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Abstract

Geotextiles are often included in roadway structures as substituting dra@tyage for
gravel or sand drainage layers. When watiltrates through pavements amates base courses,
it increases water content of base courses with fines, which leads to a decreaseasilEge r
modulus and accelerateievelopment of deformatn and eventually shortens the pavement
structure service life. A geotextile allows free water to flow in the geotextile in its plane direction
more easily than through its surrounding geomaterial. Thus, the geotextile placed at the interface
between thdase course and tsebgradeshortens the drainage path and accelerates the drainage
rate in a pavement structure. However, conventional geotextiles can only provide drainage for
free water (i.e., water that flows under action of gravity). In unsatusaiés, suction (also called
capillary force) between soil particles heMater and conventional geotextiles cannot provide

drainage to capillary water within base courses.

A new type of geotextile, wicking geotextile, was recently developed to rewetee from
soil via capillary action or suction. This wicking geotextile includes specialgiegye fibers in
the crosamachine direction of the geotextile. The hydrophilic and hygroscopicgleepe fibers
can induce hi gh c aaeioutlfreanungatufatedoit. &ewtcase sindieshdve w
shown the wicking geotextileould maintain or reduce the water content of the base course after
compaction. However, the effectiveness of wicking geotextile depends on many factors which
have not bee fully evaluated. Currently, there is no design method or guideline available to

incorporate the water content reduction benefit of the wicking geotextile.



A series of laboratory tests, including demonstration tests, water removal tests, small box
tess, and soil column tests, were conducted in this study to investigate the hydraulic characteristics
of the wicking geotextile when in contact with free water and/or soil. Six-Ergke cyclic plate
loading tests with rainfall simulation were conductedewvaluate the effect of the wicking
geotextile on the permanent deformations of base courses over weak subgrade. Based on the test
results, the mechanisms of the wicking geotextile in removing water from base courses were
investigated. The small box testhe soil column tests, and the lasgpale cyclic plate loading
tests providedrelationshig between base course water content and drainage time. Design
guidelines that incorporate thveater content reduction benetif the wicking geotextile were
deweloped by modifying the 1993 AASHTO Pavement Design Guide and the Mechanistic

Empirical Pavement Design Guide.
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CHAPTER 1 Introduction

1.1 The wicking geotextile

Wicking geotextile manufactured by TenCate Geosynthetic (North America) is a new
geotextile material that contains both high modulus polypropylene yarns as conventional woven
geotextiles and deegrooved nylon wicking yarns for absorbing and transporting water from soll
under unsaturated conditions. The nylon wicking yarns are manufactured with deep grooves on
the surface along the fiber direction, as shown in Figure 1.1. The wicking yarns haveediame
bet ween 30 and 50 em and the width of each g
Connor, 2015). The grooves on the wicking yarn act like channels for water to flow easily along
the yarn. On the other hand, $mallequivalentdiametersf the channels can generate suction
As a result of the suction, the deggmoved nylon yarns enable the geotextile to remove water

from thesoil even if the soil becomes unsaturated.

Figurel.1 Microscopic (left) and schematiggint) pictures of deegrooved nylon wicking yarn
(Lin et al, 2016)



The deepgrooved fibers are weaved into the geotextile in the machine direction. For
roadway applications, these degq@oved fibers are perpendicular to the traffic direction.
Comparedvith conventional woven geotextiles, wicking geotextile presents two advantages: (1)
greater transmissivity under saturated condit |
when the soil is unsaturated. As a result, the inclusion of vga@otextile in roadway structures
not only provides reinforcement esnventional woven geotextilésit also enhances the drainage

under both saturated and unsaturated conditions.

1.2 Effect of moisture on unbound aggregate base and roadway design

Moisturecontent of unbound aggregate base hsigmificantimpact on both resilient and
permanent strains of the material. Lekarp et al. (2000 a and b) concluded from numerous previous
studies that a combination of high degree of saturation and low permeaality to higtpore
pressureand low effective stress and consequently low stiffness, strength, and deformation
resistance. They further added that the presence of moisture in an aggregate matrix has some

lubricatingeffect.

The AASHTO Guide for Design oPavement Structuse(AASHTO, 1993) and the
MechanistieEmpirical Pavement Design Guide (MEPDG) (AASHTO, 2008), the two most used
design methods for pavements in the United States, both reply on the resilient modulus of the
aggregate base to design a pagetn Both methods alstonsiderthe moisture effect on the
aggregate base. In th®93AASHTO method, a drainage factor for the base lag/eequiredn
the calculation. In the MEPDG method, the resilient modulus of an unbound lzaestedy

the eavironmental effect model, which altakes the moisture of the base into consideration.



1.3Problem statement

Case studies and laboratory tests (Zhang et2@ll4 Zhang and Conner2015 and
McCartney and Zornberg 2010) have qualitatively confirmed thectefémess of wicking

geotextile and investigated the mechanism of this geotextile.

However, the previous studies did not quantify the water remaafoilgy of wicking
geotextile. Lack ofuantitiveeffectiveness of wicking geotextile limits the devetegnt of design

guidelines to incorporate the benefits of wicking geotextile into pavement design.

1.4Research objectives and scope

The objectives of this studgre to: (1) further investigate the mechanism of wicking
geotextile removing water from soil; (Quantify the relationship between water removal ability
of wicking geotextile and environmental parameters, such as relative humidity, temperature, and
soil moisture content; (3) evaluate the drainage and reinforcement combined effect of the wicking
geotetile in base stabilization; and (4) develop desigidelines to incorporate the benefits of

wicking geotextile into pavement design.

Experiments conducted for this study are designed to investigate four aspects between
wicking geotextile and the envirorent: (1) the interaction between wicking geotextile and free
water; (2) the interaction between wicking geotextile and water in soil; (3) the interaction between
wicking geotextile and air (i.e., evaporation); and (4) the overall stabilization effeatkihgs

geotextile.

This study established relationships between the water removal ability of wicking
geotextile and important environmental factors. These relationsngsthen usedn the

3



development of desigguidelines which incorporate the benefidbwicking geotextile The design
guidelines were developethy adjusting parameters in bat@93AASHTO and MEPDG design

methods.

1.50rganization of this dissertation

This dissertation comprises seven chapters. Following this chapter, a literature review i
Chapter two presents previous studies on wicking geotextiles, evaporation theories, and AASHTO
1993 and MEPDG design methods. Chapters three through five present laboratory experiments,
their results, and analyses. Chapter six presents the developfimguntielines for designing
pavements with wicking geotextile. Chapter seven presents the conclusions and recommendations

for future studies.



CHAPTER 2 Literature r eview

This chapter presents the reviewlitdratureregarding the following subject§l) Mass
transferbased evaporation theory2) Laboratory and field performances evaluation and
investigation on the wicking geotextile; af) A brief introductionto the 1993AASHTO and

MEPDG pavement design methods.

2.1 Methods for evaporation rate

Watercan exist in the phase of solid, liquid, vapor, or supercritical fluid depending on its
temperature and pressure.The relationships between the phases can be explained by
thermodynamics However, due tthe number ofactors that influence the phase ches and the
difficulty to measure them, it is impractical to construct a physical model for civil engineering use.
From a civil engineering perspective, water is typically considered in three phases: solid, liquid,
and vapori(e. gaseous state). Angually, the phase changes between solid and wiatefréeze
and thaw) as well as between water and vaip@rgvaporation and condensation) are concerned
in practiceof civil engineering. In this study, the evaporation process is a key aspect ofkhreywic
geotextile ability to removevater. Thusa literature review on methods to estimate the rate of

evaporation is necessary.

The rate of water evaporation depends on many parameters, such as temperatures of both
air and water, air pressure, relativenfidity and so on. Some basic terms and assumptions
involved in evaporation shoulie explainedin the civil engineering practice, the air pressure can
be assumed to be approximatéhatmospheric pressured. 101 kPa or 14.7 psi). At this air

pressurgair canbe saturateavith water vapor at a certain temperature, which is called the dew



point temperature. When tlaér temperaturés loweredto the dew point temperature, the rate of
water evaporation into the air equals the rate of wairdensation the watesurface. Thusn
equilibrium is achieved. Under the condition that theésasaturatedavith water vapor, the relative
humidity of the air is 100%. If the air is at 100% relative humidity and its temperatiuneher
loweredbelow the devwpoint temperature, more water starts to condense on solid orsu#tsre,
and the total amount of moisture in theiaireduced Above the dew point temperature, more
water starts to evaporate into #ig and the total amount of water in the airggses. The relative
humidity is the ratio of the partial pressure of water vapor in theita( the equilibrium vapor
pressure of water (i,esaturated vapor pressure) at a given temperature. The partial pressure
of water vapor thus is also ardirect indicator of the evaporation potential of watir. of higher
relative humidityhasmoremoisture consequentlythe potential of evaporation is lower and vice
versa. The saturated vapor pressure is a function of air temperature abd calulatedwith the

eqguation (Singh and Xu, 1997)

Q @pppEE (2.1)

whereT istheair temperature ilN . Thus, the partial vapor pressure tanexpresseds:
Q — Q (2.2)

whereRH is the relative humidity (%).The dew point temperatur&g, can be expressed as

follows (Parish and Putnam, 1977):



T = %FIET gc+T
o b- éRH o bT
gi —C+T

(2.3)

whereTqp is the @éw point temperature’@), T is the air temperaturéq), RH is the relative

humidity (%),bis 17.62, ana is 243.12°C for-45°C TO +®. 0

The evaporation from free water surface is first investigated by civil engineers in the field
of hydrology to estimate the evaporation from large water bodies, such a laseoir In a
natural environment, evaporation depends mptrature, wind speed, atmospheric pressure, solar
radiation, quality of water, and the shape of the evaporatidiace (Singh and Xu, 1997). As
stated previoushdue tothe number ofactors and the difficulty to measure them, a physical model
based orthermodynamic is impractical. Thus teepiricalmasstransfer method to estimate the

evaporation rate from a free water surface was proposed by Dalton (1802):
O Q6 Q 1Q (2.4)

whereEy is the evaporation rate fronfr@e water surfacegs is the saturation vapor pressuegis
the vapor pressure in air, af(d) is a function of horiantal wind velocity. The magsansfer
method, although proposed many years ago, is still a valuable method due to its simplicity and

provides reasonably accurate estimation of evaporation rate (Singh and Xu, 1997).

Penman (1948) conductexh experimenunder thenatural evaporation condition and
showed that the massansferbased methodouldprovide areasonabl@rediction of evaporation

from water surface by theguation

O mup ) pmMo Q Q aarQidw (2.5)
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whereuz is the wind speed measured in miles per hblgralso concluded that the ratio of the
evaporatiorfrom a freewater surface to that from a bare snitface under the same condition was

approximately 0.9.

Linacre (1977) simplified the Penman formula to the following form:

(0] a aTQ 0w (2.6)

where T, = T+0.006h h is the elevation in meters, T is the mean temperature, A is the Idtitude
degree)and Ty is the mean dew point temperature. The equation is a modifiedtraasger
method that also considers the geological location of an interested area. &néagevof

Linacreds equation is the estimation of evapo

In the followingresearchmodificationsveremade based on observation. Factors, such as
air temperature, dew point temperature, relative humidity, and veatgerature, were added into
the estimation of evaporation from a free wataeface. Singh and Xu (1997) concludexine of

masstransfer methods:



Table 2.1 Massransferbased evaporation equations for estimation of evaporation (after Singh

and Xy 1997
Author Equation Remarks
a=15 for small
. . hall t
Dalton (1802) 0OQF ¢ OGQ O shallow water

Fitzgerald (1886) 'O "QFd £

M T Q

a=11 for large deep

water

eameasured at 30ft

Meyer (1915) OQEx € ppp T™O Q Q
above surface
Horton (147) OQfdé¢ m ¢ A@bBPco Q 0Q
“ - \ =barometric
OQ¥QG T xp& QUL TBIP Y@ TA T P
Rohwer (1931) . ' pressuren inchesof
™® P Q0 H
Penman (1948) OQfQw mup T D Q Q
Harbe et al. OQEQw m8uv YPYQ Q
(1954) OQEQWN m8rx oYQ Q
Kuzmin (1957) OQ¥ ¢ o¢op mMpP Q Q
T.=aveaageair
Harbeck et al. OQFQ® mdtm P lﬂ)[:'fb Q P temperaturé\
(1958) TtoyY Y Tw=avaagewater
temperaturéN
Konstantinov . . 0O O L
ONQEQW Mh¢E+—F]— ™o Q Q
(1968) 0
~ . . . hn=relati
Romanenko (1961 Ow@a € m8inmpY cuv pIMTQR " re_a_lve
humidity
o Ve ! L awTT Kevon Kar
Sverdrup (186) 'O o i ™C® 6 Q Q T 5 Const.
v . } =densit
. O wadh "W O
Thornthwaite and on & G p=atmospheric
Holzman (1939) 6 Q Q Tn agpmm pressure
CTT




The water surface temperature dan be replaced by the dew point temperatlireen
Singh and Xu (1997) concluded that the miaaasfer methodcould be generalizednto the

following forms:

@0 o Q Q

b)O ® 6 Q 1Q

O & p AGBP6 Q Q

o & p ® 6 Q Q

0o w o6 Q Q p w Y Y

MO & YO cu pmmQ}

@O0 & p ® 6 Q Q p & Y Y
wherea, b, andc arethe parametershn is the relative humidity, u is the wind speed. In these
masstransferbased equations, four factors that haeen mostly considereate the wind speed,
temperature, relative humidity, and the difference between practical vapor pressure in the air and
the saturted water vapopressure. Singh and Xu (199valuated the above formulae with
evaporation data froralimatologicalstations in norttwestern Ontario, Canada. Based on their
evaluation, the difference between saturated and partial vapor pressure e@sithant factor in
estimating evaporation. Wind speed was found to have a much less significant impact on the
estimation. They also concluded that the more complicated formulae were not necessarily more
accurate to predict thevaporation. Xu and SindB001) foundhat the prediction accuracy of the

formulae carbeimprovedby calibrating the constant values in these equations.

On conclusion, the madsansferbased methods can reasonability predict evaporation

from freewater surfaces. Wind speg¢enperatureof theair, dew point temperature, the difference
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between partial vapor pressure and saturated vapor pressure, and relative humidity are the major
parameters fomasstransfer methods to estimate the evaporation from free water surfaces.
Among the parameters, the difference between partial and saturated vapor pressure presents the
most significant influence on the predcted evporation r&alibration of the constants in these
formulae can help improve the prediction accuracy. On the othey the@nchasdransfer method

can also be modified to estimate the evaporation from other material under natural condition.

2.2 Application of wicking geotextile in pavement design

Water in roadway structure

Water can enter a roadway structure due to pavem#iration, risingof thewatertable,
seepage from higher ground, capillary action, and vapor movement as shown in figure 2.1. The
source opavement infiltration is typically precipitation. Water accumulated on the pavement can
enter the base througkxisting cracks and joint in the pavement. FHWA (1992) identified the
pavement infiltration to be the major sourceaaftercausingpavement problems. The rising of
water table caused by the seasonal fluctuation of precipitation is another significaatdavater
into the roadway system. With a shallow ditch along the side of the roadway structure and a flat
longitudinal grade of the road, water seepage caanythe water from théigherground into the
roadway structure. Capillary action can alsangport water above the water table. Based on
(FHWA, 1992), the capillary action can transport water over 20 ft above the water table in clayey
soils. The capillary action is the primary causeffostheavedamage. The vapor movement is
caused by theemperaturgradient. Under temperature change, the water vapor in the voids can

migrate and condense.
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Figure 2.1 Sources of wat@fan, 2015 based on FHWA, 1992)

Water in the soil exists in four forms: vapdypundedwater, capillary water and,
grautational water (or free water). The water vapomastanalysisis neglected. The bounded
wateris the thin film of water attached to the soil particle surface due to the polarity of water
molecules and the negative charge carried by the soil parti€as part of the water is strongly
bounded to the soil particles thus cannot be removed from the soil due to gravity and is often
considered as part of the soil particle. The capillary water is the water exists above the water table.
The capillary watr occupies the pore space between soil partitiestothe surface tension of
water and is naaffectedby gravity. Different from théoundedwvater, thecapillary water can be
removed from the soil by introducing of suction. The most common form tef wathesolil is

the gravitational water. The fl ow of gravita
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Effect of moisture on roadway structures

The effect of watein a roadway structure is well studied. Han (2015) identified a series of
the detrimental effémf water such as reduction in geomaterial strength and stiffness, expansion
of geomaterial, erosion of soil particles and rock, migration of fine, fréeme, stripping of
asphalt pavement, and durability cracking of concrete. The detrimental effeettesf often
damage the performance and reduce the service life of roadway structures. Table 2.2 presents a

list of some moisture relation issues in the performance of roadway structures.
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Table 2.2 List of some moisture related issue in the performaihceadway structures (after

NCHRP, 2004)

Structural defect begins in

Distress o
Type . . Climatic factor
yp Manifestation Pavement Base/unbounde! subgrade
subbase
Asphalt Concrete Pavement
Bump or Frost heave No No Yes
distortion
Stripping Moisture Yes No No
Surface Rutting Moisture Yes Yes Yes
deformation . i
Depression Suctlor_l & No No Yes
material
Potholes Moisture & Yes Yes Yes
temperature
Alligator Spring Thaw .
Cracking (fatigue) strength loss Yes, mix Yes Yes
Slippage No Yes, bond No No
Portland cement Concrete Pavement
: Freezethaw
Surface Spalling cycles Yes No No
defects D-cracking Freezethaw Yes No No
cycles
Pumpl_ng & Moisture No Yes Yes
Surface erosion
: Faulting Moisture-suction No Yes Yes
deformation :
Curling/wrapping Moisture & Yes No No
temperéure
Corner Moisture No Yes Yes
Diagonal
Cracking transverse Moisture No Yes Yes
longitudinal
Punchout Moisture No Yes Yes

From a geotechnical perspective, properties such as modulus and stiffness of most of the
geomaterials are effectdny moisture. Water can reduce strengths, moduli, and stiffness of
granular bases and subgrade (Haynes and Yoder, 1963) and induces roadway distresses (Zhang et

al., 2014). Most granular bases contain 5% to 15% fine (Qian et al., 2013; Zhang et aj., 2014)
14



therefore, they are sensitive to moisture. The change of strengths and moduli of granular bases
and subgrade witthe changef water contents has been observed in both laboratory and field.
Several researchers (e.g., Haynes and Yoder, 1963; Hickglamdmith, 1971; Barksdale and

Itani, 1989; and Dawson et al., 1996) studied the behavior of granular materials at various water
content. They found that soil resilient modulus is depenttemtater content. For instance,
Haynes and Yoder (1963) obsenaet0% decrease in resilient modulus of gravel when the degree

of saturation increased from 70% to 97%ekarp et al. (2000a) concluded based on previous
studies that the resilient behavior of unbound aggregate can be significantly affected by water

content when it approaches saturation.

More than altering the properties of geomaterials, the water phase change also damages the
performance of roadway structures. Freezellhadinduceddeformation is a majavaterrelated
issue in roadway structures. hegions where roadways structures experience subfreezing
temperatur@andgroundwatetable is close to the road structure, frost heave and thaw weakening
tend to occur. In a freezing period, water in large pore space freezes into ice crystals. Buring th
freezing process, watexpands9% of its volume and became an impermeable particle which
induced negative poreater pressure or suction. As freezowgursfrom the top of the roadway
structure, the negative peveater pressure draws water from belbw freezing plane via capillary
action. As the freezing continues, the ice crystals fed by the capillary water increase in size.
Eventually the ice crystals join together to form an ice lens. Pressure induced by the formation of
ice lensheaveghe suface. Then in the thawing period, the ice lens melts into water, increases
the water content of geomaterials. The increase in water content weakens the material and causes

deformation.
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In addition, the movement of water often results in the loss &f fiarticles in the
geomaterial thus increases the void ratio in the geomaterials. As a result of the detrimental effects
of excess moisture in roadway structures, the moistlated damage is a major concern in
designing pavement structures. Contrgllthe moisture damage in a roadway structure can be
achieved by: 1. Restricting the moisture from entering the roadway structure; 2. Using non
moisturesensitive material; 3. Incorporating design features to minimize moisture damage, and 4.

Removing moistte that enters the pavement system quickly (NCHRP, 2004).

Geotextiles in unsaturated geomaterials

According to Han (2015), geotextiles have the functions of separation, filtration, drainage,
reinforcement, erosion protection, and barrfenong the multip¢ functions, geotextiles is often
used as a drainage layer in a roadway structure. The higher transmissivity in the plane of geotextile
allows pavement water move through the plane of geotextiles faster than in the surrounding
geomaterials thus increasesthate of drainage. Geotextiles are now commonly used to replace
conventional sand or gravel drainage layers. Past studies on the behavior of geotextiles focused
on threeaspects: (1) hydraulic properties of geotextile in different geomaterials (Stoetnaint
1997; Ho 2000; Iryo and Rowe, 2004, 2005); (2) design methods and criteria for geotextiles (Holtz
et al., 1997; Lee and Bourdeau, 2006); and (3) capillary barrier effect of geotextile (Henry, 1996;

McCartney and Zmberg, 2010; Zornberg et al., D).

