mm/hr, 8 mm/hr, 24 mm/hr, and 36 mm/hr in the present research.
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Figure 5.2: lllustration of Geosynthetid ayouts used in Thre®imensional Numerical

Experiment

LAYOUT 1 |

LAYOUT 2 LAYOUT3

Figure 5.3: lllustration of Geosynthetic Layouts in 3D (2 m mipipe spacing shown)

Table5-1: Summary of Layouts used in ThreBimensional Numerical Experiment

Layout Number of_ Geosynthetic .
Number Geosynthetic La_yer Description
Layers Spacing (m)
Base 0 i Base case (no Toe Drain, nstbpe
Case Geosynthetics, or MiAPipes)
1 0 - Toe Drain only
2 3 0.75 ToeDrain andThreeGeosynthetic Layers
3 1 1.5 Toe Drain and One Geosynthetic Layer
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The base case as well as all geotexditey scenarios without mirpipes were simulated in 2D
usingGeostudio 2021 SEEP/W. Scenarios incorporating the mipipe were simulated in 3D
usingGeostudio 2022. SEEP3Dwith two minipipes. The width of the geometry was equal to
twice the spacing of the mupipes. The geotextile was represented as a 3 mm thick solid. A
hexahedral mesh with a global element size of 0.2 m was used in both the 2D and 3D
simulations. The ngh size was increased to 0.3 m for thgéat minipipe spacing of 2.0 m to
decrease the number of elements and further reduce the extensive computational effort required

to achieve convergence.

The 3 mm thick geotextile was one mesh element thick and was divided along its length and
width according to the global mesh size. A similar approach was usEuuoyet al. (2015)Due

to the relatively large global dimensions of the global geometry relative to the thickness of the
geotextile, this compromise was intended to limit the quantity of nodes in the full geometry with
the objective of reducing the computational effortisTie understood to sacrifice the accuracy of
the simulation in the vicinity of the geotextile. The embankment vadthglobal mesh sizing are

summarized imable5-2, and illustrated for Layout 3 iRigure5.4.

Table5-2: Summary of Mesh Sizes used in 3D Numerical Experiment

Mini -Pipe Embankment Width (m) | Global Mesh Size (m)
Spacing(m)
0.25 0.5 0.2
0.5 1.0 0.2
1.0 2.0 0.2
2.0 4.0 0.3

Figure 5.4: Example of 2D (left) and 3D (right) Finite Element Mesh
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The scale and boundary conditions used in this research were selected to best match the
conditions of the original lab experiment performedWRI et al. (1988)This includes o-flow
boundaries at the embankment bottom, backside, and lateral extents which mimic the floor and
apparatus constructed to contain the physical embankment. A flux rate boundary condition was
applied to the top and slope, ranging from 6mm/hr to 36 mgundary conditions are

summarized by their location within the geometryable5-3.

Table5-3: Summary of Boundary Conditions used in 3D Numerical Simulation

Location Type Description
Top Flux Rate Rainfall rate including 6, 8, 12.7, 24, and 36 mm/h
Rainfall rate including 6, 8, 12.7, 24, and 36 mm/h
Soil Slope Flux Rate
Face Seepage Face | Zero pressure if pressure head at node >0 m upof
review
Geotextile at Zero pressure if pressure head at node >0 m upof
Seepage Face .
SlopeFace review
Bottom, Back
and Sides Zero Flux No-Flow Boundary
N Zero Flux Zero pressure if pressure head at node >0 m upol
Mini-Pipe .
Seepage Face | review

A transient analysis was conducted using an irstigtionof 34.3 kPa (pressure head-8f5m)

in the entire soil mass. At this suction the sand andwaéo® approachingesidual water content
and the geotextile was at residuadter contentThe duration of the transient analyses was
selected based on time to reach stestdye, which was interpreted from a profile of the pressure
head below the crest of the embankment betweenpipes. The duration of the experiment
varied with the imposkrainfallrate applied at the top of the embankment and is summarized in
Table5-4, to Table5-7 below. Convergence was achieved in each of the simulations with the

time steps selected.
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Table5-4: Summary of Transient Analysis Durations and Time Steps for the Base Case (no
toe drain or midslope geosynthetics)

Soll Mini -Pipe Imposed Rainfall Time Step Total Duration
Material Spacing (m) Rate (mm/hr) | Increment (hrs) (hrs)
Sand and No Mini-

Alox Pipes/Geotextile 6,8,12.7, 24, 36 8 288

Table5-5: Summary of Transient Analysis Durations and Time Steps for Layout 1 (toe drain

only)

Soill Mini -Pipe Imposed Rainfall Time Step Total Duration
Material Spacing (m) Rate (mm/hr) | Increment (hrs) (hrs)