The majority of the studies focused on design methods identified gravity or hydraulic
gradient in the water to be the driving force for geotextile drainage. In other words, drainage of
water through geotextiles requireigh degree of saturatiorf the geomaterial. Manesearchers
found the hydraulic properties of geotextiles change significantly when the geomaterial or

geotextile is unsaturated. One noticeable effect of the geotextile is the capillary barrier effect: the
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inclusion of geotextilgesults in the increase in water storage capacity of geomaterial above the
geotextile beyond the level that would normally drain under gravity. As a result, the geotextile will
only collect water when the overlaying geomaterial is nearly saturated (Me@arnd Zornberg,

2010. Ho (2000) experimentally determined the geotextile water characteristic curves, which
exhibited a steep and hysteretic drying and wetting path. The water characteristic curves suggest
that the maximum hydraulic conductivity durimgetting of a geotextile undéow suction head

was much lower than the value of the reference saturated hydraulic conductivity. Iryo and Rowe
(2003) showed as the geomaterials become unsaturated the drainage efficiency of geotextile
decreases significdgt Iryo and Rowe (2003) also found the air and water entry values of
geotextiles are very small thus geotextile can change from a permeable to an impermeable material
due to very smakuctionchange. Bouazza et al. (2006) concluded that a capillangibeould

develop at the interface of geotextile and unsaturated soil. The capillary barrier results in a
restriction to flow and accumulation of water above the drainage interface. A 5 kPa suction in the
geotextilewas needetb break through the cdlairy barrier. Bouazza et al. (2006) also pointed

out that the water retention characteristic of geotexifidsysteretic. The retention curve of
geotextile showsearlyconstant of water content up to an air entry point. Then a sharp reduction

in wate content was observed when suction was beyond the air entry point. Garcia et al. (2007)
conducted a series of model embankment tests under rainfall infiltration. They found the geotextile
placed in the embankment worked as a capillary barrier and adkigiee of saturation was
observed in the geomaterial above the geotextile. Bathurst et al. (2007) developed a column
apparatus to investigate the unsaturateshtaratedesponse of aandgeotextilesystem. They
observed transient ponding of water abtive surface of the geotextile layer due to the initial

unsaturated condition of the geotextile. Koerner (2012) pointed out that glestexé generally
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hydrophobic and there is no wicking action across the plane of the geotextile. Tdrdyangor

intimate contact of water with the fiber until the voids are saturated.

The capillary barrier effect of geotextile can prevent capillary action of transporting water
into a roadway structure. This function of geotextile is especially important in iowgtrfoost
heave where the capillary barrier effect of geotextile prevents capillary action of transporting water
to the pavement structure. However, the capillary barrier effect also restricts drainage from the

geomaterial above into the geotextile.
Wicking geotextile

The hydrophobic nature of geotextile presetrsvbacksn conventional geotextile. The
capillary barrier effect of geotextile, although can prevent capillary water entering the roadway
structure, limits the drainage from geomaterial a&btive geotextile. The drainage through a
conventional geotextile can only occurhagh degree of saturation and presencenydraulic
gradient. However, the condition required for drainage may not exist in the field even after a
rainfall.  In addition,water ponding due to an unleveled interface between base course and

subgrade may reduce or even reverse the hydraulic gradient.

A new type of geotextile, the wicking geotextile, was introduced to not only provide
drainage in saturated geomaterials blso acontinue removing water when the geomaterial
becomes unsaturated. The wicking geotextile contains both high modulus polypropylene yarns as
conventional geotextiles and degmoved nylon wicking yarns (i.e., 4D%fibers). The 4DG
fibers are manufactad with deep grooves on the surface along the fiber direction, as shown in
Figure 1.1. The multichannel cross section gives the fiber large specific surface area which

generates large capillary force (i.e., suctiohhe wicking yarns have diametersween 30 and
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50em and the width of each groove is approximately 5 terhZZhang and Connor, 2015yhe
specific surface area of the wicking geotextile is 0.86f and it has a permittivity of 0.24's

(Han and Zhang, 2014). As a result of the capillary force, it fbers are both hydrophilic and
hygroscopic. The suction generated by the 4DG fiber allows the capillary water to be wicked into
the fiber fromadjacentvoids. The inclusion of 4DG fibeiia the wicking geotextile alterthe
hydrophobic character obaoventional geotextile to hydrophilic ardableghe wicking geotextile

to remove water from unsaturated geomaterial.

Figure 2.2 illustrates thmechanisnof wicking geotextile removing water from a roadway
structure. Since the relative humidity of the aound the roadway is relatively low (typically
lower than 50%) and the relative humidity of the soil and the wet geotextile is hight(cl@$850),
this relative humidity difference can generate a large suction in the geotextile. Zhang et al. (2014)
pointed out that the suction in an unsaturated soil within a pavement system is typically lower than
1000 kPa and the suction in the geotextile induced by the relative humidity difference can be
mostly ranged from 1000 to 100000 kPa. This suction difteréretween the geotextile and the
soil can draw water out of the soil and transport it to the exposed portion of the geotextile. Also,
due to the relative humidity difference between the geotextile and the air, the water evagorates in
the air. This proess continues until the water content of dedreaseand the soil suction equals
to the suction in the geotextile. Azevedo and Zornberg (2013) performed small soil column
capillary model tests and found the geotextiles with 4DG fibers reduced theumadisildup
formed by a capillary barrier. They contributed the reduction in moisture buildup to the horizontal

drainage ability of the 4DG fibers.
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Figure 22 Mechanisms of water removal by wicking geotextile in a pavement system (Guo et

al., 2016)

The wicking geotextile has already been applieservalroadway projects. Zhang ak
(2014) reported the application of wicking geotextile to prevent frost heave in Alaska Pavements.
This project was to repair a section of the Dalton Highway, whiechunpaved and suffered from
heavy truck traffic. The extensive damage to the road was caused by frost heaving and thaw
weakening. Geocomposite has been used to rehabilitate the section of the Dalton Highway and
proven unsuccessful. Two layers of wingigeotextile were installed 45 cm apart with the top
layer of wicking geotextile approximately 1 m below the pavement surface. After 5 years of
monitoring, the wicking geotextile successfully eliminated the frost heave and thaw weakening
issue. The roath Coldfoot, AK experienced a similar frost heave problem. In 2012,-a 19
kilometer test section was constructed withlndwicking geotextile and 9 l&lometerswithout
geotextile. In the treated section, one lane was constructed with 0.3 m thicgeaggreer the

wicking geotextileand one lane was constructed with 0.15 m thick aggregate over the geotextile.
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The test section showed the wicking geotextile successful prevented water from rising up from the
subgrade viaapillary action as shown in Figa 2.3. InSt. Louis County, MO, the wicking
geotextile was used to remove water from underneath the pavement. The original design consisted
of a pavemenbver 100 mm thick base aggregate and 100 mm thick draiagblegate The
inclusion of wicking getextile was expected to reduce the aggregate base thickness by 50 mm.

Observation showed the geotextile successfully wicked the water out of the aggregate.

Figure 2.3 Wickinggeotextileas acapillarybreak duringspringthaw (TenCatg2013)

Although case studies prove the effectiveness of the wicking geotextile in improving the
performance of pavement structures, no design method for the wicking geotextile has been

developed for this application.
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2.31993 AASHTO pavement design method

The American Assciation of State Highway Officials (AASHTO) initiated research
projects in 1948 aiming to provide pavement design guidelines based on the concept of
serviceability performance. The AASHTO road test conducted in the 1950s established the
relationship betwen the number of repetitions of specified axle loads of different magnitudes and
the performance of different thicknesses of flexible and rigid pavements (Huang, 1993). These
relationships were used to develop $keviceability performanebased desigmethod whictwas
namedthe AASHTO Guide for Design of Pavement Structures (AASHTO, 1993). This design
guide is later known as the 1993 AASHTO design guide. The 1993 AASHTO design method
consides: pavement performance, traffic, roadbed soil, materialsoaktruction, environment,
drainage, reliability, lifecycle costs, and shoulder design (AASHTO, 1993). The serviceability of
a pavemenis expressed by the term present serviceability index (PSI) on a scale from 0 through
5. The PSl is related to the ghness, distress, cracking, patching, and rut depth. A pavement
loses serviceability over its life and the PSI of this pavement decreases. The loss of serviceability
of a pavementan be caused by traffic, age, and environment. The 1993 AASHTO pavement
design guide provides a design guide for both flexible and rigid pavement. In this review, the
flexible design method will be discussed because wicking geotextile has not been used for rigid

pavements.

The 1993 AASHTO design guide measures the trafflame with the unit of equivalent
single axle load or ESAL. The damage to pavenmintted by avehicledepends on its axle load
and axle configuration.Traffic on a pavement consists of different type of vehicles thus the
damage of each type vehicteshe pavement is different.o account for damage to the pavement

from different types of vehicles is necessary to evaluate the damage inflicted by varying axles
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in reference to the damage inflicted by a standard axle. Equivalent axle loadEadtB) (lefines
the damage per pass to a pavement by an axle relative to the damage per pass of a standard axle
load, i.e. 1&ip single axle load (Huang, 1993). The EALF is calculated based on the load and the

configuration of the axle. The EASL then damcalculated with the followingquation
‘00 "YOB "¢ (2.7)

where m is the number of axle load groupss Ehe EALF for theth-axle load group, and is the

number ofpasses of the itaxle load group for the design period.

The 1993 AASHTO pavement design method presented a relationship between traffic
volume andloss of serviceability. The relationship for designing a flexible pavement can be

expressed as follows:

T Cw ® Y wel i CYl p M@ —2=2 &¢Il

8 —5—
Y8t X (2.8)

where Wsgis the predicted number of 48 equivalent single axle load applications;ig
standard normal deviate;o Ss the combined standard error of the traffic prediction and
performance predictiompP S1 i s t he di f f eanddemmunal sdrvedabilieyendex t h e

(Po-p); MRris resilient modulus (psi); and SN is the structural number.

The structural number is defined as an abstract number expressing the structural strength
of a pavement structure needed for a given combinatieeibsupport (M, resilient modulus),
traffic expressed in equivalent single 18 kip axle (ESAL), final serviceability, and environment

(AASHTO, 1993). The layer coefficient is an essential parameter in the 1993 AASHTO design

23



for determining the thickness each layer. Some of the environmental facioealso represented

in the structural number. The structural number is calculated based on all layers of the pavement:
YO w0 wOd ®» O a (2.9)

where ais the I" layer coefficient, Dis the " layer thickness (in inches), and i the " layer

drainage coefficient.

The structural layecoefficients for different geomaterials are calculated differently. The
1993 AASHTO design guide provided the layer coefficient of dgmaded asphalt concrete based

on its elastic modulus, as shown in Figure 2.4.
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Figure 2.4 Chart for estimating sttural layer coefficient of densgraded asphalt concrete

based on the elastic (resilient) modulus (AASHT@93)
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The structural layer coefficient of a granular untreated aggregate base material can be

calculated based on its elastic modulus with the ofig equation (AASHTO, 1993):
O ™Il @ T®o X X (2.10)

where Bsis the elastic (resilient) modulus of the granular base material in pound per square inches.
For bituminoustreated and cemeirteatedbasematerials, the structural number can no longer be
calculated with Equatior2(10. Huang (1993) provided the structural layer coefficients for the

treatedbase material based aroduli, as shown in Figure 2.5.
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Figure 2.5 Correlation charts for estimating resilient modulus of bases. (After Huang

1993)

The elastic modulus aintreatedaggregate base material is under the influence of moisture

and stress stat€)((AASHTO, 1993):

o 00 (2.11)
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whered is the stress state or the sum of principal stresgesi{: Us); ki and k are regression
constants which are a function of material typer base material, the value oftiypically ranges

from 3000 to 8000, and the value eftipically ranges from 0.5 to 0.7.

The structural layer coefficient of aggregate subbase can be calculated with the following

equation:

O Mkl @© &) 0 W (2.12)

where sis the elastic (resilient) modulus of the granular base material in pound per square inches.
For the subbase material, the elastic modulus can be calculated with Equation 12. However, for
slbbase material, thiypical value for k ranges from 1500 to 6000 and tiypical value for k

ranges from 0.4 to 0.6. The suggested values:fand k are presented ihable2.3.

Table 23 Typical values for kand k for unbound base and subbase mat¢AASHTO, 1993)

Moisture
Condition k1 k2

Base
Dry 600010000 0.50.7
Damp 40006000 0.50.7

Wet 20064000 0.50.7
Subbase

Dry 60068000 0.40.6

Damp 40006000 0.40.6

Wet 15004000 0.4-0.6
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The 1993 AASHTO guide evaluates the effect of drgenquality (or moisture in the base)
on the properties of the pavement layer and the structural capacity of the pavement by modifying
the structural layer coefficiend) of the untreated base or subbase layer as shown in Equation (10).
Two effects of dainage on the pavement structures are consid@netihe quality of the drainage
(i.e., the time required for the pavement to drain) @ydPercent of time the pavement structure
is exposed to the moisture level approaching saturation. The qualitgioage isclassified in
five levels by calculating the time required to drain the base layer to 50 percent saturation (Seed
and Hicks, 1991). If the excesgterin the pavement structure is removedhwit2 hours,the
drainage quality is considered eXeel. If the excess water is removed within alsgy, the
drainage quality is considered good. If the excess water is removed withireekghe drainage
quality is considered fair. A pavement structure with poor drainage quality would remove the
exces water from the pavement structure within one month. If water does not drain, the drainage
quality is considered very poor. In the development of drainage coefficient, the effect of drainage
was expressed by adjusting the base modulus. Seed and H)®Hg éuggested a modulus of
50000 psi for theexcellentdrained base and 10000 psi for thery poorly drained base. The
deflections of pavement structures with adjusted base moduli were calculated mechanically with
the same pavement layer configuratémthe AASHTO road test. The calculated deflections were
then compared with the measured AASHTO road test deflections to yield the drainage coefficient
(mi). Note: The AASHTO road test condition was assumed to have an aggregate base modulus of
30000 psand aoad bedoil modulus of 3000 psi. The quality of drainage is reflecteatipysting
the structural layer coefficiena) with the drainage coefficientr{) asshown in Equation 10.

Table 2.4presents the recommendaxivalue based on the quality drainage and the percentage
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of time during a year that the pavement structure would be exposed to approaching saturation

moisture.

Table 2.4Recommended nvalue for calculating structural number of untreated base and

subbase material firexible pavemats (AASHTO, 1993)

Percent of time pavement structure is exposed to moistu

Quality of levels approaching saturation
drainage Lessthan 1% 1-5% 5-25% Greater than 25%
Excellent 1.401.35 1.351.30 1.301.20 1.20
Good 1.351.25 1.251.15 1.151.00 1.00
Far 1.251.15 1.151.05 1.000.80 0.80
Poor 1.151.05 1.050.80 0.800.60 0.60
Very poor 1.050.95 0.950.75 0.750.40 0.40

Another environmental factor considered by the 1993 AASHTO design guide is the
roadbed soil resilient modulus change dusdasonal moisture conditions. The 1993 AASHTO
design guide points out the resilient modulus of roadbed soil in a climate which is not subjected to
extended sulfireezing temperatures should be tested for the difference between the wet and dry
seasons. Theoncept of effective roadbed soil resilient modulus is introduced in the design guide
to represent the seasonal moisture condition. The effective roadbed soil modulus is a weighted
value thatgivesthe equivalent annual damage obtained by treating esagoial time period
independently in the performance equation and combining the damage (AASHTO, 1993). Three
stepsare needetb obtain the effective soil modulus. The first seefo entethe seasonahoduli

in their respective time periods. The timeriods should b&n equal length. Then the relative
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damage ) value is estimated based on each modulus. The relationship between soil modulus

(MR) and relative damager] is as follows (AASHTO, 1993):

6 ppYpm O ° (2.13)

Next, the average relative damage)(is determined by summing theualues then dividing the

sum by the number of seasonal period in a year as shown in Equation 15 (AASHTO, 1993):

— B
o — (2.14)

where n is the number seasonal periods in a ydEae.effective roadbed soil resilient modulug M

can then be calculated using Equation 14.

2.4 Mechanistic-empirical pavement design guide

The AASHTO pavement design guides have been widely adopted by transportation
agencies in the past serval decades. Overall, the 1993 AASHTO design guide served well as a
design guide. The empirical relationships in the 1993 AASHTO design guide were esthblish
the AASHTO road test conducted in the 1950s. In the past more than half a century, many
limitations were found in the AASHTO pavement design guide. The AASHTO road test was
conducted at one specific geographic location, on one type hot mix aspéaltwo types of
unbound dense granular based materials, over one type of subgrade soil. The test duration of the
AASHTO road test was over twears, howevethe pavements designed nowadays are to remain
in service for 20 to 50 years. Thus it is bedidvthat the 1993 AASHTO design guide is insufficient
to predict the longerm performance of pavement structures. On the other hand, the heavy truck
traffic volume today has increased about 10 to 20 times since the 1960s. -Tnaisage, which

is commam nowadays, was not considered in the development of the 1993 AASHTO design
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method. The primary parameter to evaluate the performance of pavement in the AASHTO design
guide, i.e., present serviceability index, was affected dominantly by longitudindéptabwever,

other distress factors, such as cracking, rutting, and joint faulting were found to influence the
pavement performance as well, thus should be considered as factors to influence pavement
performance. As a result of the changes in traffiaw@, materials, and construction techniques,

the AASHTO design method can no longer keep up with the current design demand. A new and
more comprehensive design methedequired. During the development of the AASHTO design
guide, it was recognized thatlasign method based on mechanistiapirical principles would be
necessary. Howevethe capability of computeiia the late 1900s limited development of such a
design guide. The amount of computing podvem a personal computer nowadays makes a
mechaistic approach to pavement design possible. The mechaeisfirical pavement design

guide MEPDG) was developed by the National Cooperative Highway Research Program

(NCHRP) in2004.

Pavement responses to traffic and environmental loads can be steéssand deflection
of the structure. The relationships between the loads and response of the pavement can be
described with mat hemat i c a MPEDGrdfers tgthe utiliZzatoe i Me c
of the generalizednulti-layered elastic systenthe empirical parts of the MEPDf@lateto the
characterization of materials or to traffic, environment, and field performance data used to

correlate to accumulated damage (NCHRP, 2004).

The MEPDG evaluates the performance of a pavement based on itdsessot The
indicator used to measure the smoothneagpaivemens the International Roughness Index (IRI).
During the service of a pavement, the IRI ofpagementvill increase over time due to distresses.

Similar to the present serviceability ind@XSI) in the 1993 AASHTO design method, the initial
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smoothness (IRl and the terminal smoothnesiRlf) are provided by the MEPDG. If the
smoothness of the pavement reaches the terminal smoothRigssghabilitation is required. The
typical initial smoothness (IRl ranges from 50 to 100 inches/mile. The typical terminal
smoothnessiIRIt) ranges from 150 to 200 inches/mile. The major factors contributing to the
increase of IRI are distresses, such as cracking, rutting, faulting, andquischihese distresses
are influenced by the design, material, subgrade, traffic, age, and environment.

Serviceahility
A

v

Time (mereasmg distress)

Imtemnational Rougimess ndex
A

IF],

Ji:d8

Figure 2.6 Pavement performance trends illustrated using serviceability and IRI values (NCHRP,

2004)
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Yoder and Witczak (1975) proposed the following agstions for the multiayered
elastic system(1l) The material properties of each layer are homogené®uBach layer, except
for the lowest layer, has a finite thickness and is infinite in the lateral direcf8)risach layer is
isotropic;(4) Full friction is developed between layes), Surface shearing forces are not present;
and(6) The stress solutiosc har act er i zed epand tiReclasticsnoduuElofr at i o

the of the material in each layer. Figure 2.7 illustrates thetaylred elastic system.

E
|||‘
| — ———
b1, Ev i " .
hﬁﬂhﬂ: 4&‘ Bi
Interface 2
hy, E, py
interface n =1
by =, Em Hin

Figure 2.7 Generalized mulayered elastic system (after Yoder and Witczak, 1975)

The multilayered system is analyzed impalar coordinate system. The stresses in the
system act on verticat), radial ¢), and tangentialtl planes. Based on the principal stresses, the

vertical strain can be determined by thkowing equation:
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- pro , ., (2.15)

Based on the theory, the relationship between stress and strain, the time dependency of strain under

a constanstress, and the rebound strain after removal of the stress can be established.

The equatin used to predict the permanent deformation in unbounded base materials was
developed by Tseng and Lytton (1989). The basic formula to estimate the permanent deformation

of granulamateials is presented in Equation 2:16

B
ey (5—0) eW) e,

&r

£ —  (2.16)
log( %) = 0.80978 — 0.06626W,; — 0.0030770 + 0.000003E,

v

log(B) = —0.919 + 0.03105W, + 0.0018065, + 0.0000015E,
log(p) = —1.78667 + 1.45062W, + 0.000378402 — 0.002074WZag — 0.0000105E, —

wherg] is the permanent deformation for the layer/sublayer (in); N is the number of traffic
repetitions- i & & 'Qare material properties; is the resilient strain imposed in laboratory test

to obtain the material propertiedi ¢ ‘Q (in/in); - is the average vertical resilient strain in the
layer/sublayer as obtained from the primary response model (in/in); h is the thickness of the
layer/sublayer (in}, is the calibration factor for the unbound granular and sutsgmaterialf\c

is the water content (% is the resilient modulus of the layer/sublayer (psi); &nid the bulk

stress (psi). In the calculation of permanent deformation with Equéi@f),(water content,
deviator stress, bulk stress, and restlienodulus of the layer/sublayer are required. Some
researchers found the Tseng and Lytton equation, in many cases, yielded wrong trends for the
predicted rut depth. Ayres (2002) later modified Equatihag so that the bulk and deviator
stresses areonlonger needed for the calculation of permanent deformation for the base and

subgrade. However, the predictions made by A
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large rutting in subgrade. Finally,-Basyouny and WitczakNCHRP, 2004)develomd a model

based on Tseng and Lytton as well as Ayres models, which is used in the MEPDG. The model in

the MEPDG eliminated the stfesamd aff ms al Tlhe sé qmy

The MEPDG predicts the permanent deformation obowmd material with the following

eqguations:

AL
PD:k'hsoil"gv'(g_O)'e (N")
T

logB = —0.61119 — 0.017638W,

1

_ o [ —4.89285\F (2.17)
P T=aoy

p\F
e 015 ¢ +20. (i)
& 2

wherePD is permanent deformation of the soil laylag; is the thickness of the soil laygr;0 0,/ Ur )
b, and is parameters of the unbound material of the soil ldyisrthe calibration factor, 1.67 for
base course and 1.35 for subgrddés the average vertical resilient strain of the soil layéris

the water content; arid is the number so load cycles.

The MEPDG also considered the influence of moisture on unbound base material. The
influence ofmoisture on the unbound materialprimarily considered in the term of resilient
modulus. The MEPDG proposed to estimate the unbound material resilient modulus based on its
resilient modulus at optimal water conteMr(py) and the difference betweenretinvestigated
water content and optimal water contenvidg). Based omumerousnodels, a linear relationship

is proposed for modulus ratio in a log scale (NCHRP, 2004):

ITe— ™Qou ¢ (2.18)
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ITe— Qv "y (2.19)

where Mr is the resilient modulus atater contentw (%); Mr opt IS the resilient modulus at
maximum dry density and optimum water contery: (%); andkwis the gradient of log resilient
modulus ratio (log{lr’Mr op)) With respect to the variation in percent water contertvdyy).
Regresion analysis was performed on test results from seven investigators on 49 soils. The
MEPDG proposedkw = -0.0602 for finegrained materials ankly = -0.0463 for coarsgrained
materials.Similarapproach can also be applied todlkegreeof saturation bthe unbound material,

which yields Equation2.19, whereSis the degreef saturationSpt is the optimum degree of
saturation; an#isis the gradient of log resilient moduleiowith respect to variation in tregree

of saturation. The regressianalysis suggestéd=-0.0128 for finegrained materials ard = -

0.0463 for coarsgrained materials. The regression lines of cegraged materialarepresented

in Figure 2.8.
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y =-0.0463x
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-
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(a) Regression foky

(b) Figure 2.8 Linear regression in the sdag sp&e for coarsgrained materials (NCHRP,
2004)
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Figure 2.8 Linear regression in the sdag space for coarsgrained materials (NCHRP, 2004)

(continued)

The linear regressiomlthoughproviding a good interpretation, presentsnatation for

extrapolation. It was found that most of base and subbase materials are usuailyagggree of

saturation between 3%nd 10%, which is more than 50% below the degree of saturation

corresponding to optimum water contents. The data usedetgdtre linear regression consisted

of test results rangingithin £30% of the optimum degree of saturation. The MEPDG proposed

a maximum modulus ratio of 2.5 for fhggained materials and 2.0 for coagained materials.

The linear regression wouldverestimatehe resilient modulus o& materialif the degreeof

saturation is 3% less than the optimum degreesatturation A revised model was developed to

maintain the estimation conservative. The original linear regression was replaced-oyraa S

that approaches the linear relationship observed within 30% of the optimum degree of saturation
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but flattens out for the degrees of saturation of 30% lower than the optimum degree of saturation

(NCHRP,2004):

ITe— o (2.20)

where a is the minimum of I0BIR/Mr op); b is the maximum of lotr/Mr op); b = In(-b/a),
location parameter to impose the condition of zero interéept;regression pameter; andi

Spt) = the variation in degree of saturation expressed in decimal.

The suggested values for the above parameters by MEPEEesented iTable2.5. Figure 2.9

presents the revised model.

Table 2.5Coefficients for the moistureesiliert modulus model (after NCHRP, 2004)

Parameter Coarsegrained fine-grained
materials materials
-0.3123 -0.5934
0.3 0.4
-0.0401 -0.3944
kS 6.8157 6.1324
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Figure 2.9 Revised model for coargeined material in serldg scale (NCHRP, 2004)

2.5Summary

This chapter first reviewed the mass trandf@sed methods to estimate the evaporation
rate of water. The mass trémsbased methods are empirical relationships between the
environmental factors, such as temperature, relative humidityiffieeencebetween saturated
and partial vapor pressures, and the rate of water evaporation. These methods were proven to be

ableto estimate the water evaporation rate to a reasonable accuracy.

This chapter also reviewed the application of geotextile in pavement structures and the
problem of geotextile in unsaturated soil. Geotextiles are installed in pavement structures often
for its drainage function, however,unsaturategoil the effectiveness of conventional geotextiles
is reduced. The wicking geotextile aimstmtinueremoving water from roadway structures even
when the geomaterial becomes unsaturated. Based orudiss,2he wicking geotextile showed

promising ability to improve the performance of roadway structures.
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The final part of this chapter briefly reviewed the 1993 AASHTO pavement design method
and MEPDG. The review on the design guides focused onfte ef moisture on the pavement
structure design. In both design guides, the major effect of moistuoa the unbound

base/subbase materials.
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CHAPTER 3 Qualitative experiments and evaporation estimation

This chapter presents the laboratoryg@sming to: (1) demonstrate the difference between
the wicking geotextile and the conventional geotextile; (2) investigate the boundary effect on the
wicking geotextile through vertical hanging tests; and (3) estimate the evaporation from the

wicking gedextile under control temperature and relative humidity.

3.1 Material

Two geotextiles were tested in the laboratory tests reported in this chapter, one
conventional woven geotextile and onieking geotextile. Both geotextiles were fabricated and

providedby the TenCate Geosynthetics.

The conventional woven geotextile was HP570 as the commercial name and its properties

are listed in Table 3.1.

Table 3.1 Properties of conventional woven geotextile No. 1

Properties Unit Minimum average roll value
MD CD
Tensile strength (2% strain) KN/m 14 19.3
Tensile strength (5% strain) KN/m 35 39.4
Flow rate l/min/m? 1222
Permeability cm/sec 0.5
Permittivity sect 0.4

Note: MD = machine direction and CD = craaschine direction.
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Table 3.2 Properties of wickingeotextile

Properties Unit Minimum average roll
value
MD CD
Tensile strength (2% strain) KN/m 7 15.8
Flow rate I/min/m? 1222
Permittivity sec! 0.4

3.2Demonstration tests

Although the wicking geotextile has been successfully applied in the fielbetiavior of
the wicking geotextile has not been fully understood. The demonstration tests were performed to
provide some understanding of the behavior of the wicking geotextile as compared with a

conventional woven geotextile in their siphoghavior.
3.2.1 Test setup

In the first demonstration test, two 700 ml beakers were used as water containers.
Geotextile specimens were 45 mm wide by 260 mm long. The geotextile specimens were placed
over the edges of the beakers with half of their length inbieldeaker. The beakers were filled
with water to the 700 ml mark. Glass plates were placed over the beaker to limit evaporation from
the water surface. The setup of the first test is shown in Figure 3.1 (a). The amount of water change

in the beakers veameasured by the water level change using a ruler.

Larger containers and specimens were used in the second test. In the second test, 4 liter
water containers were used. The geotextile specimens were 120 mm wide and 335 mm long. The
specimens were ptad over the edges of the containers with 120 mm of the specimen outside of
the container. Both containers were filled with 4 liters of water. The containers were covered with
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plastic sheets to prevent evaporation from the water surface. The amoum¢rofheenge in the

containers was measure by a scale. The setup of the second test is shown in Figure 3.1 (b). In

both tests, the geotextile specimens before placed in the water containers were dry.

wvl-wum

CAT NO

1152049H

DESC. MOT PLATE 7 X 7 120V
gy, 1 VOLTAGE: 120

n —S700st

) — 600

_o Wicking Fabric

(b)

Figure 3.1 Demonstration test setup
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3.2.2Test results and discussion

During the first test, the air temperature ranged frohh 24 29\ and the relative humidity
ranged from 27% to 47%. During the second test, the air temperature ranged oo 24\

and the relative humidity ranged from 168630%.

In both tests, the volume changes of water in the water containers were measured over time.
At the beginning of Test 1, water drops were observed at the ends of the exposed geotextile
specimens. As the test progressed, water drops disappearethé&aranventional geotextile
specimens. Test 1 was terminated at 113 hours into the test as the water level in the wicking
geotextile container approached to the end of the wicking geotextile specimen as shown in Figure

3.2.

N
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1152049H 11 Mi
DESC: HOT PLATE 7 X7 120V e me7
Qry: VOLTAGE: 120 : : . ﬁ.llllllll

‘ g ‘ “ E | INA

ASSEMBLED IN CH

Figure 3.2 Water level dhe end of I demonstration test

In the second test, no water drop was observed at the end of the conventional geotextile.

The exposed part of the conventional geotextile specimen was adjusted to steepen the gradient of
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the exposed portion of the spmen. The adjustment did not result in water drop at the end of the
conventional geotextile. Water drops were observed on both wicking geotextiles at the ends of the
exposed parts. Inthe early stage of both tests water dropped from the wicking gesppextihens
frequently. The frequency of water drop decreased as the test progressed. Eventually no water
drop was observed at the end of the wicking geotextile specimens; however, the exposed portion

of the wicking geotextile specimen remained wet.

Two different specimen widths were used in these two demonstration tests, to compare
their results. The parameter of water volume change in the container to the width of the geotextile

specimen (i.e., ml/mm) is adopted herein to present the test resuitsaasia Figure 3.3.
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Figure 3.3 Water volume change in the container per width of geotextile specimen with time
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From Figure 3.3, in the second test, the water volume changed insignificantly in the water
container with the conventional geotextile. §heésult is consistent with no observed water drop
from the conventional geotextile specimen. The evaporation from the water surface is likely the
cause for the volume change of water in the container with the conventional geotextile in the
second testThe conventional geotextile in the first test did remove water from the container. For
the geotextile specimen to transport water from the container, the water in the container needed to
travel upwards against the gravity to the edge of the containelimitie geotextile specimen.

After passing over the edge of the container, the water within the geotextile specimen traveled
along the gradient of the geotextile in a downward direction under the action of gravity thus
forming a siphon. The action of veattraveling against gravity in an initially dry porous medium,
such as geotextile, requires capillary force. Itis believed that the conventional geotextile specimen
in the second test could not provide sufficient capillary force for the water to heaetige of the
container. Both wicking geotextile specimens showed exceptional ability to remove water
compared to the conventional geotextile specimens. The ability of the wicking geotextile to

generate capillary force to form a siphon should attrituitbe wicking fibers.

The water volume changes from the first test demonstrates the difference in the water
removal ability between conventional and wicking geotextiles. A simple, linear regression was
used to estimate the rate of water removal froencitntainers, as shown in Figure 3.4. Based on
the slope of the regression line, the water removal rate by the wicking geotextile is approximately
3.7 time of the water removal rate by the conventional geotextile. As the conventional geotextile
did not esult in significant water volume change in the second test, such a comparison based on

the second test results is not appropriate.

45



[N
n

- Test 1 Wicking geotextile
1S
£12 Test 1 Conventional geotextile
£ y = 0.103x
e 2=
£ 10 R?=0.8417
=
g
o 8
o)
c
kS
S 6
)
1S
=
2 4
8
<
= 2
y = 0.0279x
R2=0.8552
0
0 20 40 60 80 100 120

Time (hrs)

Figure 3.4 Comparison of water removal rates from conventional and wicking geotextiles

The water volume changes in thentainers with wicking geotextiles in both tests are
presented in Figure 3.5. Figure 3.5 indicates the water volume change in the container or water
removal by the wicking geotextile specimens can be divided into two portions: an initial portion
with higher water removal rate and a later portion with a reduced removal rate. The trend of water
removal consists of the observed water drops at the ends of the wicking geotextiles specimens.
The initial higher rate of water removal resulted from rapid wdtepping from the exposed
geotextile specimens. The later lower water removal rate could result from water evaporation from
the exposed geotextile surface into the air. It is deducted that the capillary force generated by the
wicking geotextile at the lggnning of the tests was able to transport a relatively large quantity of

water to supply the formation of the water drop. As the amount of water decreased in the container,
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the distance from the water surface to the edge of the container increasediafEnymssed over

the edge of the containers in a much smaller quantity. Although the reduced amount of water was
not able to form water drops, it was able to maintain the exposed portion of the wicking geotextile
specimens relatively wet for evaporationhus evaporation became a major parameter for

evaluation of the water removal ability of the wicking geotextile.
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Figure 3.5 Comparison of water removal rates from the wicking geotextiles

3.2.3 Conclusion

The demonstration tests showed the abilityhef wicking geotextile to generate capillary
force to remove water from a container. One of the conventional geotextile specimens failed to
remove water from its container. The water was removed by the wicking geotextile through water

flow in the geotetile and evaporation from the geotextile surface. The evaporation on the wicking
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geotextile surface continued removing water from the container even after the water stopped
dropping from the end of the exposed wicking geotextiles specimen. Evapordtan vaas

identified as a factor describing the ability of wicking geotextile to remove water.

3.3Vertical hanging test

Geotextiles in the practice are usually continuous in the machine direction. Such a
condition cannot be achieved in a laboratory duemideid space. Thus geotextile specimens are
usually cut in the crosmachine direction. The cutting process not only breaks the continuity of
the yarns but also distorts the arrangement of the yarns near the cut. Water moves through a
geotextile in the @id between the yarns; therefore, a distortion in the yarn arrangement will
influence the hydraulic properties of a geotextile. Boundary effect thus became a major concern
for the design of wicking geotextile experiment. The geotextile specimens slaveldurfficient
width so that the distortion at the boundary does not influence the overall hydraulic properties of
the specimens. The demonstration tests in the previous section showed the ability of the wicking
geotextile to generate capillary force, wiis an important aspect to the water removal efficiency
of the wicking geotextile. Thus the effect of specimen width on its ability to generate capillary
force was investigated and the suitable width of specimen without a boundary effect was identified
and used in later tests. The vertical hanging test is one way to measure the capillary force generated
by a textile. The textile specimens are hung from a beam and the lower end of the specimen is
submerged in water. If a textile is able to generatdlagpforce, water will be driven by the
capillary force to move upwards along the textile. The vertical distance between the wet front and
the water reservoir surface is an indicator of the capillary force: the larger the distance, the higher

the capilary force. In the vertical hanging test, wet front movement in geotextile specimens with
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different widths were measured to determine whether the width of a specimen influenced its ability

to generate capillary force.
3.3.1 Test setup

Figure 3.6 presestpictures of the test setup. This test was conducted in a room where the
air temperature was approximatelyNL&nd the relative humidity of the room was approximately
30%. A water reservoir of 1.6 m x1 m (L xW) was constructed with timber and lirigdéamil
plastic sheet. The beam was approximately 1 m above the reservoir water surface. Specimens
were cut in the crossachine direction (i.e., the wicking yarns were in the vertical direction). All
specimens were 1.1 m long and fixed to the beaim el@mps. The lower ends of the specimens
were fixed to a small PVD tube and put in water simultaneously, as shown in Figure 3.6. A video
camera facing the specimens was used to record the movement of wet front in time. Two rulers
were also hanged frothe beam to measure the rise of water front. Markings were also made on
geotextile specimens inibch (125 mm) intervals. The distances between the wet fronts and the
water surface (i.e., the wet front height) were observed based on the color chaweggeotéxtile
specimen. In Figure 3.7, the wet fronts were marked by yellow lines. Figure 3.7 shows that the
wet fronts in wider specimens were not straight. The average height of the water front was used

to represent the water rise in the specimen.
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Figure 3.6 Pictures of the vertical hanging test.
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Figure 3.7 Locations of wet fronts on the wicking geotextile specimens at 120 min into the test

3.3.2 Test results and discussion

The tested specimens had widths of 50, 100, 200, 300, 4008@0D0and 1600 mm. The
wet fronts stopped rising at approximately 120 min after the specimens were placed in contact with
water. Figure 3.8 presents the wet front heights on the wicking geotextiles with time. The wet
fronts rose rapidly within the fitgl0 min. Then the movement of wet fronts slowed down between
40 to 120 min. Little increase in the heights of wet fronts was observed between 90 min and 120
min. The heights of the wet fronts on the specimens of different widths at each observation tim
were relatively similar except for the specimen of 600 mm. Later inspection found a large amount
of dust was the surface of the specimen of 600 mm. The dust might have obstructed the
observation of wet fronts. At 120 min, the wet fronts in most spE@mwvere over 200 mm above

the water surface. The scatter of the data points within the first 50 min of the test were very narrow.
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The scatter of data points became wider with the progress of the test; however, the heights of most

wet fronts were withirbO mm from each other.

300
250 ® b4 ®
= [ ]
E (] =
= 200 <
o e * g
g 150 ¢ =
© 8 “ Specimen width (mm)
S 100 | o 50 100 200
()
T W 300  m400 600
e
50
’ @300 1600
oL
0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00

Time (min)

Figure 3.8 Heights of wet fronts on geotextiles with time

Figure 3.9 presents the distance from the wet front to the water surface versus the width of
the specimen at 120 min after the specimen was in contact with water0Q Atii2the heights of
the wet fronts on the specimens of 300, 800, and 1600 mm wide were over 250 mm. However,
the heights of wet fronts of the narrower specimens (i.e., 50, 100, and 200 mm wide) were between
200 and 250 mm. No definitive evidence of bdary effect was found based on the heights of
wet fronts. Therefore, it is concluded that the width of the specimen did not affect the ability of
the wicking geotextile to generate capillary force. The yellow lines in Figure 3.7 present the wet
fronts o the wicking geotextile specimens of 50, 100, 200, 400, and 800 mm wide. It was

observed that the wet fronts on wider (i.e., 400 and 800 mm) specimens were not even. The uneven
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distribution of wet fronts on large specimens might result from the variatithe production of
wicking geotextile. The unevenly distributed wet fronts might complicate analysis of test results
in further tests. It was concluded that geotextiles with an intermediate width should be chosen for
the specimens in later tests $mttthey were not too wide for uneven wet fronts. It was also
concluded that later tests should use specimens with a sufficient number and width to minimize

the variability of test results for the wicking geotextiles.
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Figure 3.9 Height of wet frontersus width of specimen

The vertical hanging test showed that the geotextile was capable of transporting water
against gravity. When a local concave is present at the interface between base and subgrade, free
water entering a roadway structure tendadoumulate at the concave location due to hydraulic
gradient (such a phenomenon is called ponding). The excess moisture at the concave weakens
both base and subgrade materials. The weakened base and subgrade material deform more under

traffic loading reslt in the increase of the concave size. Conventional drainage systems which
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rely on hydraulic gradient to remove water are not effective in removing water from ponding as
the hydraulic gradient drives the water into the ponding location. The abitgkihg geotextile

to transport water against gravity can reduce the water accumulation due to ponding.

3.4 Horizontal wicking test

Geotextiles are usually placed in roadway structures in the horizontal direction. Therefore,
the location of wet front in asking geotextile specimen placed in a horizontal plane should be

investigated.
3.4.1 Test setup

A schematic of the test setup for a horizontal wicking test is presented in Figure 3.10. The
horizontal wicking test was conducted in a temperatorgrolled room. The room temperature
could be controlled betweemOto 10N . A water tank of 250 mm x 500 mm x 300 mm (LXV>D)
was used as a water reservoir. The water tank was placed next to a long table on a lower table so
that the top of the water tank was eppmately at the same level with the long table. Amh.3
long wicking geotextile specimen was placed on the long table. Based on the vertical hanging test,
a geotextile specimen of 300 mm wide was selected. One end of the specimen was placed in the
water tank, which was then filled with tap water to 20 mm below the top of the tank. Each
specimen was let on the table for 48 hours so that the wet front could be stabilized. A dehumidifier
was used to control the relative humidity in the test room. ré&giqusly stated, visual inspection
of the sample could not accurately determine the location of the wet front. Therefore, the water
content of the wicking geotextile specimen by weight was used to determine the location of the
wet front. At the end ofazh test, the geotextile specimen was cut into 50 mm or 100 mm long

segments. Each section was weighted right after the cut was made. After the entire specimen was
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cut and weighted, the geotextile segments were transported into an oven and driéd far 06

hours. The dried segments were then weighted again to determine their dry weights. The water
content of the wicking geotextile specimen was determined in the same way as the determination
of soil water content. The location of wet front can beemheined based on the distribution of

water content along the distance from the source of water.