Sand and| No Mini-Pipes
Alox 0.25, 0.5, 1.0, 2.¢

12.7, 24, 36 2 144

Table5-6: Summary of Transient Analysis Durations and Time Steps for Layout 2 (toe drain
and 3 midslope geosynthetic layers)

Soill Mini -Pipe Imposed Rainfall Time Step Total Duration
Material Spacing (m) Rate (mm/hr) | Increment (hrs) (hrs)
12.7 288
No Mini-Pipes 24 144
36 2 144
Sand 127 288
0.25, 0.5, 1.0, 2.Q 24 144
36 4 96
12.7 288
No Mini-Pipes 24 144
36 96
Alox 127 2 288
0.25, 0.5, 1.0, 2.Q 24 144
36 72
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Table5-7: Summary of Transient Analysis Durations and Time Steps for Layout 3 (toe drain
and one midslope geosynthetilayer)

Soll Mini -Pipe Imposed Rainfall Time Step Total Duration
Material Spacing (m) Rate (mm/hr) | Increment (hrs) (hrs)
No Mini-Pipes All 2 288
6 192
Sand 8 192
0.25, 0.5, 1.0, 2.€ 12.7 4 192
24 120
36 96
6 288
8 240
No Mini-Pipes 12.7 168
24 96
36 96
Alox 6 4 192
8 192
0.25, 0.5, 1.0, 2.¢ 12.7 168
24 96
36 72

5.3 Impact of Mid -Slope Geosynthetics Layers on the Pressure Head Distribution

The impact that the geotextile and rpipes have on the pressure head distribution across the
full domain was assessed by generating contours of the average pressure head across the
embankment width. The average pressure head across the width was @dearalize the
response in the full domain. As noted previously and summariZeabie5-2, the mesh size and
therefore coordinates of the nodes varied between geometries, as was required for each particular
case of minipipe spacing, results of the simulation wereneshed using a Python script to
execute a linear interpolation algorithm oégsure heads to a common coordinate system. The
re-meshing assigned the pressure head value to the same set of coordinates regardless of the
original embankment geometry from which the results were exported. Consequently, a small
amount of noise is intragted in the heatmaps provided in this section, particularly in the vicinity
of mid-slope geosynthetic layer. The noise is an artifact of the linear interpolation of pressure
across the geotextile (i.e., across a capillary barrier), which is comparagvglihin in

comparison to the global mesh covering most of the domain.
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The average pressure head contour plots of the embankment incorporating the sand material with
a rainfall rate boundary condition of 12.7 mm/hr are illustratdeélgnre5.5 to Figure5.8 for the

base case and each geosynthetic layout, with and without th@ipési, at steadgtate (i.e.,

when the maximum pressure head condition was realized). For the sake of brevity, only results
for mini-pipe spacings of 2 m and 0.5 m are presentedgtihepacings of 1 m and 0.25 m were

also considered in the analysis. Discussion incorporating altpipaispacings follows in

Section5.5.
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Figure 5.5: Average Pressure Head DistributionBase Casé Sand, 12.7 mm/hr
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Figure 5.6: Average Pressure Head DistributionLayout 1- Sand, 12.7 mm/hr
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Figure 5.8: Average Pressure Head DistributiohLayout 37 Sand, 12.7 mm/hr
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It is evident in the pressure head distributions that at each layer of geosynthetic a capillary barrier
IS generated, causing a higher pressure head to remain above each geosynthetic layer. However,
the capillary barrier also provides a reduction in tlesgure head below each layer. Pressure

head is also reduced above the geosynthetic toe drain and in the rest of the domain in general.
Heatmaps illustrating the change in pressure head between scenarios incorporasiogenid
geosynthetics and the basseare presented belowHigure5.9 to Figure5.11 for the sand

material under a 12.7 mm/hr rainfall boundary to directly illustrate this.

Heatmaps were also generated to evaluate the scenarios incorporatipgesragainst

scenarios with geotextienly, presented on the following pages. In general, the addition of mini
pipes turns the heatmaps toward the blue end of the spectrura feduction in pressure vs the
geotextileonly scenario), as illustrated Figure5.12 to Figure5.14. As mentioned previously,

there is considerable noise near the geotextile due to the linear interpolation required for
remeshing, which leaves an artifact of an apparent increase in pressure (red) on the underside of

the geotextile in the heatmaps.
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Figure 5.9: Difference in Pressure Head against the Base Cadeayout 17 Sand, 12.7 mm/hr
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Figure 5.10: Difference in Pressure Head against the Base Cadeayout 2i Sand, 12.7
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