1 meter

Reservoir

Figure 3.10 Schematic of horizontal wicking test setup

3.4.2 Test results and discussion

Figure 3.11 presents the distribution of water content of tbkimg geotextile specimen
with the distance to the water source under different air temperature and relative humidity. The
|l egend in Figure 3.11 represents the test con
the test air temperatureindeg e Cel si us whil e the number folll

the relative humidity in percentage. The horizontal wicking test was conducted under five
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combinations of temperature and relative humidity. No gravitational drainage was observed during
the test. Under all the conditions, the distance from the wet front to the water source was over 0.6
m, significantly longer than the wetted height recorded in the vertical hanging test. The maximum
distance between the wet front and the water source veaislan when the air temperature was

8.2\ and the relative humidity was 96.3%. The minimum wetted length was slightly over 0.6 m
when the air temperature was M.3and the relative humidity was 65.3%. The wetted length of

the wicking geotextile was longender higher relative humidity or lower evaporation potential.

The water content gradient indicates the amount of water within the geotextile specimen decreased
as the distance from the water source increased. The relationship between the watearabntent

the distance to the water source appears to be linear. The water contents close to the water source

varied significantly between 30% and 60%, which might result from material variation.
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Figure 3.11 Variation of water content in the horizontadkivig test

The wetted lengths under different evaporation conditions indicate the effect of evaporation.

When the evaporation potential was low, less water evaporated from the wicking geotextile into

the air thus the wetted length was longehe Wetted length varying with evaporation potential

presents a conundrum in estimating the evaporation from the wicking geotextile. The total amount

of water removed by a geotextile via evaporation is the product of evaporation rate and evaporation

area (or wettg length). Contrary to the relationship between wetted length and evaporation

potential, the evaporation rate increased with the increase in evaporation potential. The following
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section provides more detailed discussion regarding the influence of ex@pp@tential on the

total evaporation from the wicking geotextile.

3.5 Quantitative evaporation test
3.5.1. Gravitational and evaporation drainage

As discussed earlier in this chapter, wicking geotextile specimens could remove water from
containers by formig water drops at the exposed ends of the specimens and evaporate water from
the surface of the specimens. These two mechanisms of wicking geotextile to remove water should
be considered separately. The movement of water in an initially dry geotextilmepecan be
described as a wetting process, in which the wetting front is formed as shown in Figure 3.12. Note
that the portion of the geotextile between the wet front and the water source is not necessarily
saturated. The water in the wetted portiom gfeotextile evaporates due to the relative humidity
difference between the geotextile and air. The total amount of water evaporating from a geotextile
surface Eg) is the product of the wetted area of the geotextile and the evaporation rate from the
wetted geotextile surface. The wetted area of a wicking geotextile specimen is the product of the
width of the specimen and the wetted lendgtk).( The rate of evaporation depends on parameters,
such as temperature, relative humidity, and vapor pressuten iie amount of water entering
the geotextilelw) equals to the total amount of water evaporating from the geotextile suEgace (
the wet front is stationary, as shown in Figure 3.13(b). When the amount of water entering the
geotextile is less thamé total amount of water evaporating from geotextile surface, the wetting
front moves toward the water source and the wicking geotextile is under a drying process, as shown
in Figure 3.13(c). If the amount of water entering the geotextile is more th&mtahamount of
water evaporating from the geotextile surface, the wet front moves away from the water source

and eventually stops at the exposed end of the geotextile. When the wet front is at the end of the
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geotextile, the capillary force or suctiontbé wicking geotextile prevents the water from leaving
the geotextile and moisture starts to accumulate. Water drops start to form when enough hydraulic
gradient is achieved to overcome the suction by the wicking fibers in the geotextile, as illustrated

in Figure 3.13(a). Gravitational drainage is achieved as wates thap the wicking geotextile.

Water evaporation rate, £

I R .

at water removal rate, E,, l
Wetted length, L, . .
|r= =]I Wicking geotextile

Figure 3.12 Schematic of water transport and evaporation in the wicking geotextile (Guo et al.,

2016)

(a) (b)

Mw Wetting front

.

~
Higher evaporation rate

Gravity drainage

Figure 3.13 Schematic of the movement of wet frorder different conditions (Guo et al., 2016)
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3.5.2 Method for water removal via evaporation by wicking geotextile

The exposed length of the wicking geotextile should be equal to or greater than the wetted
length of the wicking geotextile to have theximaum water removal via evaporation. The location
of the wet front depends on the capillary force of the geotextile, the rate of water flow in the
geotextile, and the water evaporation rate from the geotextile surface. However, a theoretical
solution tocalculate the wetted length remain elusive. The difficulty in developing such a solution
results from the incomplete saturation of the geotextile. In other words, the movement of water in
the geotextile is in the form of two immiscible fluids (i.e., aid avater) moving through a porous
media. The unsaturated flow in the wicking geotextile follows the generalized Darcy law (Bear,
1972; Helmig, 1997; and Szymkiewicz, 2007), which requires the water pressure, water viscosity,
absolute permeability of theegtextile, and relative permeability with respect to water. The
relative permeability with respect to water depends on the degree of saturation of a porous medium
(the wicking geotextile in this case). As shown in Section 3.3, the water content otkiiregwi
geotextile varied with the distance and is difficult to determine. This situation makes the
generalized Darcy law impractical to calculate the wetted length. Experimental determination of
the wetted length is also difficult. Based on the expeeidérmm the previous vertical hanging test,
visual inspection and measurements cannot determine the wetted length accurately during the test.
The test method used in the horizontal wicking test is applicable to specimens placed horizontally.
Due to the lgh transmissivity of the wicking geotextile, as any gradient in the geotextile specimen
would cause the water within the geotextile flow towards the lower gradient rapidly which result

in errors of water content measurements.

Even though the wetted lefgtannot be accurately measured or theoretically calculated,

it may be obtained based on the equivalence of water mass change due to the wicking geotextile
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specimen if gravitational drainage does not occur. In other words, the amount of water removed
from a reservoir by a wicking geotextile specimen should be equal to the amount of water
evaporated from the wicking geotextile specimen. Considering Figure 3.12 represents a cross
section of a unit width of a geotextile specimen. The water removal rateuiy width of a
wicking geotextile Ew, equals to the average water evaporation rate from the geotextile of a unit

area,Eg, multiplied by the wetted length of the geotextiilg, i.e.,
B =L (3.1)

Dividing the average water evaporation rate from a free water suaaehoth sides of equation

21:

(3.2)

wherelLwe is the equivalent water suda evaporation length.

3.5.3 Test setup

Figure 3.14 presents the test setup of a laboratory study. Nine water tanks with the
dimension of 250 mm wide, 500 mm long, and 300 mm deep each were used as water reservoirs
for wicking geotextile specimens. wler with accuracy of 1 mm was attached on one side wall
of each tank to measure the water level change during the test. These tanks were placed in a
temperatureontrolled room. A dehumidifier was used to automatically adjust the relative
humidity inthe room to a desired value. When the relative humidity in the room was higher than
the desired value, the dehumidifier was automatically turned on. Before each test, all of these nine

tanks were filled with regular tap water. Temperature of the rocsrseiato a target temperature.
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One day was allowed for the room to reach the desired temperature. At the same time, the
dehumidifier was turned on to adjust the room relative humidity to the desired value. After the
room air condition (i.e., the tempéuege and relative humidity) reached the desired values, the
wicking geotextile specimens were placed into the tanks. Geotextile specimens were placed in
seven water tanks while the other two tanks without any geotextile were used as the control tanks.
Each wicking geotextile specimen had a dimension of 600 mm long and 300 mm wide with
wicking fibers oriented in the longitudinal direction. Each specimen was folded over then00

long edge of the tank. A half length of each specimen was submerged taetcawa the other

half was hung outside of the tank, which was exposed to the air as shown in Figure 3.14. A pair
of small circular magnets with a diameter of 15 mm were used to fix a specimen both inside and
outside the tank. Each test was conductedrierweek. During this period, the water temperature

was also measured, which was approximately the same as the desired air temperature. Therefore,
the air temperature reported in this paper is also the water temperature. After each test was finished,
water in the tanks was replaced and the tested specimens were discarded. The room temperature
and relative humidity were recorded by the Dickson TM 320 thermometer every hour. The water
temperature and the water level in each tank were measured evesyr24 h should be noted

that the reading of the water level was taken starting from the second day of the test, which
excluded the amount of water absorbed into the geotextile after a dry specimen was placed into a
water tank (i.e., the amount of waterthe wetted area of each geotextile specimen). In other

words, the water level change was calculated after the wet front in the geotextile became stable.
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Figure 3.14 A picture of evaporation test setup

Table 3.3provides the information on the testnciitions for 12 tests conducted in this
study. The temperature varied from% Qo 30C while the relative humidity changed from 51.2%
to 86.8%. The temperature and relative humidity provided in the table are average values during
the test duration. TEhwater removal rate was calculated using the total amount of water removed
from each water tank divided by the test duration. Visual inspection on the specimens was carried
out every 24 hours to examine any possible liquid water drop at the expoself watkr drop
was observed in a test, the test was mar ked
Among 12 tests, three tests had gravitational drainage. In other words, the water loss in the
reservoirs in these tests was not fully remdygévaporation. These test data were excluded from
the following data analysis to evaluate the water removal rate by the wicking geotextile through
evaporation. The water removal rate by the wicking geotextile reported in Table 3.3 is the average
value fom seven water tanks containing wicking geotextiles under each test condition while the

water evaporation rate without a wicking geotextile is the average value from two control tanks.
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Table 3.3 Test conditions and water removal rates of all tests

Testcondition Total water removal rate  Note
Test No. Temperature RH Duration wW/O w/
°C % hours x1mmihr  x10°mm¥/hr
1 25 61.7 170 5.3 11.9
2 20 86.8 165 2.1 9.2 GD
3 25 65.2 211 4.5 11.1 GD
4 30 58.7 144 8.7 15.8
5 10 51.2 172 7.3 14.0
6 10 56.6 168 7.1 13.9
7 10 58.7 169 6.5 13.0
8 10 62.0 166 4.8 10.7
9 10 72.9 169 4.1 8.4
10 10 7.7 168 4.8 7.8 GD
11 4 71.7 174 3.7 5.5
12 8 71.7 143 3.5 6.3

Note: RH = relative humidity; W/ = tank with a wicking geotextile; W/O = tank without&ing

geotextile; GD = Gravitational Drainage.

3.5.4 Test results and analysis

Table 3.3hows that the total water removal rate of the water tank with a wicking geotextile
was much larger than that without a wicking geotextile. The water removdiyr#te wicking
geotextile can be calculated as the water removal rate from the water tank with the wicking
geotextile subtracting the water removal rate (i.e., the water evaporation rate) from the control tank

without a geotextile under the same test comai Table 3.4 provides the water removal rates by
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wicking geotextiles in all the tests in this laboratory study. The test results show that the increase
of the relative humidity reduced the water removal rate. The increase of the temperature increased
the water removal rate. These test results were also analyzed using the three methods mentioned
in the previous chapter. In the analysis, the water evaporation rate from the water tank was
calculated based on the tank unit surface area while the veatmval rate by the wicking

geotextile was calculated based on the specimen unit width.

Table 3.4 Water removal rates by wicking geotextiles in the tests

Test No. Temperature Relative Humidity WRw
°C % x10® mm?/hr
1 25 61.7 6.6
2 20 86.8 7.1
3 25 652 6.6
4 30 58.7 7.1
5 10 51.2 6.7
6 10 56.6 6.8
7 10 58.7 6.5
8 10 62.0 5.9
9 10 72.9 4.3
10 10 7.7 3.0
11 71.7 1.8
12 8 71.7 2.8

Note: WRy = water removal rate by the wicking geotextile.

The Romanenko (1961) equatican be used to calculdatee water evaporation rate of the
control water tank based on the temperature and the relative humidity. Frieontheenko (1961)

eguationno water evaporation could occur when the relative humidity was equal to 100%. Based
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on the test data, constamisand B could be bacicalculated as 1.46x¥0and 75, respectively.

Therefore, th&komanenko (1961) equatiaan be rewritten as follows:
E=1.46310"(T ¥%° ( 100 RH) (3.3)

Figure3.15 presents the comparison of the average water evaporation rate of the control
water tanks calculated by Equation (23) with the experimental data. In Figure 3.13xise y
presents the measured water removal from control water tanks whileakie presents the

calculated water removal based on the Romanenko (1961) equation.
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Figure 3.15 Water evaporation rates of the control tanks measured and calculated using the

Romanenko (1961) equation
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Figure 3.16 Relationship between the water removabwatbe wicking geotextile and the water

evaporation rate calculated using the Romanenko (1961) equation

Figure 3.16 shows the relationship between the water evaporation rates from the control
water tanks calculated using Equation (23) and the measutednemoval rates by the wicking

geotextile. This relationghcan be expressed as follows:

E, =0.42E (3.4)

whereE, is the water removal rate per unit width by the wicking geotextile $xt6r/hr/m) and
E is the water evaporation rate per unit area calculated using Equation (23)ni®r/n?).
Based on Equation (22), the equivalent water surface evaporation lepgthEwW/E = 0.42 m,
which is longer than the exposed length (0.3 m). This is because the water evaporation from the
geotextile happened on both sides but the equivalent water surface evaporation is only possible on

one side.
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Figure 3.17 presents the averagapration ratd of the two control tanks changed with
the difference between the saturation vapor pressure and the actual vapor pressumn &aged
and Xu (1997), the relationship between the water evaporation rate and the vapor pressure
differenceshould be linear. Therefore, the following relationship can be obtained to estimate the

water evaporation ratfrom the control water tanks:
E=12.69¢ -e) (3.5)

whereE is the water evapation rate per unit area (A& /hr/m?) andes-e is the difference

between the saturated vapor pressure and the actual vapor pressure (kPa).
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Figure 3.17 Relationship between the evaporation rate of the two water tanks and the difference

of the satirated vapor pressure and the actual vapor pressure
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Figure 3.18 Relationship between of the water removal rate by the wicking geotextile and the

difference of the saturated vapor pressure with the actual vapor pressure

The water removal rate by the wing geotextile is presented in Figure 3.18. The water
removal rate by the geotextile has a similar trend as the average evaporation rate from the control
tanks in Figure 3.17. Therefore, the water removal rate by the wicking gemtextibe calculated

as follows:
E,=5.07F -€) (3.6)

where E, is the water removal rate per unit width by the wicking gedee(x10° mnm/hr/m), es

eis difference of the saturated vapor pressure with the actual vapor pressure (kPa). The ratio of
Ew from Equation (26) td& from Equation (25) is 0.40 m, which is close to the equivalent water

surface evaporation lengthye = 0.42 m as presented earlier.
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Based on the Bosen (1960) method, Figure 3.19 presents the relationship of the average
water evaporation rate of the control tanks versus the difference between the dew point temperature
and the air temperature (i.8.7 Tgp). The following empirical correlation can be obtained from

the tes data as shown in Figure 3.17:
E=5.69T -T,,) (3.7)

whereE is the water evaporation rate per unit area from the&aiaanks (x16 mm/hr/m).
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Figure 3.19 Relationship between the water evaporation rate in control tanks and the difference

of the air temperature and the dew point temperature
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Figure 3.20 Relationship between the water removal rate by the wickirextgkeoand the

difference of the air temperature and the dew point temperature

The water removal rate by the wicking geotextile can also be correlatediagpithas

follows based on the test datasi®wn in Figure 3.20:
E,=2.27(T -T,) (3.8)

whereEy is the water removal rate per unit width by the wicking geotextile3(xi®*/hr/m).

Again, theEw/E ratio from equations (27) and (28) is 0.40 m.

3.6 Conclusion

In the first stage of thetudy of wicking geotextile, a series of srasthle demonstration
and quantitative tests were conducted. In the demonstration test, wicking geotextile and

conventional geotextile specimens were placed in beakers with near one half of length submerged
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in water and the rest of length exposed to air. The demonstration test showed the wicking
geotextile was more effective in removing water from the beaker. Different rates of water removed
from the beaker and the observation of water drops at the exposefl teedvicking geotextile

specimen lead to the conclusion that the wicking geotextile can remove water via both gravitational

drainage and evaporation.

In the vertical hanging test, geotextile specimens of different widths were suspended over
a water reswoir with the lower end of the specimens dipping in water. The wicking geotextile
speci mens were able to Awicko water over 200
test confirmed the capillary force generated by the wicking geotextile tankport water against
gravity. No clear evidence of boundary effect was found in the vertical hanging test. However,
unevenly distributed wet fronts present on wider specimens suggest the variability of the hydraulic

properties of the wicking geotexil

In the horizontal wicking test, wicking geotextile specimens of 1.3 m by 0.3 m were placed
with zero gradient over a table. Water contents at different distances of the specimen to the water
source were used to identify the location of wet front. Adrézontal wicking test showed that the
wicking geotextile specimens were able to transport water as far as 1.0 m. The wetted length of

the wicking geotextile depended on the evaporation condition.

In the quantitative evaporation test, 12 laboratorgtestre conducted in a controlled room
to investigate the water removal rates by the wicking geotextiles under different temperature and
relative humidity conditions. Wicking geotextile specimens of 600 mm long and 300 mm wide
each were submerged into watanks by half length and the other half was hung outside of the
tanks. Under different temperature and relative humidity conditions, seven geotextile specimens

were tested in seven water tanks for one week while the other two tanks without any geotextil
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specimen were used as the control tanks. The rates of evaporation from the wicking geotextile
specimens were compared with those from free water surface in the control tanks. A new concept
of the equivalent water evaporation length for a wicking geiddéespecimen was proposed based

on masgransfer methods.

The following conclusions can be drawn from the tests completed in the first stage:

(1) Based on the amount of water was supplied to the wicking geotextile and the evaporation
potential of the air, wking geotextile could remove water through gravitational drainage
and evaporation.

(2) The capillary force generated by the wicking yarns in the wicking geotextile could
overcome the gravity of water. Thus the wicking geotextile was capable of wicking water
over 200 mm above the water surface or transporting water as far as 1 m under zero gradient.

(3) In the process of removing water via evaporation, the wicking yarns suck water into the
geotextile to create a wetted area and the water on the wetted area®dhjpdo the air
due to the difference of relative humidity between the geotextile surface and the air. This
process continued with time at a certain water removal rate.

(4) The wicking geotextile significantly enhanced the water removal ability. The water
removal rate of the wicking geotextile increased with an increase of the temperature and a
decrease of the relative humidity.

(5) The mass transfdrased methods could be used to estimate the water removal rate of the
wicking geotextile based on vapor pressutemperature, and relative humidity.

(6) Based on this study, the newly proposed equivalent water evaporation length of a wicking
geotextile sample was constant for this product and equal to 0.4 m. Thus an exposed length

of 0.4 m is suggested for the apptioa of the wicking geotextile.
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CHAPTER 4 Small-scaledrainage tests

The previous chapter demonstrated the water removal ability of wicking geotextile directly
in contact with water. The wicking geotextile can remove water viarmgohanisrg, i.e.,
gravitational drainage and evaporation, from water reservoirs. In actual applications, however, the
geotextile is always in contact with soil. Tlusaptempresentshe second stage of tests aiming to
evaluate the benefits of the wicking geotextile in remgwvater in soil by conductingvo smalt

scale laboratory tests.

4.1 Materials and instrumentation

4.1.1 Subgradenaterial

The subgrade material was a mixture of 75% Kansas River sand and 25% Kaolinite by
weight. The compaction curve of the subgrade riatés presented in Figure 4.1The
permeability of the subgrade was determined using a-wgitl permeability test with a falling

head method as 2.3 xfam/s
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Figure 4.1 Compaction curve of the subgrade material

In the test, the volumetric wateontent of the subgrade waseasuredwith sensors.
However, in most applications, gravimetric water content rather than volumetric water content is
used. The relationship between the volumetric and gravimetric water contents for the subgrade
was determied experimentally in this study. The subgrade sample of different water content was
compacted in a container with a pneumatic compactor. The gravimetric water content of the
compacted subgrade sample was determined by a scale while the volumetricomtget was
determined by a Campbell HS2 hameld moisture sensor. The relationship between the
gravimetric and volumetric water contents of the subgrade is presented in Figure 4.2, which shows

alinear relationship as follows:

) @ o o) (4.1)
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Figure 4.2 Relationship between volumetric and gravimetric water contents of subgrade

4.1.2Base material

The AB-3 aggregate, commonly used by the 8aDepartment of Transportation as a base
material, was selected as the base material in this study. Figures 4.3 and 4.4 presents the gradation
and the compaction curves of the &BBaggregate. The specific gravity of the material was 2.7.

The uniformitycoefficient and the coefficient of gradationtbé AB3 aggregateverecalculated
as 50 and 2.88espectively The fine content of the AB3 aggregate was approximately I96.
liquid limit of the fine particles in the AB3 aggregates 20% while the g@isticity indexwas 7,
therefore, thdine particles in the AB3 aggregatan be classified as GUL using the Unified
Soil Classification SysterlJSCS). According to the USCS, thsand is classified gsoorly-
gradedsand (SP) while the AB3 aggregasedassified as welbraded gravel (GWGC). The
permeability of the base course watetermined a®.5 x 107 m/s through a flexiblevall

permeability test with a falling head method
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Similar to the subgrade material, the volumetric water contents of teertasrial during
the test were measured wibnsos. Due to high stiffness of the base material after compaction,
the haneheld moisture sensor was not able to be used to measure volumetric water contents. The
relationship betweegravimetricand voluméic water contents could ndite obtaied via the
experimental method. However, at a gigavimetricwater content, if the bulk dry density of

soil is known, the volumetric wateontent can be calculated by:

& O — 6 — (4.2)

whereW, is the volumetric water contey is the gravinetric water conteny,soil is the bulk dry

density of soilGsis the specific gravity, and e is the void ratio.

Figure 4.5 presents the relationship betweemgtheimetricand volumetric water contents
of the AB-3 base course material. The gravimetiater contents were obtained from direct
measurements during the compaction tests while the corresponding volumetric water contents
were calculated with Equation (30) based on the measured bulk dry densities. The linear

relationship between these two parters can be expressed as follows:

0 @ ® ™ T @ (4.3)
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\4.1.3Conventional woven geotextile

A new conventional woven geotextile (referred to as the conventional No. 2) was used in
some of the tests presented in the chapter for comparison with the wickingtigeeoTehxe woven
geotextile was also fabricated and provided by the TenCate Geosynthetics. The properties of the
conventional woven geotextile are listedTiable4.1. The conventional woven geotextile No. 2
has similar mechanical properties as the wigkgeotextile and can be considered as wicking
geotextile without the wicking yarns, while the mechanical properties of the conventional woven
geotextile No. 1 is weaker compared to the wicking geotextile. As this study focused on the effect
of wicking function, it is preferred that the mechanical properties of the wicking geotextile and the

conventional geotextile are similar.
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Table 4.1 Properties of conventional woven geotextile No. 2

Properties Unit Minimum average roll value
MD CD
Tensile strengh (2% strain) KN/m 7 26.3
Tensile strength (5% strain)  kN/m 21 69.3
Flow rate |/min/m? 3056
Permittivity sect 1

4.1.4 Volumetric water content sensor

The Decagon E soil moisture sensors were used in the tests presented in this chapter to
monitorthe water content changes in geomaterials. The dimension of tBes&tSor was 89 mm
long x18 mm wide x0.7 mm thick. The EG sensors are able to measure soil volumetric water
content from 0 to 100%. The sensor measures soil water content witilumaevof 240 ml in the
soil surrounding the sensor. The sensors were connected to a CamphéDCRata logger. It
should be noted that volumetric water content is defined as the ratio of the volume of water to the
total measured volume. r@/imetricwater content, defined as percent of water mass to the mass
of soil solids, is more commonly used in geotechnical and pavement pratheerelationship
between the gravimetric water content and the volumetric water content for each geomaterial used

in the tests will be introduced in the following section.
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4.2 Small-scale box test

In the previous chapter, the wicking geotextile specimens were placed directly in contact
with water. The test results from the previous chapter proved the efficiency of thagvicki
geotextile in removing water is superior to that of the conventional woven geotextile. Case studies
(Zhang et al.2014, TenCate2013)also showed the effectiveness of the wicking geotextile when
installedin the soil. To further investigate the affieeness of the wicking geotextile in removing
water from soil, smalcale box tests were conducted with simulated rainfall. In a test box, a
scaled roadway structure was constructed with a subgrade layer, a base course layer, and a
geotextile specimeat the interface. One test section included a conventional wyaa@extile
and another one included a wicking geotextile specimen. Soil water content sensors were placed

in the model to monitor the water content change udii@rentintensity of simuhted rainfall.

4.2.1Test setuand procedure

Figure 4.6 presents a schematic of the setup for a-sowé box test. Hightrength plastic
boxes with a dimension of 1041 mm long X686 mm wide x584 mm high was ugedthexes.
Two pieces of 13mm thick HDPE plastic panels were used to separate the box into two
compartments. The larger compartment of the test box was filled with compacted subgrade and
base course. A dehumidifier was placed in the smaller compartment to provide a stable
evaporatiorcondition and collect water removed from gwl by the geotextile. The geotextile

specimerwas placd at the interface between the subgrade and the base course.
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Figure 4.6 Test setup for the small box test

In the preparation of the test, the firgtqe of HDPE plastic panel was first installed. The
HDPE panel was placed against a steel frame which was bolted to the wall of the box. After the
placement of the first panel, silicon seal was placed between the panel edges and the wall of the
box forwater proofing A pair of door gaskets were glued to the top and bottom edges of the lower
and upper panels, respectively, to limit water leakage. Then the subgrade material was placed and
compacted in the larger compartment of the box in three liftshigwe a total thickness of 381
mm. Before the placement of subgrade, the material was adjusted to a water content of 10.6%,
which was close to the optimum water content of 11%. The weight of each lift was measured to
control the degree of compaction tettarget value of 95%. Each lift of subgrade material was

compacted with a hargeld pneumatic compactor. The diameter of the compactor plate was 130

82



mm and the compactor was operated at a pressure of 550 kPa, as shown in Figuré\#ef(a).

the subgrad was compacted to the thickness of 381 mm, a geotextile specimen with the dimension
of 710 mm long and 570 mm wide was placed on the subgradé¢he smaliscale test, the
conventional geotextile No. 2 and the wicking geotextile were used. The geospedenens

were cut from the roll in the way that the crosachine direction was in the longitudinal direction

of the specimen, as shown in Figure 4.7(b). A 51 mm long portion of the geotextile was extended
to the smaller compartment. The upper panel thian placed against the steel frame. The3AB

base course material was placed and compacted in two equal lifts. The thickness of the base course
after compaction was 150 mm. The water content of the base course was approximately 8%, close
to the optinum water content d.3%. After the construction of the section, the top surface of the

base course was covered with a plastic sheet to limit water evaporation from the soil into the air.

(a) (b)

Figure 4.7 Small box test preparation: (a) compaction of subgrade material and (b) placement of

geotextile
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After compaction of each lift of subgrade, three-E@oisture sensors were plaaddng
the longitudinal center line of the boXo place the E& sensor in the subgradesmall hole was
dug on the compacted subgrade surface to the desired depth, then the sensor was pushed into the
subgrade material in th@orizontaldirection, as shown in Figure 4.8. The hole was filled and
compated by hand after the installation of thensor Three layers, a total of nine EBOmoisture
sensorsvere placedn the subgrade. The sensors placed in the subgrade were labeled as Number
1 through 9. One layer of three E5&ensorsvasplaced at the id-depth of the base course. The
AB-3 base course material contained large particles thus the sensors could not be inserted in the
base course with the same technique used isuibgrade The moisture sensors in the base course
wereplaced on the surfaoof the first lift after the compaction. Then, the second lift ofAlBase
course material was placed directly over the sensors and compacted. The sensors in the base course

were labeled Number 10 through 12. Figure 4.9 presents a schematic oferg@ator locations.
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Figure 4.8 Placement of a moisture sensor in subgrade
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A reference box with the same dimension and also separated by a HDPE panel into two
compartments as the test box was placed adjaxére test box. However, the larger compartment
of the reference box was left empty. Two dehumidifiers were placed in the smaller compartments
of both the reference and test box. The dehumidifiers were set to adjust the relative humidity to
30%, whichwas close to the room relative humidity. The dehumidifier would turn on

automatically when the relative humidity of air in the smaller compartments was higher than 30%.

Three rainfall simulations were conducted on each test section. During thraififatl,
2.26liter of water was sprayed over the base course surface in 20 minutes. The surface area of the
base course was approximately 0% ffihus the rainfall intensity was approximately 1.7 cm/hour.

In the second rainfall, 4.9Rer of water was sprayed over the base course surface in 20 minutes.
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The rainfall intensity was 3.4 cm/hour. The last rainfall has an intensity of 6.78 cm/hour.
Approximately 9liter of water was sprayed over the base course surface in 20 minutes. The
amounts of war collected by dehumidifiers both in the reference box and test box were used as
an indicator to start the subsequent rainfall simulation. The water collected by both dehumidifiers
was weighted periodically. When these tahumidifies collected the samamount of water, it

is considered that the geotextile could no longer remove water from tsedgstand the current

rainfall simulation test was complete. Then the next rainfall simulation test could begin.

4.2.2 Test results

The moisture sensemeasurd the volumetric water content, which were converted to
gravimetric water contents using Equations (29) and (30). The sensors in each layer, although
placed at the same depth, measured different water contents, especially in the base caurse layer
Figure 4.10 presents the gravimetric water contents in the base course of the wicking geotextile
improved section during the test period. The initial water contents measured by Sensors #10 and
#12 were 7.3% and 7.8% respectively, which were close. eMery the initial water contents
recorded by Sensor #11 was approximately 9.6%, which was significantly higher than the value
recorded by Sensors #10 and #12. The difference in the values recorded by sensors was likely
caused by the difference in the dénef the geomaterial around the sensors. Particle arrangement,
installation of thesensoyand thalifferencein water content during compaction contributed to the
difference in the soil density. Although the initial values recorded by sensors wererdjfthe
trends of water content change measured by sensors were consistent. From Figure 4.10, three
significantincremens of water content can be observed at the beginning of the test, approximately
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19,000 minutes to 34,000 minutes into the test.e Blbserved increase in water content
correspondd to the simulate rainfall. For the sake of comparison, the water content changes, i.e.,
the difference between water content at any given moment and initial water content, are presented

in Figure 4.10. Thanitial gravimetric water contents are presentedable4.2.

10.5 - -
1strain >l 2ndrain I,3rdrg|p
10.0
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© 85
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Figure 4.10 Gravimetric water contents in the base eafrsvicking geotextile section
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Table 4.2 Initial gravimetric water contents of srsdéle tests

Sensor Initial water content o %3
Conventional Wicking
geotextile geotextile

#1 11.30 11.66
#2 10.96 10.85
#3 10.10 10.85
#4 10.44 9.62
#5 10.53 10.23
#6 11.13 11.76
#7 11.22 10.62
#8 10.79 10.79
#9 10.79 9.50
#10 8.84 7.34
#11 9.15 9.59
#12 9.15 7.75

Figure 4.11 presds the water content change of the conventional woven geotextile
improved section. The gravimetric water content changes measured by setiseisame layer
were similar. The water contents in the subgrade shaiveitar trend in all three layers: a
significant water contentncreaseat the beginning of the test, then the water content decreased
until the third rainfall simulation at approximately 35,000 minutes into the test. The second rainfall
simulation did not influence the water content in thiegsade. By the end of the test, the subgrade
water content was approximately 0.1% lower than the initial water content. Overall, simulated

rainfalls did not impact the water content of the subgrade significantly. Over the test period, the
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water contenthange in the subgrade were within 0.3%. The permeability of the clayey subgrade
material was low. Water was more likely to enter the subgrade material through the crack around
the sensors created during the installation of the sensors. The watert cbatege in the base
course was much more pronounced when compared with the subgrade. The first rainfall increased
the gravimetric water content 6f4%in the base course. Over the drying period following the

first rainfall, the water content of thedscourse returned to the initial value. The second rainfall
increasd the gravimetric water content in the base course by approximately 0.6%. The water
contentreturred to the initial value again at the end of the drying period. The third rainfall
increased the gravimetric water content in the base course by approximately 1.4%. The increase

of water content after each rainfall was consistent with the amount of water sprayed over the base

course.
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Figure 4.11 Water content chasgin the conventional woven geotexiiieproved section
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Figure 4.11 Water content changes in the conventional woven gectieiiieved section
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Figure 4.11 Water content clges in the conventional woven geotextitgroved section

(continued)

Figure 4.12 presents the water content changes in the wicking geeitatitered section,
which showdifferenttrends. The lower subgrade layer showed an increase in water corthent as
progress of the test. The water content increase in the lower layer can be divided into three stages:
from the beginning of the test to 19,000 minutes, from 19,000 minutes to 33,500 minutes, and from
33,500 minutes to the end. Each stage of watateod increase corresponded to a rainfall
simulation. Overall the water content in the lower subgrade layer increased. The increased water
content was a result of rainfall water accumulation at the bottom of the section. At the end of the

test, the watecontent in the lower subgrade layer increased approximately by 0.35%. The water
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content changes in the middle and upper subgrade lageesimilar. The water content increased
rapidly after the third rainfall (33,500 minutes into the test). Thelragrease of water content

was most likely caused by water entering the soil surrounding the sensors through the cracks
generated during the installation of sensors. In each stegeater conterh the subgradéhen

decreased in the drying period.

The water content change in the base course of the wicking geoteydieved section
was similar to that of the conventional woven geotextiiproved section. A rapid increase in
water content was observed after each rainfall simulation. The watentalecreaseoh the
drying period. At the end of the first and second drying periods, the water content in the base
coursewaslower than the initial value. The first rainfall increased the water content in the base
course by 0.4%. At the end of thesfidrying period, the water content was 0.25% lower than the
initial water content. The second rainfall raised the average water content in the base course by
approximately 0.5%. At the end of the second drying period, the average water was 0.22% lower

than the initial water content.
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Figure 4.12 Water content changes in the wicking geotartiigoved test section
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Figure 4.12 Water content changes in the wickjagtextileimproved test sectiofcontinued)

The difference in the trends of water content change in the subgrade between the
conventional and wicking geotextilmproved sections was likely due to the cracks in the

subgrade material around the sensémghe conventional woven geotextilaproved section, the
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subgrade material surrounding the sensors was better compacted after the installatsensbihe

thus theravasless crack in the subgrade near the sensor. As a result, the water contetsl reco

by the sensors in the subgrade of the conventional geotempl®ved section fluctuated less.
Although a direct comparison could not be made, the magnitudes of water contenticti@ate

the wicking geotextile did not impact the water conterthensubgrade significantly. The water
content changes in the subgrade were less than 0.3% in most layers of both the conventional and

wicking geotextileimproved sections.

Figure 4.13 presents a comparison of the average water content changeas toairse of the
conventional woven geotextile and wicking geotextiigroved sections. The water content
increasesnduced by the first rainfall simulation were similar. Based on the water collected by the
dehumidifiers, the conventional geotextile stegpremoving water from the base course at
approximately 12,000 minutes after the rainfall. The wicking geotextile stopped removing water
from the base course at approximately 18,000 minutes after the rainfall. At the end of the first
drying period, the @nventional geotextile maintained the base course water content at the initial
value. At the end of the drying period, the wicking geotextile reduced the water content in the
base course to 0.25% below the initial value or 0.65% lower than its optim@nceatent. The

water content changes in the second simulation rainfall and drying period were similar to those of
the first simulation rainfall and drying period. At the end of the second drying period, the
conventional woven geotextile maintained wWeger content to the initial value. By the end of the
second drying period, the water content in the base course of the wicking geatgxtdeed
section was similar to that at the end of the first drying period. Based on the comparison, the

conventioml woven geotextile was only able to remove the excess water, while the wicking

95



geotextile continued removing moisture in the base course as the water content was lower than its

initial water content.
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Figure 4.13 Comparison of average water contemghan the base course

4.3 Soil column test

The small scale rainfall test proved the wicking geotextile not only removed the excess
water from induced by the rainfall but also continued to lower the water content in the base course
material. However, onlyre layer of sensomsasinstalled at the midlepth in the 150nm-thick
base course in the small scale rainfall test. The soil column test was thus designed to investigate
the water content changedifferentdepthsof base course due to the water remg\antion of the
wicking geotextile. Similar to the small scale rainfall test, the conventional woven geotextile was

used as a comparison.
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4.3.1Test setup

Figure 4.14 presents a schematic of the test device. The soil colenasonstructed
with 4-gallonbuckets. The dimension of the column was 254 mm x254 mm x335 mm (LXAN>H).
A 2.5-mm-high, 226mm-wide opening was cut on one side of the bucket close to the bottom for
the placement of the geotextile. In the preparation of the test, the geotestimeap with a
dimension of 200 mm wide and 1.3 m long was inserted into the soil column through the opening.
The geotextile specimen was cut in the way that the-cnashine direction was in the longitudinal
direction of the specimen. The end of thetggtile specimen was in contact with the column
wall opposite to the wall witthe opening It is to be noted that the geotextile specimen placed in
the soil column was dry. Door gaskets were placed at the opening as the geotextile specimen was
installed to prevent water and soil from coming out. Then the soil column was filled wiB AB
base course material in multiple lifts. Each lift of the-BBiggregate was compacted with 56
blows using a standard Proctor rammer, i.e., 2.5 kg weight falling frioangat of 305 mm. The
number of lifts was determined by the number of moisture sensors to be installed in the soil column.
The water content sensor was placed over the compacte®l shBace thenthe next lift was
added to cover the sensor. The senseere placed over the longitudinal center line of the
geotextile specimen. Each sensor was also placed with a minimum 50 mm offset in the horizontal
direction from the adjacent sensor to avoid interference between the sensors. After the compaction
of the last lift of AB-3 aggregate, the top of the soil column was covered with multiple layers of
plastic wrap to prevent evaporation from the base course surface. After the preparation, soil
columns were transferred to the temperatwgetrolled room as desbed in Chapter 3. The soil
columns and the geotextile specimerese placedn a long table so that the exposed portions of

the geotextile specimens could be extended.
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Figure 4.14 Schematic of soil column

Three comparison tests were conducted. $wibcolumns were prepared for each test:
one with conventional woven geotextile and one with wicking geotextile. Table 4.3 presents the
test room condition, the gravimetric water content at the beginning of the test, and the bulk dry
density of the comgicted AB3 aggregate in the soil column. In the first test, eight moisture
sensors were installed in the soil column. Thus the soil column was filled by ten lifts-8f AB
aggregate. A couple of sensors were damaged during the excavation processsotéise firhus
only six sensors were installed in the soil column in the setestand the soil column was filled
with AB-3 aggregate in eight lifts. In the last test, seven moisture sensors were installed in the soll
columnand the soil column was lild in nine lifts. The difference in the bulk dry densities of the
aggregate in different tedikely resulted frondifferent numbeof lifts used to fill the soil columns.

As a result ofifferent numbef lifts to fill the soil column, the locationsf sensors relative to
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the geotextiles are different.

Table 4.4 presents the vertical distances of the sensors to the

geotextiles in each test. Figure 4.15 presents a picture of soil columns during a test.

Table 4.3 Soil column test room condition agljyregate properties

Test No. Geotextile Temperature N) RH Water Bulk density
(%) content (%) (KN/m?)
#1 Conventional No. 1 7.3 60 11.1 18.5
#2 Conventional No. 2 8.6 60 9.8 18.3
#3 Conventional No. 2 10.1 40 8.6 17.3

Table 4.4 Vertical distance of sensor to geotextile

Sensor  Distanceto geotextile

No. (mm)
Test#1 Test#2 Test#3

8 280 N/A N/A
7 245 N/A 280
6 210 270 240
5 175 225 200
4 140 180 160
3 105 135 120
2 70 90 80
1 35 45 40
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Figure 4.15 Picture of soil columns during the third test

4.3.2Test results and analysis

The results of the soil column tests are presented based on gravimetric water content
changes in the aggregate. The initial water contents were measured by the moisture sensors two
to four hours after the preparation of the soil column. The gravimettier wantents were
calculated with Equation (30). The changes of water comtastalculated by subtracting the

initial gravimetric water content from the gravimetric water content during the test period.
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In the first test, the two soil columns weretaied with conventional woven geotextile
No. 1 and the wicking geotextile. The ABbase course was compacted at the water content of
11.1%,which is higher than the optimum water content of 8.6%. The average air temperature and
relative humidity in the room were 7.8 and 60%, respectively, during the test. Figure 4.16
presents the base course water content charigesit . The ACO in the figur
content change in the conventional evapresems geot e
the water content change in the wicking geotextile soil column. The number following the letter

represents the vertical distance from the sensor to the geotextile.

The water content at each measurement depth decreasesignificantly inthe wicking
geotextile soil column than in the conventional woven geotextile soil column. A 0.2% water
content increase in the base course of 35 mm above the geotextile specimen was observed in the
conventional geotextile No.1 soil column, as shown iufégt.16(a). This was likely due to the
water movement under the influence of gravity and accumulating at the bottom of the soil column.
The accumulated water did not generate any hydraulic head to push water into the conventional
woven geotextilespecinen, thusthe accumulated water was not removed. In the wicking
geotextile soil column, the water content decreased by 0.8% rapidly within the first 48 hours of
the test, then remained stable. Figure 4.16(g) shows that at a distance of 245 mm above the
geotextile specimens, the water content changes in both soil columns were sinmldoeliével
the wicking geotextile could only remove water from the surrounding geomaterial within a
distance via suction. The water content change in an unsaturatedtggal beyond this distance
was contributed little by the wicking geotextile. Thus the influence distance of the wicking
geotextile in Test 1 was between 210 mm and 245 mm. One week (168 hours) after the beginning

of the test, the average water contafithe AB-3 aggregate within the influence distance (i.e., 35
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mm to 210 mm above the geotextile specimen) in the wicking geotextile soil column was 0.7%

lower than that of the conventional geotextile No. 1 soil column.
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Figure 4.16 Water contentahges at different depths in the soil column in Test 1
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Figure 4.16 Water content changes at different depths in the soil column in Test 1 (continued)
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Figure 4.16 Water content changes at different depths in the soil columrt ih (Eestinued)
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Figure 4.16 Water content changes at different depths in the soil column in Test 1 (continued)
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Figure 4.16 Water content changes at different depths in the soil column in Test 1 (continued)

Figure 4.17 presents the watontent changes at various depths in the second soil column
test. The second soil column test included a conventional geotextile No. 2 soil column and a
wicking geotextile soil column. Six moisture sensors were installed in each soil column. The AB
3 aggregate was compacted at 9.8% water content. The average room temperature and relative

humiditywere 8.8 and 60%, respectively.

Similar to Test 1, the water content changes in both conventional and wicking geotextile
soil columns were similar atdastance from the geotextiles. Figure 4.17(d) shows that at a distance
of 180 mm above the geotextile specimens, the water content changes from both soil columns were
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similar. Thus the effective distance of the wicking geotextile as compared to thantomake

woven geotextile No. 2 was 180 mm. Based on the observation from both Tests 1 and 2, the
concept of the effective wicking zone is proposed. The effective wicking zone is the portion of the
geomaterial surrounding the wicking geotextile that béndfom the ability of the wicking
geotextile to remove moisture from an unsaturated geomaterial. From Figures 4.17(a) through
(c), in thefirst 40 hours, the water content changeghin both soil columnswere similar.
However, the conventional woveeaextile No.2 stopped removing water from the soil column
after 50 hours while the wicking geotextile continued reducing the water content within the
effective zone. By the end of the first week (168 hours), the average water content in the effective
wicking zone of the wicking geotextile soil column was 0.2% lower than the average water content
in the same zone in the conventional geotextile soil column. By the end of 20 days, the wicking
geotextile reduced 0.4% more average water content in the \edfegicking zone than the

conventional woven geotextile.
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Figure 4.17 Water content changes at different depths in the soil column in Test 2
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Figure 4.17 Water content changes at different depths in the soil column in Test2u@dnti
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Figure 4.17 Water content changes at different depths in the soil column in Test 2 (continued)
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The third soil column test procedure was slightly different from that of the previous two
tests. The third test included a conventionalegpde No. 2 soil column and a wicking geotextile
soil column. Seven moisture sensors were installed in each soil column. Thadddegate was
compacted at the optimum water content, 8.6%. The average room temperature and relative
humidity were 10.N and 40%, respectively. The third test consisted of two stages. The first
stage was similar to that in the previous two tests, the soil columns were placed in the terperature
controlledroomand the soil water content changes were monitored. Afteoxippaitely 20 days,
the plastic sheets covering the top of soil columns weneovedand the soil columns were
submerged into two large water tanks for 50 hours. The submerging process allowed3he AB
aggregate to absorb soil and reach a condition ctosattiration. Then, the soil columns were
removed from the water tanks and placed on the table. The top of the soil calenariben

covered again with plastic sheets.

The test results of the third soil column test are presented in two figureste Bidi®
presents the water content changes from the beginning of the test to the end of the first stage (0 to
500 hours). Figure 4.19 presents the water content changes starting from the soil columns were
removed from the water tank. The water conteangles in both figures were calculated based on

the initial water content after the preparation of the soil columns.
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Figure 4.18 Water content changes at different depths in the soil column of the first stage in Test

3
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Figure 4.18Nater content changes at different depths in the soil column of the first stage in Test

3 (continued)
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3 (continued)
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Figure 4.18 Water caent changes at different depths in the soil column of the first stage in Test

3 (continued)

Since the AR3 aggregate was compacted at the optimum water content, the water content
changes in the first stage of the test were lessoaypare to those in lte previous two tests.
However, the effective wicking zone could still be observed. At the distance of 200 mm from the
geotextiles, the water content changes of the two soil columns were almost exactly the same. The
water content changes within the etiee wicking zone showed that the wicking geotextile was
slightly more effective in removing moise from the soil column than the conventional geotextile
At the end of the first week, the wicking geotextile reduced 0.2% more water content in the

effedive wicking zone as compared to the conventional geotextile.
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Figure 4.18 Water content changes at different depths in the soil column of the second stage in

Test 3
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Figure 4.18 Water content changes at different depths in theoaminn of the second stage in

Test 3 (continued)
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Figure 4.18 Water content changes at different depths in the soil column of the second stage in

Test 3 (continued)
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Figure 4.18 Water content changes at different depths in the soilrcolutme second stage in

Test 3 (continued)

A rapid decrease in water content was observed within the first two hours after the soil
columns were removed from the water tank. This potion of water content decrease can be
considered as gravitation draimagThe rates of water content decrease in the conventional and
wicking geotextile soil columns were very similar.  Then the rate of water content decrease
became slow. At approximately 600 hours after the soil columns were removed from the water
tank, the water contents in the soil columnsre similar to those at the end of stage one. The
effective wicking zone for the second stage of the third soil column test was the same as the first
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stage. From Figure 4.18(e), the effective wicking zone of ttenskstage was from the geotextile
to 200 mm above the geotextile, which was the same as the location of the effective wicking zone

from the first stage of the test.

Table 4.5 presents the duration of time from the soil columns removed from the water tank
to the soil water content decreasing to the optimum water content (i.e., water content at the
beginning of the test) at different depths. The water contents in the conventional geotextile soil
column close to the base course surface (i.e., 280, 24@0a@nthm from the geotextile) returned
to the optimum water content very quickly. This phenomenas likely cause by the soll
disturbance during the process of moving the soil column from the water tardaniaing the
time needed for the water contefthe AB-3 aggregate within the effective wicking zone to return
to the optimum water content, it is found that the wicking geotextile accelerated the drainage more

effectively than the conventional woven geotextile.
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Table 4.5 Time needed for the lstolumn to return to the optimum water content

Time to return to optimum water content

Distance to (hr.)
geotextile(mm) Wicking Conventional woven
geotextile geotextile No.2
280 206 11
240 279 5
200 73 8
160 75 1347
120 191 580
80 92 248
40 53 66

The soil column tests demonstrated the effectiveness of the wicking geotextile in removing
water from thesurroundng geomaterial. The effective zone of the wicking geotextile in the AB
3 aggregate was from the geotextile to 180 to 210 mm abogetiextile. Figure 4.19 presents
the average water content changes in the effective zone in the three soil column tests. In the first
soil column test, the conventional woven geotextile No. 1 had a lower flow rate that was
approximately onghird of theconventional woven geotextile No. 2. Consequently, the water
content reduction rate from the conventional geotextile No. 1 was slower than that of the
conventional geotextile No. 2. At the end of the first 48 hours of the tests, the wicking geotextile
reduced more water content within the effective wicking zone than the conventional geotextile No.
1 by a margin of 0.5%. At the same duraiimo the test, the water content changes in the effective
wicking zone in both soil columns of Test 2 were appratety the same. The effectiveness of
the wicking geotextile in removing moisture from the -BBaggregate became more significant
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with the progress of thiest From Figure 4.10(b), the conventional woven geotextile No. 2 could
reduce the water contentdccertainextert. However, when the water content of the surrounding
geomaterial decreased, the conventional woven geotextile No. 2 stopped removing water. The
wicking geotextile, on the other hand, could continue removing water at a lower rate.cKimg wi
geotextile would eventually stop removing moisture from the geomaterial as the water content
decreased to a certain value. Based on Figure 4.19(c), the initial dry wicking geotextile could
remain functioning in the AB aggregate of water contentlag as 8%. The wicking geotextile

was more eféctivein removing water frontheneaty saturated AB3 aggregatelt took 278 hours

for the conventional woven geotextile No. 2 to reduce the averag@ wBter content in the
effective wicking zone to theptimum water content from the near saturation condition. The
wicking geotextile took 75 hours to reduce the water content of th@ &&m the near saturation
condition to the optimum water content. It took 1400 hours for the conventional woven dgotexti
No. 2 to reduce the average water content of the3Aggregate to 8.2% (i.e., the average water
content of AB3 in the effective wicking zone at the end of the first stage of Test 3). It took 625
hours for the wicking geotextile to reduce the waterteot of the AB3 in the effective wicking

zone to the previous lowest value.
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Figure 4.19 Average water content changes in effective wicking zones of soil column tests
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(continued)

4.4 Conclusions

The smalscale box tests and the soil column tests demonstrated the ability of wicking
geotextile in removing water from geomaterials. Based on the test results and analysis, the

following can be oncluded:
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(1) The conventional woven geotextile was effective in removing excess water from the
AB-3. However, the conventional woven geotextile could not remove water from the
AB-3 aggregate when the water content was close or slightly above the optimum wate
content. The wicking geotextile was able to continue removing water from tk2 AB
at a lower water content.

(2) The wicking geotextildad little effect on the water content of the compacted subgrade
material below the geotextile.

(3) The effective wicking zom of the wicking geotextile ranged from the geotextile to
approximately 200 mm above the geotextile. The water content of geomaterial within
the effective wicking zone was significantly affected by the wicking geotextile.

(4) When compared to a conventiomabven geotextile, the effectiveness of the wicking
geotextile in reducing the water content in the-2Bggregate was more pronounced
as more time was allowed.

(5) The wicking geotextileemovel water from the nearbgaturated AB3 aggregate much
faster thanthe conventional woven geotextile. The time required for the wicking
geotextile to reduce the water content of -BBaggregate from a near saturation
condition to the optimum water content was approximategfourth of time required

for the conventionajeotextile.
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CHAPTER 5 Large-scale cyclic plate loading tests

The smallscale box tests and the soil column tests demonstrated the effectiveness of the
wicking geotextile in removing moisture frobasecourses. In addition to its drainage function,
the geotextile serves the functions of separation, filtration, and mechanical stabilization. To further
investigate the benefits of the wicking geotextile close to a field condgiorgrge-scalecyclic
plate loading tests with simulated rainfall wemnducted to evaluate the combined effect of the
wicking geotextile on limiting permanent deformations of base courses. Thestaigecyclic
plate loading testa/ere conductedn test sectionw/ith 3% or 5% CBR subgrades. Under each
subgrade CBR conddn, an unreinforced, a conventional woven geotextilgroved, anda
wicking geotextileimproved sectionwere tested Each test section underwent three rainfall and
drying cycles: 7 days, 2 days, and 2 hours. At the end of each rainfall and dryingayaitc

plate loading test was conducted.

5.1Test setup

The cyclic plate loading tests with simulated rainfall were conducted in a large test box in
a dimension 02 m x2.2 m x2 m (Wx_xH). Each test sectiononsistedf a 0.9 m thick subgrade
layer anda 0.3 m thick base course layer. Geotextile was placed at the interface between the
subgrade and the base course. Figure 5.1 presents a schematic of one test section. The loading
plate of 300 mm in diameter was attached to an actuator located abaeatieof the test box.
Four layers of E€ volumetric moisture sensongere installedn each section: three layerstire
basecourseat depths o¥5, 150, and 225 mm; as well as another lay@b mm beneath the base

coursesubgrade interface as peesed in Figure 5.1(a). Each layer consisted of six individual
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volumetric moisture sensors with relative distances to each other as shown in Figure 5.1(b). These
four layers of sensomsere placedlong a longitudinal line at 0.3 m from the center ofitiaeling

plateto avoid damaging sensors during loadirgtelltale was placed at 10 cm from the center of

the loading plate with the base plate placed at the interface between the base course and the
subgrade. It is tbe notedhat in the improved sdons, a base plate for the telltalas placed

over the geotextile. A displacement transdugasused to measure the deflection of the base
course and subgrade interface indicated by the telltale. Four earth pressusereefiaceddn

the subgrade siace at thecenterof the loading plate and, 150 mm, 300 mm, and 600 mm from

the center of the loading plate.

Telltale
Loading Plate

(R=0.15 m)
7 A»Z-/

’t‘ 75m

AB3 Base 75@ Moisture
0.3 m Somme o}

Course - sensors

Z5mm
L) .§3388888. J388",. 75 g

3
300mm - 300mm - 150 mm

TN

D

PressureCells

Subgrade

(a) Crosssection view of test section

Figure 5.1 Schematic of the largeale cyclic plate loading test
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Figure5.1 Schematic of the largeeale cyclic plate loading test (continued)

As demonstrated in thgreviouschapters, the water removal rate of the wicking geotextile
depended on air temperature and relative humidity. To control the temperature and relative
humidity during the drying periods, an environmental chanvi&s constructed with a fiber
reinforced plastic sheet and isolation material to enclose the entire testing box as shown in Figure
5.2. The inner layer of the plastic sheets gluedo the edge fothe box for sealing.The front
opening of the inner layer could be sealedstriyp-loop. During the test, the bottom of the inner
layer in the frontvas tapedo the floor for sealing. Outside of the inner laymrthreesidesand
the top, a layer dfiberglassisolation was placed to reduce heat transfer. An outer layer of the
fiber-reinforced plastic sheewas installedover theinsulation layer. Since the tests were

conducted in the summer, the main challenge was to maintain the temperaterthmsistamber.
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An air conditionewasused to cool the air between the outer and inner layers to limit the effect of

outside air temperature fluctuation on the temperature within the chamber.

Outer layer
(plasticsheet)

Figure 5.2 Environmental chamber

To maintain the relativeumidity and temperature in the environmental chamter air
inside the chambewras cycledhrough an air regulating system that consisted of a dehumidifier
and an air conditioner. A schematic of the air regulating syseshownin Figure 5.3. The
derumidifier was placed in the environmental chamb&he operation of the dehumidifier was

expected to generate a substantial amoumeat. Thusn air cooling process was necessary before
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the dried air was released back into the environmental charmb&b0 mm diameter aluminum

air duct was attached to the exhauster to the dehumidifier wiexttedthe dried air to the cooling
chamber. The cooling chamber was constructed with plywoogaintedwith water resistant

paint. A window air conditionewas fittedto the side of the cooling chamber. When the air in the
cooling chamber wasvarmedto the preset temperature, the air conditiomas turnedon
automatically. The cooled air was then pumped back to the environmental chamber via a fan.
Another a duct connecting the environmental chamber to the cooling chamber allowed air
withdrawn directly from the environmental chamber to the cooling chamber directly, so that when

the air within the environmental chamheais cooledvithout going through the deimidifier.

-~

Fan

Cooling Chamber

Dehumidifier

Figure 5.3 Schematic of the air regulating system
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A rainfall simulator was constructed with 19 mm diameter PVC pipesvenly distribute
precipitation over the surface of a test secéiershown in Figure 5.4. The rainfall simulator had
an overall dimension of 2 m x2.2 m. The PVC pipexe fixedonto a wood frame in a parallel
pattern with 150 mm spacing. Each end of the PVC pagessconnectedith PVC pipes of the
same diameter. At thmid-spanof the top and bottom PVC pipes;shape adaptora/ere fitted
as water inlets. Two 20 mm diameter garden hosgsfitted to the water inlets while the open
ends of bothhoseswere joined together to a high precision flowmeter. Holes of 0.8 mm in
diametemvere drilledalong each PVC pipectween the top and bottom pipes at 150 mm spacing
as shown in Figure 3.6. The two PVC pipes near the center were cut and capped due to the loading
apparatus. During the test, the rainfall simulatas placedver the top of the testing box at

approximaely 0.7 m from the test section surface.
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Figure 5.4 The rainfall simulator

The subgrade of each test sectiwwas compacteéh six 150 mm lifts using an electric
vibratory compactor. The subgrade material was the same as the subgrade materiahesed in
smalklscalebox tests, i.e., 25% kaolin and 75% Kansas River sand by weight. The CBR value of
the compacted subgrade was achieved by adjusting the water content of the subgrade material.
After each lift, five vane shear tests were conducted to vire#yCBR of the subgrade. Due to
size limitation and shape of the compactor plate, the subgrade material at the edge and corner of

the box did not receive the same degree of compaction as the central region. Hand compaction
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was utilized to compact theitat the edges and corners. After the construction of the subgrade,
trenchesvere dugor the installation of pressure cells and volumetric water content sensors. The
volumetric water content sensavgre installedn the similar fashion as those in thmallscale

box test. After the preparation of the subgrade, for the geotexiil®ved sections, a 2 m x3.2

m (machine direction xcrossachine direction) geotextile was placed over the subgnadace

with the crosgnachine direction perpendiculer the front facing of the test boXxkRebars were

used to fix the geotextile at the corners. The geotextile was allowed to extend 1 m beyond the
edge from the opening side of the testing box. For the control test sections, a2 m x1.2 m (W x
L) plastic fieetwas placedt the interface over the front edge with 1 m extended beyond the box.
Approximately 0.2 m of the plastic sheet would be placed at the interface between the base course
and the subgrade along the opening. The part of the plastic sivee¢ihéhe base course and the
subgrade would intercept the water flowing along the interface which otherwise would flow along
the front facing and could nbe accounted forThe front facing of the testing bavas assembled

by bolting eight 150 mni widei Co0 channel facing bars in the
channel at the base couiiseubgrade interface level wgsoundoff by approximately 1.5 mm to
accommodate the exiting of the geotextile or plastic sheet from the testing box. The base course
was constructed with AB aggregate, same as that used in the small box tests. T3 AB
aggregate was adjusted to its optimum water content (i.e., 8.6%) before compaction. The base
coursewas compacteth two 150 mm lifts with the same electric vibrat@mgmpactor. After the
compaction of the first base course lift, trenches were dug for volumetric water content sensors
corresponding to the depth of 225 mm. The volumetric water content sensors corresponding to
the depth of 150 mrwere placeaver the fist lift of base course. The second lift of base course

was then compacted. The volumetric water content sensors corresponding to the depth of 75 mm
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were placed in the second lift of base course with the same technique as those at the depth of 225
mm. Due to small particle sizes, the volumetric water content sensors could be inserted into the
subgrade soil directly. However, direct insertion could etachievedn the aggregate base
course due to the larger particle sizes of the3A&Bygregate. Thusé volumetric water content
sensors were buried in the trench first. Then hand compaeéisconducted over the sensors to

compact the aggregate.

After the preparation of the test section, the rainfall simulats placedver the testing
box. A2 m x1 m (W xL) water container was placed on the floor in front of the box to collect
water exiting the box from the front facing gaps below the interface. A waselacedn the
water container to support the geotextile or plastic sheet to a 1:5 (Mp#) & shown in Figure
5.5. A PVC pipe at the lower end of tteble was used to collect the water exiting from the

interface. The rainfall simulatavas then connectdd the flowmeter and water supply.
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Water Container

. -

Figure 5.5 Test setup for rainfall simulation

5.2 Test procedure

Each test section underwent three rainfall and drying cycles and cyclic plate loading tests.
After the preparation of the test section, the 1st rainfall simulation was conducted. At the end of
the rainfall simulation, the section was caemwith a layer of plastic sheet to limit evaporation
from the base course surface. During and after the rainfall simulation, water exiting from the
interface and front facing was collected and weighted. The water collection process lasted around
12 hous after the completion of simulated rainfall. After the water exiting from the interface and
the front facing had been weighted on the second day, the table and water container were removed.
The plastic sheet or geotextile was hung from the testing éically. The air ducts from the air

regulating system were then installed into the environmental chamber. The environmental
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chamber was then sealed. The air conditioners and dehumidifier were then turned on. The
environmental chamber was sealeddigrdays and the water extracted from the dehumidifier and
the air conditioner from the air regulating system was measured. On the 7th day after the 1st
rainfall simulation, the environmental chamber was opened. The loading plate and LVDT for the
telltale were installed. The 1st cyclic plate loading test was then conducted. One day after the 1st
cyclic loading test, the water container and the table were then placed at tHecsdimeand the

2nd rainfall was conducted. After the 2nd rainfall, theealastic sheet was used to cover the
test section. There was a tday drying period after the second rainfall test during which the
amount of water exiting from the interface and front facing was measured. The 2nd cyclic loading
test was then conducdtdor two days after the 2nd rainfall simulation. Immediately after the 2nd
cyclic plate loading test, the 3rd rainfall simulation was conducted. The 3rd cyclic plate loading
test was conducted for two hours after the completion of the 3rd rainfallDest.to the short
interval between the 3rd rainfall and cyclic loading, the amount of water exiting from the box could

not be measured accurately. Figure 5.6 presents afawt for the test procedure.

Sealing of Opening of
environmental chamber environmental chamber

15t Rainfall 2" Rainfall 3rd Rainfall

|

s 1 day mem 6 days smsssm ~15 hours m 2 days s 2 hOUrS m—)

Completion of 15t cyclic plate 2" cyclic plate 3rd cyclic plate
test section loading test loading test loading test

Figure 5.6 Largescale rainfall and cyclic plateading test procedure
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Cyclic loading was applied on the loading plate.distribute the load onto the base course
surface evenlya 20 mm: thick rubber layer was attached to the bottom of the loading plate. The
loading plate was attached to the atduat the end of each rainfall and drying cycle and was
removed from the test box after the completion of the cyclic loading test. The load was applied
by an actuator in &rapezoidalwaveformas presented in Figure 5.7. The peak loading had a
durationof 0.2secondwith a magnitude of 10 kN. The contact pressure between the loading plate
and the base course surface at the peak load was 151.5 kPa. Each cyclic loading test at the end of

a rainfall and drying cycle consisted of 1000 cycles of loading.

10 kN —

peo

O.5SKN | S

0.2s 0.5s 03s 03s
Time (s)

Figure 5.7 Cyclic loading pattern

5.3 Test results
The following parameters were measured during the tests:
1. Amount of water of rainfall, water exiting from the interface of base course and

subgrade, and water exiting from the front surface;
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2. Volumetric water ontent in the base course
3. Permanent deformations and elastic deformations of the base course surface and the
base courseé subgrade interface;
4. Pressure at the base coluirsaibgrade interface.
Two types of geotextile were used: the conventional wovereggle No. 2 and the
wicking geotextile. For the ease of presenting test results, the unimproved sections are noted as
A C o not, the Iconventional woven geotextile No.-iBproved sections are noted as
A Co n v e ®dnd tbenwicking geotextiamproveds e ct i ons ar e onTalleecd as A\

presents the test conditions. The CBR value presenfEabile5.1 was obtained by vane shear

tests during compaction of the subgrade layers.

Table 5.1 Test section subgrade conditions and use of geosynthetic

Test No. Subgrade CBR Geosynthetic
1 3.3% N/A
2 2.9% Conventional woven geotextile No. 2
3 3.1% Wicking geotextile
4 4.7% N/A
5 4.8% Conventional woven geotextile No. 2
6 5.0% Wicking geotextile

5.3.1 Amount of rainfall water and water retainedest sections

In each rainfall simulation, approximately 3@rs of waterwas distributedo the base
course surface through the rainfall simulator over a 1.5 hour period. During the rainfall simulation,

water exited the testing box from (1) the besersei subgrade interface and (2) the gap between
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the bottom ACO channel f aci n grheltadal amauntef watére b o't

for the rainfall simulation was recorded by a high precision flowméftae water exited from the
bottom ofthe bottom of the box was collected within 15 hours after the completion of rainfall
simulation. Due to the low permeability of the subgrade material, the water collected at the bottom
of the box within 15 hours after the completion of rainfall simuratiould not flow through the
subgrade. The water collected at the bottom of the box most likely flowed through the gap between
the subgrade material and the wall of the testing box. Thus this portion of water can be considered
as runoff. The water exidefrom the interface was collected by the table placed at the interface
level. The amount of water retained in the test section was calculated by subtracting the amount
of water exited from the bottom of the testing box and the base doswmrade intéace from

the total rainfall amount. The water collection at the interface after the third rainfall was weighted
after the third cyclic loading test was finished (i.e., approximately 5 hours after the completion of
third rainfall). Thus theollectedamount of runoff water might be less than the actual amount.
Figure 5.8 presents the amounts of water runoff, exiting from the interface, and retained in the base
course in the test section with 3% CBR subgrade. Figure 5.9 presents the amounts of @fgter run

exiting from the interface, and retained in the base course over 5% CBR subgrade.
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Figure 5.8 Total amounts of rainfall, water exiting the interface, and runoff from test

sections with 3% CBR subgrade
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Figure 5.8 Total amounts of rainfall, water exiting the interface, and runoff from test
sections with 3% CBR subgrade (continued)

During the rainfall, water flowed through thelatively permeable base course and
accumulated at the base coursabgrade interface. The water head generated by the accumulated
water at the interface would cause the water flow to the least resisting flow path. In actual
roadwayswith geotextile, the least resisting flow path would be along the geotextile. Figure 5.
shows a high percentage of runoff and no water exiting from the interface from the conventional
geotextile, which indicates that the majority of the rainfall flowed through the gap between the
subgrade and test box walls. The flow of water betweendkevhll and subgrade resulted in a
low water head in the baseurseand the water head was not sufficient to generate water flow in
the conventional geotextile. In all three test sections, the runoff amount fromi%trengall

simulation was larger than that from the ® rainfall simulation. This result suggested two
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possibilities: First, as the water flew through t¢jag; fineparticles were washed from the subgrade

thus increasing the size of the gap between the subgrade and the wall of the #st ls@cond,

the water absorbed into the base course during the first rainfall simulation was not fully dissipated
which resulted in the amount of water absorbed by the base course in the second and third rainfall
were smaller. The amounts of runoff frahe control section and the wicking geotextile section
were similar. Therefore a reasonable comparison can be made between the wicking geotextile
section and the control specimen. In all three rainfall simulations, the amounts of water exiting
from the irterface through the wicking geotextile were approximately 15% of the total rainfall.
While in the control section, no watexitedfrom the interface in the first rainfall simulatiamd

1.5% of the total rainfalexistedfrom the interface in the secomdinfall. The comparison
indicated that the wicking geotextile was effectivaramsferringwater during and immediately

after rainfall.

After the tests on 3% CBR subgrade were completed, modifications were made to the test
sections.For the control sation with 5% CBR subgrade, after the compaction of subgrade, a 150
T mm wide tape was fixed along the edges of the subgrade surface with half width of the tape on
the box wall and half of the tape width on the subgrade surface. For the geatgxtdeed
sections, the tape&as installedafter the placement of the geotextile. The function of additional
tape was to increase the length of the flow path from the base course to the edge of the subgrade
surface thus limiting the amount of water flalwroughthe gap between the subgrade and the

testing box wall.
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Figure 5.9 Total amounts of rainfall, water exiting the interface, and runoff from test

sedions with 5% CBR subgrade
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Figure 5.9 Total amounts rainfall, water exiting the interface, and runoff from test
sections with 5% CBR subgradeontinued)

Figure 5.9 shows additional tape did limit the amount of runoff. In the first rainfall
simulation, 26% of the total rainfall was removed by the wiglgeotextile from the test section.
The effectiveness of the wicking geotextile increased in theathfall simulation: 44% of the
total rainfall was removed by the wicking geotextile. In the third rainfall, 47% of the total rainfall
was removed by theicking geotextile. In comparison, 19%, 26%, and 36% of the total rainfall
exited from the interface of the control section in tie 29 and ¥ rainfall simulations,
respectively. The amounts of water removed in the conventional geotextile test sere less
than those of the control section, while the amounts of runoff of the conventional geotextile test
section were more than those of the control test section. The limited water removal by the
conventional geotextile can be contributed to tweasons. First, the transmissivity of the
conventional geotextile in the cresgchine direction was similar to that of the machine direction.

As the base courgesubgrade interface had no slope, the water within the conventional geotextile
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was not direted towards the opening of the box. As a result, the water would tend to flow towards
the edge of the conventional geotextile, reached the gap between the subgrade and testing box wall,
and exited from the test section in the form of runoff. Such atteftas not observed in the
wicking geotextileimproved section because the transmissivity of the wicking geotextile in the
wicking yarn directiorwasgreater than that of the machine direction. Thus the water within the
wicking geotextileflowed in the wiccking yarndirection (i.e., thecrossmachinedirection) and

exited the test sectio®econdly the air bubbles might exist in the conventional geotextile during

the rainfall thus reducing the transmissivity of the conventional geotextile.

In conclusionthe wicking geotextile was very effective in removing water during and

shortly after the simulated rainfall.

5.3.2 Water content change in the base course

The water contents of thmsecourse were monitored by thregersof EC-5 water content
sensos placed in the base course. These sensors were placed at 75 mm, 150 mm, and 225 mm
below the surface of the base course. Each layer consisted of-SixvB@r content sensors that
measured the volumetric water contents of the surrounding base.cdteséocations of the EC
5 sensors are presented in Figure 5.1. The layer of sensors that were at 75 mm above the subgrade

ITbase course interface iIis referred to as fALay

=]

Layer 20. Tshhat wasaty7® mm beldw tise dase course surface is referred to as

=]

Layer 30.

The EG5 sensorsneasuredhe volumetric water contents of the surrounding base course.

As stated in the previous chapter, the measurements made by the volumetric waiteisemisors
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are under the influence of the density of the surrounding material. The sensor installation process
could result irdifferentdensities in the base course material surrounding the sensors. As a result,
the volumetric water content measuremsevaried between sensors. Figure 5.10 presents the
volumetric water contents of Layer 2 in the wicking geotextile test section with 5% CBR subgrade.
The average volumetric water content change of kgehis presented in this chapter to minimize

the vaiability of test sections. Figure 5.11 presents the volumetric water content changes in test

sections with 3% CBR subgrade.

Sensor #1 Sensor #2 Sensor #3
Sensor #4 Sensor #5 Sensor #0
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Figure 5.10 Volumetric water contents in the middle of the base course of the control test on 5%

CBR subgrade
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Figure 5.11 Volumetric water content changes of the test sections with 3% CBR subgrade
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Figure 5.11 Volumetric water content changes of the test sections with 3% CBR subgrade

(continued)

Overall, the water content changes in attsections and layers were similar. The
volumetric water content increased rapidly after each rainfall simulation, then decreased rapidly
for a short period. After that, the volumetric water content decredsethuch slower rate. At
one week (168 has) after the first rainfall simulation, the volumetric water contents at Layer 1
increased 3.6%, 2.4%, and 1.9Aothe control conventional woven geotextilmproved, and
wicking geotextileimproved sections, respectively. At the same time, the volioneater
contents at Layer 2 increased 1.7%, 1.7%, and th9B& control conventional woven geotextile
improved, and wicking geotextHienproved sections, respectively. At Layer 3, the volumetric
water contents increased 2.3%, 3.0%, and 1lir®%e cantrol, conventional woven geotextile

improved, and wicking geotextlenproved sections, respectively. Based onitlceeasdan the
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volumetric water content at one week after the first rainfall simulation, the wicking geotextile
effectively reduced the wer content at all three measurement depths in the base course. The
water reduction effect of the wicking geotextile was more pronounitkah the effective wicking

zone (i.e., 75 mm and 150 mm above the subgraokese course interface). The converdion
geotextile showed agffectin reducing the volumetric water content at Layer 1. Howeaxeghe

middle of the base course, the volumetric water content changes of the control specimen and

conventional woven geotextiienproved sections were very sinrila

Figure 5.11 presents the volumetric water content changes in the test sections consisting of

5% CBR subgrade.
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Figure 5.2 Volumetric water content changes in base courses over 5% CBR subgrade
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Figure 5.2 Volumetric water content changes in base courses over 5% CBR subgrade

(continued)
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The water content change in the test section with 5% CBR subgrade had the similar trend
as that with 3% CBR subgrade. Unfortunately, the charofalse data acquisition sigsn to
record Layer 2 volumetric water content senswese damaged during the test on conventional
wovenimproved sections. As a result of the damage, the volumetric water content changes at
Layer 2 in the conventional woven geotextile section was gignily less than the other sections.
At Layer 1, the water content changes in the control and conventional woven geatgxtieed
sections were very similar after the first and second rainfall simulations. The wicking geotextile
showed a slower redtion in water content after the rainfall. The slow drainage was most likely
caused by the difference in compaction after the installation of the sensors. Approximately 48
hours after the first and second rainfall simulations, the water content chanigeggegotextile
improved specimens were similar to those in the control specimens. In the drying periods
following the rainfall, at Layers 1 and 2, the volumetric water contents in the wicking geotextile
test sections decreased at a faster rateoagpare to the control and conventional woven
geotextileimproved sections. In the tests with 5% CBR subgrade, the water content changes in
the conventional woven geotextilmproved sections were similar to the control section at Layers
1 and 3. The water ctant increased in the wicking geotextile reinforced section as all measured

depths were lower than the control and conventional woven geotiexgifeved section.

The first and second cyclic plate loading tests were conducted at approximately one week
after the first rainfall simulation and two days after the second rainfall simulation, respectively.
The water content changes at the time of the cyclic plate loading test were important. Table 5.2
presents the water content changes at each layer at @keafter the first rainfall simulation.

Table 5.3 presents the water content change at each layer at two days after the second rainfall

simulation. It is to be noted that due to the damaged data acquisition system, the measurements
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from Layer 2 of the @anventional woven geotextile reinforceelction withb% CBR subgrade were
not representative of the actual condition. Thus the water content change from Layer 2 of 5% CBR
conventional geotextile specimen was not included in the calculation of the aldassgeourse

water content.

Table 5.2 Volumetric water content changes in the base course at one week after the first rainfall

simulation.
Volumetric water content change
Specimen 3% CBR subgrade 5% CBR subgrade
Layer 1 Layer2 Layer3 Average| Layer1l Layer2 Layer3 Average
Control 3.6% 1.7% 2.3% 2.5% 2.5% 4.0% 1.7% 2.7%
Conventional 2.4% 1.7% 3.0% 2.4% 24%  0.1%* 1.6% 2.0%
Wicking 1.9% 0.9% 1.9% 1.6% 1.0% 2.6% 0.7% 1.4%

Table 5.3 Volumetric water content change in the base course daysafter the second rainfall

simulation.
Volumetric water content change
Specimen 3% CBR subgrade 5% CBR subgrade
Layer 1 Layer2 Layer3 Average| Layer1l Layer?2 Layer3 Average
Control 5.4% 4.2% 4.6% 4.7% 3.2% 4.9% 3.0% 3.7%
Conventional 5.2% 2.8% 5.0% 4.3% 3.5% 0.6%* 1.8% 2.65%
Wicking 3.3% 1.9% 2.6% 2.6% 3.5% 4.1% 1.4% 3.0%

5.3.3 Surface permanent deformations

The surface deformation under the loading plate during cyclic loading was measured by

the displacement transducer in the actuator. Therggulate was placed on the surface of the
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base course at the end of each rainfall and drying cycle. During the installation of the loading
plate, disturbance of the base course surface was inevitable and the plate might not be in full
contact with the bascourse; therefore, the first loading cycle in each loading test was considered
as preconditioningof the test section and its corresponding data was not included in the result.
Under each loading cycle, the total surface deformation included a perrdafmmation and an

elastic rebound (also called elastic deformation). Figure 5.12 presents the surface permanent
deformation due to cyclic loading on the test section at seven days after the rainfall simulation. It
is to be noted that the cyclic loadirest conducted at seven days after the rainfall simulation is

referred to as the first cyclic loading test.
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(a) 3% CBR subgrade

Figure 5.13Surface permanent deformation at seven days after the first rainfall simulation
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Figure 513 Surface permanent deformation at seven days after the first rainfall simulation

(continued)

At the end of the first cyclic loading test, the permanent deformations from the control,
conventional geotextilanproved, and wicking geotextHienproved tes sections with 3% CBR
subgrade were 16.7, 13.1, and 3.9 mm, respectively. The permanent deformations from the control,
conventional geotextilanproved, and wicking geotextHienproved test sections with 5% CBR
subgrade were 9.1, 6.0, and 2.7 mm, re$palgt The permanent deformations of the test sections
on the 5% CBR subgrade were smaller than those on the 3% CBR subgrade. The permanent
deformations of the test sections on both 3% and 5% CBR subgrade showadcomparisons
among the control, ceentional geotextilemproved, and wicking geotextHenproved sections.

The control sections had the largest permanent deformations, followed by the conventional

geotextileimproved and wicking geotextHienproved sections. The permanent deformations of
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the conventional geotextHienproved sections with 3%6BR and 5% CBR subgrade were 78%

and 67% those of the control sections, respectively. The permanent deformations of the wicking
geotextileimproved sections were significantly smaller than the conarad conventional
geotextileimproved sections. The significant differences in the permanent deformations between
the wicking geotextilemproved sections and other sections on both 3% CBR and 5% CBR
subgrade should be largely attributed to the waterecwmeduction of the base course by the
wicking geotextile. As demonstrated Tiable5.2, at the time of the first cyclic loading test, the
volumetric water contents in the base course of the wicking geoterpleved section were 0.9%

and 1.3% lower thn those of the control sections on 3% CBR and 5% CBR subgrade, respectively.
The effect of the water content reduction in the base course on the surface permanent deformation
will be further analyzed in the following chapter when it is considered idetbhelopment of design

methods.
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Figure 5.8 Surface permanent deformation at two days after the second rainfall simulation
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Figure 5.14Surface permanent deformation at two days after the second rainfall

simulatian (continued)

Figure 5.8 presents the surface permanent deformations due to the second cyclic loading
test conducted at 2 days after the second rainfall simulation. It is shown that by the end of the
second cyclic loading, the conventional geotextigroved sections had the largest permanent
deformations, followed by the control and wicking geotextit@roved sections. By the end of
the second cyclic loading test, the surface permanent deformations of the control, conventional
geotextileimproved,and wicking geotextilkkmproved sections on 3% CBR subgrade were 6.1,
7.8, and 2.9 mm, respectively. The surface permanent deformations of the control, conventional
geotextileimproved, and wicking geotextlenproved sections on 5% CBR subgrade were 2.6,
2.9, and 2.4 mm, respectively. Again, the wicking geotextile demonstrated its effectiveness in

reducing the permanent deformations of the test sections. The permanent deformation results
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corresponded to the volumetric water contents of base coursdgféoent test sections at the
moment of the loading test. As demonstratetliahle5.3, the volumetric water content increases

of base courses in the control, conventional geotextifgoved, and wicking geotextHienproved

sections on 3% CBR subgrademns 4.7%, 4.3%, and 2.6%, respectively. The volumetric water
content increases in the control and conventional geotéxtgeoved sections were similar while

the water content change in the wicking geotextiiproved section was lower than other sedion

by a margin of 2%. In the 5% CBR subgrade tests, the volumetric water content changes were
similar in all three sections. As a result, the surface permanent deformations in these three sections

weresimilar.
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Figure 5.5 Surfacepermanent deformations at two hours after the third rainfall

simulation
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Figure 5.15Surface permanent deformations at two hours after the third rainfall

simulation(continued)

Figure 5.15presents the surface permanent deformatitumgg the third cyclic loading
tests. In both tests on the 3% CBR and 5% CBR subgrade, the least permanent deformations were
observed in the wicking geotextimproved sections, while the largest surface permanent
deformations were observed in the centtonal geotextilemproved sections. The large surface
permanent deformations in the conventional woven geotaxipeoved section could result from
the water accumulation at the subgrédiease course interface due to the concave deflections
below theloading plate from the previous tests as shown in Figure 5.15. During the simulated
rainfall, the wateflowed through the base course under the action gravity and accumulated at the
subgradd base course interface. In the sections with a geotexgesrwias intercepted by the
geotextile and flowed towards and trapped at the deflected concave area. Since the permeability

of the AB-3 base course was much lower than the conventional wgeaextile the amount of
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water accumulated at the concave aireaa control section would be less than that in the
conventional woven geotextiienproved section. Irother words the conventional woven
geotextile collected more water and transported a portion of the water into the concave area. The
water accumulatedt the concave area softened the-BBbase course arréducedthe friction
between the base course and the geotextile. As a result of the high water content in the base course
and possible slippage between the geotextile and the base course, the geltefanaations of

the conventional woven geotextil@proved sections in the second and third cyclic loading tests
were larger than those in the control sections. The permeability of the wicking geotextile in the
direction of the wicking yarns is signifiatly higher than the permeability of the conventional
woven geotextile. During the rainfall simulationlaage amount of water was drained from the

base course into the geotextile by gravity. Since the wicking geotextile haldiliheto transport

water by suction, the water accumulaiadhe concave area in the wicking geotexiitgroved

section was removed via the capillary action and evaporation ingrth€hirdly, the permanent
deformations of the wicking geotextilmproved sections aftethe first cyclic loading was
significantly smaller than those of the control and conventional geotéxiiived sections.
Therefore, in the subsequent rainfall simulations, water less koelymulatedh the base course
directly below the loading plate As a result of thgreviouslystated reasons, the permanent
deformations in the wicking geotextiimproved sections were significantly smaller than the

control and conventional geotextilmproved sections.
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Figure 5.16Schematic of water accumulationthe base course within the concave area

5.3.4Interface vertical stresses

The vertical stresses at the interface of base course and subgrade were measured by the
earth pressure cells installed in the subgrade close to the interface. Duringithleagitig tests,
the earth pressure celtseasuredhe vertical stresses at the interface at the frequency of 10 Hz.
Figures 5.7 and 5.8 present the maximum interface vertical stresses at the center of the loading

plate at each loading cycle.
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(a) Frst loading

Figure 5.1™Measured maximum interface vertical stresses at the center of the loading plate on

the test sections with 3% CBR subgrade
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(c) Third Loading

Figure 5.1Measured maximum interface vertical stresses at thercefithe loading plate on

the test sections with 3% CBR subgrade (continued)
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(b) Second loading

Figure 5.18Vieasured maximum interface vertical stresses at the center of the loading plate on

the test sections with 5% CBR subgrade
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(c) Third loading

Figure 5.B Measured maximum interface vertical stresses at the center of the loading plate on

the test sections with 5% CBR subgrade (continued)

The measured maximum vertical stresses at the interface had clear trends with respect to
the loading cycles even though there were some variations for certain earth pressure cells. In all
the cyclic plate loading tests, the maximum interface vertical stremsgadtio stabilize after the
first 200 loading cycles. For tleaseof analysis, lhe average values of the maximum interface
vertical stresses from 200 loading cycles to the end of each test (1000 cycles) were calculated and
are presented ihable5.4. Figures 5.15 and 5.16 and Table 5.4 show that the wicking geetextile
improved sectins had lowest maximum interface vertical stresses, followed by the conventional
geotextileimproved section and the control section, especially for the sections with 3% CBR
subgrade. This result indicates that the wicking geotextiproved sections hathe highest
moduli of the base courses. Table 5.4 also shows the difference in the measured vertical stresses

became less when the test sections were on 5% CBR subgrade.
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Table 5.4 Average maximum interfacertical stresses between 200 a0 loading gcles for

all cyclic plate loading tests

Average interface stress at center (kP

Time after rainfall Specimen
simulation 3% CBR subgrade 5% CBR subgrade
7 days 50.85 49.38
2 days Control 55.08 45.07
2 hous 57.09 58.11
7 days 49.00 52.98
2 days Conventional 46.09 41.12
2 hous 56.38 59.37
7 days 32.33 46.85
2 days Wicking 35.66 37.49
2 hous 31.79 52.4

5.4 Conclusions

Based on the largscale cyclic plate loading tests with rainfall simulation, the following

conclusions can be drawn:

(1) Based on the amount of water exited from the interface of the test section during the
rainfall simulation, the inclusion of the wicking geotextile at the interface significantly increased

the gravitational drainage,;

(2) The inclusion of the wicking geotdgtincreased the rate of water content reduction in

the base course during the drying period following the rainfall simulation. The water content
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reduction in the base course was especially noticeable in the wicking zone, i.e., within 200 mm

above the wiking geotextile.

(3) The wicking geotextile significantly reduced thermanendeformation of the test

section, especially in the first loading test at sedaysafter the first rainfall simulation.

(4) The wicking geotextilemproved sections hadeHowest measured maximum vertical
stresses at the interface of base course and subgrade, indicating the highest moduli of the base

courses in the wicking geotextiimproved sections.

(5) The reduction of the permanent deformations and interface vesttieates was more

pronounced with a weaker subgrade when the wicking geotextile was used.
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CHAPTER 6 Design with wicking geotextile

This chaptedocumentshe development agjuidelines foidesigningof wicking geotextile
for pavement applicationsith the 1993 AASHTO Pavement Design Guide and the AASHTO
MechanistieEmpirical Pavement Design Guide (MEPDG). The effects of wicking geotextile on
the improved performance of base course are represented by two improvement factors for the
resilient moduls of the base course: hydraulicimprovementfactor (f) and mechanical
improvementactor (Fv). The hydrauliamprovementactor adjusts theesilient moduluf the
base course as a result of wicking geotextile reducing the base course water comentasidg
the base course resilient moduld$ie mechanical improvement factor adjusts tasilient
modulusof the base course for the mechanical stabilization (i.e., lateral confinement) of wicking

geotextile.

6.1 Resilient modulus and water content of AB3 Aggregate

The relationship between the resilient modulus and water content of tt3eag§Bregate
under different confining pressures are presented in Figure 6.1. The resilient modulus tests on the
AB-3 aggregate were conducted at different confinieggures and water contents. The confining
pressure of 34.5 kPa was selected for the following analysis to simulate the base course condition
under traffic loading. Under the confining pressure of 34§ the relationship between water
content and resént modulus of the AB aggregate can be expressgethe following equations

(Lin et al., 2015)

0 COML cw¥t for Sw<AWs O (6.1)
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0 po&w pgX@x for7%<w<8.9% (6.2)

whereMRr is theresilient moduluf the AB-3 aggregate in MPa amdis the gravimetric water
content of the AB3 aggregate in percentagéhe AB-3 aggregate had an optimwmatercontent

of 8.6%. The saturatiomatercontent of the AB3 aggregate varied with tidegreeof compaction.

At 95% degree of compaction, the saturatiater content of the AB3 aggregate was
approximately 13%. Theatercontent of théasecourse in a roadway structure typically varies
between saturation and optimwvatercontens, thusthe range ofvatercontent in Equations (6.1)
and (6.2) iswide enowgh torepresenthe AB-3 base course under a field condition. Figure 6.1
also demonstrates that at lower confining pressures (i.e., 20.7 arkP3}.he reduction in the
water content of AB3 aggregate below 8.9%tgnificantlyincreases the resilientadulus of the

material.
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Figure 6.1 Relationship between resilient modulus and water content of tBeag@regate

under different confining pressures (Lin et al., 2016)

168



With Equations (6.1) and (6.2), the resilient modiilthe AB-3 base course in¢éhsmali
scale boxtests andhe soil column testgould be bacicalculated as a function of the measured
water content of the base course. In the sreallle box test with simulated rainfall, the
measurements showed that the average initial base couesecamtent in the conventional woven
geotextile No. Zmproved section was approximately 9.0% while the average initial water content
in the wicking geotextilemproved section was approximately 8.2%. Based on the -scelé
box test, the conventionalowen geotextile No. -Emproved base course returned to the initial
water content after the first rainfall. The wicking geotextile, on the other hand, continued reducing
the water content in the base course below the optimum water content. As a resuiltkiig
geotextileimproved base course had a higher resilient modulus than the conventional geotextile
improved section. Figure 6.2 presents the resilient moduli of the conventional gedateptdeed

and wicking geotextile improved base courses taled based on the water content changes.

Conventional Geotextile No.2 Wicking geotextile
250 —
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Figure 6.2 Base course resilient moduli in srsallle box tests
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The effect of the wicking geotextile on the ABaggregate water contents at different
depths was investigated in the soil column tests. A ealle water content reduction in the AB
3 base course as a result of the wicking geotextile was observed. Based on the soil column tests,
the wicking geotextile had an effective wicking zone of 200 mm in th&/A&Bgregate. The water
contents of the widkg geotextileimproved base course within the effective wicking zone were
significantly lower than those in tl@nventionalgeotextileimproved base course. Figure 4.19
presents the averageter content changef the AB-3 base course within the effaaiwicking
zone of the soil column test. The resilient moduli of the base material in the soil column tests were
based on the initial water content presented in Table 4.3 and the water content change in Figure

4.19.

Figure 6.3 presents thesilient modilus of the AB-3 base course in the effective wicking
zone in the first soil column test. The first set of soil column test consisted of a conventional
geotextile No.limproved and a wicking geotextilmmproved soil column. Based on the test
results of he largescale cyclic plate loading tests, the water content change in the control section
was almost the same as that in the conventional geoterpl@ved section. The improvement
factor is defined as the ratio of the resilient modulus of the basziatan the wicking geotextile
improved section to that in the conventional geotextiiproved section. Figure 6.3 shows that
the improvement factor increased the time of the test. The wicking geotextile increased the
resilient modulusf the AB-3 basecourse within the effective wicking zone by 20% in 50 hours
as compared to the conventional geotextilproved base course. The improvement factor

increased gradualliyom 1.23 to 1.27rom 50 to 350 hours, respectively.
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Figure 6.3 Resilient moduluhange within the effective wicking zone in thiéskt of soil

column tests

The similar calculation was performed based on the water content changes in the second
and third soil column tests. It should be noted that the second and third sets olusail tzdts
consisted of a conventional woven geotextile Namg@roved base material and a wicking
geotextileimproved base material. Figure 6.4 presents the resilient modulus change within the
effective wicking zone of the second set of soil columrstebt this set, the AB aggregate was
compacted at 9.8% water content. The resilient moduli of th& Aggregate within the effective
wicking zone were similar in both specimens in the first 60 hours. Then, as the wicking geotextile
continued to remay water from the base course, the improvement factor for resilient modulus
started to increase. At one week after the beginning of the test, the wicking geotextile increased
the resilient modulus within the effective wicking zone 6% more than the résil@atulus of the
conventional woven geotextienproved base course. The improvement in the resilient modulus

continued to increase as thgresf the test.
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Figure 6.4Resilient modulus change within the effective wicking zone of thee? of sd

column tests

The base course resilient moduli within the effective wicking zone of the third set of soil
column tests are psented in two parts. Figure &) presents the resilient modulus after the AB
3 aggregate was compacted at a moisture cbot86%while Figure 6.5b) presents the resilient
modulus of the base course after the soil columns were removed from the water tank. At 36 hours
after the AB3 aggregates were compacted at the optimum water content, the wicking geotextile
increasedlte resilient moduludy over 30 MPa more than the conventional geotextile, which
yielded an improvement factor of 1.2. The resilient modulus of the wicking geotextiteved
base remained stable 36 hours after the compaction of the base course.ili#htmeslulus of
the conventional geotextHienproved base showed a slight increase 36 hdtastae compaction.
Figure 6.5(b) presents the change of the resilient moduli of the base course from a saturated
condition. The improvement factor at 36 h®after the compaction was around 1.2. The resilient

moduli of both conventional geotextiimproved and wicking geotextdenproved base materials

172



increased rapidly within the first 200 hours after the soil columns were removed from the water
reservoirs At 48 hours after the soil columns were removed from the water reservoirs, the wicking
geotextileimproved base showed a resilient modulus of 6.9 MPa higher than the conventional
geotextileimproved base and the improvement factor at this moment was Qfie week after

the soil columns were removed from the water reservoirs, the wicking gectexiieved base
course resilient modulus was 40 MPa higher than the conventional geetextitered base
course, which yielded an improvement factor of 114 .the longer time (i.e., over 200 hours after

the soil columns were removed from the water reservoirs), the resilient modulus also increased

approximately 40 MPa, which yielded an improvement factor of 1.4.
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Figure 6.5Resilient nodulus change within the effective wicking zone of tRes8t of soil

column tests
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Figure 6.5Resilient modulus change within the effective wicking zone of thee3 of soil

column tests (continued)

Based on theoil column tests, it is concluded that the wicking geotextigroved base
showed a higher resilient modulus than the conventional geotsrpl®ved base. The
improvement factor varied from 1.0 to 1.5. The value of the improvement factor varigdneith
Generally, the improvement factor increased over a time period then remained stable. It is also
found that the soil columns with saturated or near saturated initial water content (i.8 se¢hefl
soil column tests and the second stage of 3Aeset of soil column tests) showed greater
improvement factors. The suction in the base course decreased as the water content of the base
course increased. The wicking geotextile removed water frorbabkecourse via the suction
difference between thiease course and the wicking geotextis.the base course became drier,

the suction difference between the wicking geotextilethatlase course decreasedn the other
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hand, the permeability of soil decreased with water content. Thus as the watet oottie base
course decreased, the water movement in the base course became more dficsdtquently
the water removal rate of the wicking geotextile decreased as the water content of the base course

decreased.

Table 6.1 summarizes the averadgly improvement factors of base course resilient
moduli within the effective wicking zone as a result of the water content reduction by the wicking
geotextile. The water content reduction in the base course is the result of the special hydraulic
propertes of the wickinggeotextile Thusthe improvement is named as the hydraulic improvement
factor (). The hydraulic improvement factor of the base course within the effective wicking

zone is calculated with the followireguation

o — (6.3)

whereMRr wickingIS the resilient modulus of the wicking geotexiteproved base course aiMk
conventional IS the resilient modulus of the conventionaotextileimproved base courser

unimproved base course

The initial water contents of the base courses in theetlof soil column test and second
stage of the'8set of soil column tests were close to the saturation water content, thus the hydraulic
improvement factors from these tests were used to determine the value of hydraulic improvement
factor for the base course resilient modulus within the effective wicking zone after a rainfall that
saturated the base course. The values of the daily higdiraprovement factor for the base course
resilient modulus within the effective wicking zone after saturation are proposed in Table 6.2. The

hydraulic improvement factoFf) increases from 1.12 to 1.82the first week after rainfallThe
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hydraulic inprovement factorH,) remains relatively stable in the second week. The improvement

factor can also be expressed with the following equation:

N0 mndPl  pdtwo P (6.4)

where N is the number of days after a major rainfall that saturates the base.

By assuming the resilient modulus of a wicking geotextilproved base course is the
same aghat of an unimproved base course beyond the effective wicking zone, the hydraulic
improvement factor for the resilient modulus of the entire thickness of the base course layer can

be approximately calculated by:

0O "0 'O ¥O (6.5)

whereFneqis the average resilient modult$yicking is the thickness of the effective wicking
zone,Fn is the improvement factor in the resilient modulus of the effective wicking zone, and

Hiota is the total thickness of the base course.
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Table 6.1 Improvement factors of the resilient modulus within the effective wicking zone over time

Initial water Improvement factor on day

Test Reinforcement tent
content =1 2 3 4 5 6 7 T+

Soil column #1 Conventional No. 11.10% 1.06 1.16 1.22 1.22 123 1.24 1.26 1.27
Soil column #2 Conventional No. : 9.80% 1.02 1.01 1.01 1.03 1.03 1.04 1.06 1.08
Soil column #3 (stage 1 Convertional No. 2 8.60% 1.13 1.21 1.20 1.20 1.19 1.18 1.18 1.17

Soil column #3 (stage 2 Conventional No. : Saturated 1.21 1.08 1.12 1.22 1.28 1.34 1.38 1.32

Table 6.2 Proposed improvement factor for the resilient modulus of th& #jf§regate base

Days after rainfall 1 2 3 4 5 6 7

Impro vement factor within effective wicking zone En) 11 11 12 12 13 1.3 1.3

Days after rainfall 8 9 10 11 12 13 14

Improvement factor within effective wicking zone €n) 13 13 14 14 14 14 14
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6.21993 AASHTO design method

6.2.1 Design consideration

Figure 6.1 shows that the resilientodulus of the AB3 aggregate has an inverse
relationship with the water content. Base coussiypically compacted at its optimum water
content. After the compaction, the base course water content would remain approximately constant.
After a major ranfall, however, the water content in the base course increases to the saturation
water content as water enters the roadway structure. As a result of the increased water content,
the resilient modulus of the base course decreases. After the rainfaditesstarts to exit from
the base course due to hydraulic gradient, the resilient modulus of the base course starts to recover
and maybe return to the valbefore the rainfall. Figure 6demonstrates the water content and

resilient modulus changes obase course before, during, and afteaiafall.

Moisture content .
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A at compaction

[ . No Geotextile
. Wicking geotextile
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Figure 66 Water content and resilient modulus changes of the base course as a result of rainfall

The wicking geotextile shows trability to reduce the base course moisture content to a

value that is een lower than its optimum water content. After the wicking geoteixtijgoved
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base course is compacted at its optimum water content, the water content of the base course
decreases and the resilient modulus increases. During the rainfall, as theubsséscaturated,

the water content and resilient modulus of the wicking geotdartiigoved base course are the

same as those of an unimproved base course with no geotextile and the conventional geotextile
improved base course. After the rainfall, thieking geotextile starts to remove water from the

base course at a faster rate than the unimproved base course. As a result, the resilient modulus of
the wicking geotextilemproved base recovers faster. The resilient modulus of the wicking
geotextileimproved base eventually returns to the value before the rainfall, which is higher than
that of the unimproved base. Based on the observation made in the big box tests, the water content
change in the conventional geotexiieproved base was similar toathof the unimproved base.

Thus in this analysis, the water content change of the conventional geategtidved base after

a rainfall is assumed to be the same as that of the unimproved base. The relationship between
resilient modulus increase as ttesult of water content reduction by the wicking geotextile and

time after rainfallvasinvestigated by the soil column tests and the suggested improvement factors

were presented in Table 6.2.

6.2.2 Design concept

The 1993 AASHTO pavement design gumteposed a concept of relative damaggt6d
consider the seasonal effect madbedesilient modulus. The equivalent roadbed modulus is a
weighted value thatjives equivalent accumulated annual damage caused by traffic on a road
throughout one year witseasonal variations of the roadbed moduli (AASHTO, 199B).

calculate the guivalentmodulus of the base course over a time petilbd period of time was
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divided into equal segments. Then the relative damagef the segment of time can be caltcath

based on Equation (6.6):

6 ppYpm O 8 (6.6)

whereur is the relative damage during a time segment Mads the resilient modulus of the

respective time period.

After the relative dange of each time segmemntas determined, the average relative
damage © ) over the investigated time period is calculated by dividing the sum of all the relative

damage during the period to the number of segments,

— B
o — (6.7)

The final stepis to backcalculatethe equivalent resilient modulus) () over the

investigated period using Equation (6.8):

0 E— (6.8)

In this study, the relative damage conogpsused to consider the effect of major rainfall
on the base course resilient modulus. The resilient modulus of the wicking geateptideed

base on a particulaag after a rainfall can be calculated based on Equation (6.3) and Table 6.2:

0 0 00 (6.9)
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whereN is the number of days after rainfalDn the day of rainfall, both the wicking geotextile
improved and conventional geotextilaproved base courses are considesatlirated, thuthe

resilient moduli of both base courses egeal and the hydraulic improvement factor shoe¢pial

to one.

Based on the resilient modulus, the relative damage of#laaiafter the rainfalllg) can

be calculated with Equation (6.10):

0 ppYpm O 8 (6.10)

The average relative damage from the day of rainfall to thday after the rainfall then

is calculated as:

o — (6.11)

The equivalent resilient modulus of a wicking geotexti@roved base over the N day

period is calculated as:

0 —— (6.12)
It should be noted that the equivalent resilient modulus of the wicking geciextiteved

base course represents the resilient modulus of the base over a period of time and is a function of

thenumberof days after rainfall.
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In practice the engineers are often given the base course resilient modulus value that
represergeach month based on direct measurements made in that mMfi@nsmplify the design

processan improvement factor for the equivalergilient modulus Fneq) is proposed:

The equivalent resilient modulus improvement factor is defined as the ratio of the equivalent
resilient modulus of the wicking geotextilmproved base to the equivalent resilient modulus of
theconventionalyeotextileimproved base. Since the equivalent resilient modulus of the wicking
geotextileimproved base depends on the number of days aiefiali, the equivalent resilient
modulus improvement factor is also tirdependent. The equivalent resilient modulus of the
conventionafjeotextileimproved base can be substituted by the resilient modulus that represents
the monthly base course resilienodulus. Under this assumption that the equivalent resilient
modulus of the conventional geotextiteproved base is independeasfttime, the improvement
factor for the equivalent resilient modulus of the wicking geotektilgroved base is a function

of the numbenbf days after rainfall and can be expressed with Equation (6.14):
O 0 mixudd pdxTp (6.14)

To illustrate the above concept, Figuré gresents resilient moduli and equivalent resilient
moduli of the wicking geotextitmproved base and the conventional geotextilproved base.
The resilient moduli of the conventional geotexiitgproved base course were artificially
generated between 210 and 190 MPa. The resilient moduli of the wicking geoteptitved

base were calculated based on the resilient moduli ofaimeeational geotextilemproved base
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and Equation (6.4). Based on the resilient moduli of the conventional geetexiii@ved base

course, a value of 200 MPa was used to represent the equivalent resilient modulus of the base
during the period of 14 day@.e., N=14). The equivalent resilient modulus of the wicking
geotextileimproved base was calculated based on dhaivalent resilient modulus of the

conventional geotextilenprovedbase(i.e., 200 MPa) and Equation (6.14).
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Figure 67 Demonstratiorof resilient moduli and equivalent resilient moduli of the

wicking geotextileimproved base and the conventional geotextiproved base

The calculation for the resilient modulus and the equivalent resilient modulus of the
wicking geotextileimproved bas course using Equations (6.9) to (6.14) is based on one major

rainfall. To estimate the equivalent resilient modulus of a wicking geotéxgisoved base using
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the 1993 AASHTO pavement design guide, rainfall intensity and frequency of a project location
are required. The National Oceanic and Atmospheric Administration website

(www.ncdc.noaa.ggwoffers daily precipitation data. After the precipitation data is obtained, it is

necessary to determine the rainfatiensity that saturates the base course with Equation (6.45):

n=1— Ya
Gs X Yy
n X
- Wege = m”w (6.15)
hrain = hbase * Wsar — Winitat) * Ya/Ci

wherenis the porosity of the base coursgs the unit weight of the base course (i.e., 95% relative
compaction in this study¥s is the specific gravity of the base counsgyis thesaturation water
content hbaseiS the thickness of the bas®sitial is the initial water content, ari@ is the infiltration

ratio. The infiltration ratio is defined as the portion of rainfall that enters the pavement through
joints and cracks (FHWAL992). For asphalt concrete pavements the infiltration ratio is between
0.33 andd.5and for Portland cement concrete pavements the infiltration ratio is between 0.5 and

0.67. In this analysis, the worst case scenario (ie=,0.67) is selected.

With the daily precipitation data and the calculated saturation rainfall intensity, the dates
of major rainfalls and the number of days between major rainfalls (considered as a drying period)
can be determined. The resilient modulus of the wicking geotéxtdeoved base course and the
equivalent resilient modulus thus can be estimated based on Equations (6.9), (6.13), and (6.14) for
each drying period. Based on the equivalent resilient modulus, the accumulated relative damage

of each drying period can belcalated:
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Bo PP Y pmm O 0 (6.16)
whereN,; is the length of thaydry period.

The average relative damage over the investigated pgecattulated by dividing theum
of the accumulated relative damage of each drying period to the total number days of the drying

period:
0 — (6.17)

Finally, the equivalent resilient modulud the base course for the 1993 AASHTO
pavement design can be calculated based on the average relative damage:
P

- RS
b e PEEEC (6.18)

6.2.3 Sample calculation

A 200 mm thi& base course was constructed in Lawrence, KS with an aggregate material
of the following properties: specific gravi6s = 2.65, dry unit weights =19.6 kN/n¥, and initial
water content witias = 9%. The equivalent resilient modulus of the conventigealtextile
improved base is 150 MPa for the investigation period. Based on Equation (6.15), the base course
would be saturated if the precipitation exceeds 29 mm/day. Figipregsents the precipitation

data of Lawrence from Juli?* 2016.
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Figure6.8 Daily precipitation of Lawrence, KS starting from Jafy 2016.

Within the one year period starting from JaR/2016, there were 10 days that Lawrence,
KS received over 30 mm of precipitation in one day. The number of days between the days that
received over 30 mm of precipitatisrasconsidered a drying periotljj. Theequivalent resilient
modulusof the wicking geotextilemproved base course over fedrying period

then can be adjusted based on Equatidii}6.

0 0 g ‘M 0 5 mrxTUdd pdxtop (6.19

where0d is the equivalent resilient modulus of the unimproved or conventional geotextile

improved base courg®Pa).
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