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Preface

Background

This book is the most obvious outcome of the “COST 351, WATMOVE” project
(see www.watmove.org). For most readers these terms probably mean little so some
explanation is called for. In 2001/2002 a small group led by Kent Gustafson of
the Swedish Road and Traffic Institute (VTI) made a proposal to the European
programme on “Co-operation in Science and Technology” (COST). They proposed
that a pan-European team be set up to study the issue of “Water Movements in Road
Pavements and Embankments” (acronym = WATMOVE). The COST organisation
agreed the proposal and the study formally began in December 2003 with the sup-
port of COST. Due to ill-health, Kent was not able to lead the project and I was
asked by the Management Committee to chair the project team.

Scope of the Book

This book is NOT about “Water and Roads”, nor on “Water on Roads”. There are
other books which deal with surface water drainage in great detail and there are
other source materials that deal with the impact of roads on water in the general
environment. To cover every aspect of the interaction between water and highways
would have required a much greater effort and a much thicker book. So this book
seeks to limit itself to:

(i) Water inside the road construction and the underlying subgrade soils and rocks;
(ii) Water from the surface down to the phreatic surface,' and
(iii) Water in the road and ground between the fence-lines of the highway.

Sometimes these boundaries to the book’s scope were a little bit too limiting
so, from time-to-time the book wanders somewhat further. For example, it proved
impossible (and undesirable) to discuss water in the road construction without

! Annex C contains a Glossary of terms that may be unfamiliar to some readers.
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mentioning from where it comes. So, there is some consideration of run-off in so
far as it is the major contributor to sub-surface road water, but readers will not find
a full description of surface water drainage systems. Within these self-set limits
the authors have tried to address most conceivable topics in some detail, bringing
together both established theory and practice and some of the latest developments.

Acknowledgements

The job of chairman is not always easy, but in the case of WATMOVE it has been
a privilege and a pleasure to work with a wonderful team of experts drawn from
engineering, environmental and geological backgrounds across 18 European coun-
tries. Their hard work can be seen in the pages that follow. Every member of the
WATMOVE project has contributed in some way or another. Most have authored
and/or edited parts of the text and you will find the names of the chapter co-ordinator
and the contributing authors at the head of each chapter. Many have provided raw in-
formation. Some have contributed nationally developed research findings. All have
entered into developing a mutual understanding and appreciation of each other’s
viewpoints. By this method this book is more than a summary of individual contribu-
tions, it is truly a state-of-the-art-and-practice on subsurface road drainage. Mention
should also be made of the many scientists and engineers who contributed indirectly
by providing information and, in the case of a few, even contributed text.

The team, listed at page xiii, wish to thank their employers for actively supporting
their contributions and the European Science Foundation’s COST office in Brus-
sels for all their support and funding. In particular we would like to single out the
COST office’s scientific and administrative secretaries, Jan Spousta, Marcu Zisenis,
Thierry Groger, Isabel Silva and Carmencita Malimban for their understanding and
responsive assistance in so many matters, great and small. This publication has been
supported by COST.

It’s their overall aim that the relevant and useful aspects of modern (and not-so-
modern) research be implemented into practice. So this book is directed towards
practitioners — engineers, environmentalists and hydrogeologists who have to pro-
vide for pavement and earthworks drainage — and those who will soon become
practitioners — students taking advanced courses in pavement engineering, hydroge-
ology and geo-environmental engineering. Inevitably some will find some sections
more pertinent and accessible than others .... but we hope that readers will find
this a valuable resource from which to learn and to which they will often turn for
reference. If you still want more then you may find some other resources at our
web-site — www.watmove.org

So, finally, a really big “thank you” to everyone in the WATMOVE team and also
to you, the reader. If the contents of this book prove useful to you, the the efforts of
the team will certainly have been worthwhile!

Nottingham, UK Andrew Dawson
October 2008
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Chapter 1
Introduction

Andrew Dawson

Abstract This introduction provides a brief review of the history of highway sub-
drainage before setting out the aims and organisation of the book of which it forms
the first chapter. It gives an overview of the subjects to be covered in the following
chapters, introduces the key topics including definitions of subgrade and pavement
layers, their classification from a drainage point-of-view together with a brief cover-
age of the principle of effective stress, suction, leaching and water movement due to
evaporation and frost-heave. It outlines the way in which pavements and the hydro-
logical environment interact before introducing the reader to the varieties of climate
in which highways and pavements have to operate — a task that is likely to become
more onerous in the light of climate change effects.

Keywords Introduction - history - definition - drainage classification of pavements -
alternative materials - drainage systems - climate

1.1 Some History

In Europe road construction may date back as far as 3,500 years ago. These early
roads were probably largely for ceremonial purposes, over short distances, and may
have carried little, if any, wheeled traffic. It was not until the growth of the Ro-
man Empire that a large network of engineered pavements was first constructed
(Fig. 1.1). Such was the desire to secure the Empire against enemies and to enhance
trade that, at the peak time, about 0.5 km was being built daily. Although foot and
hoof traffic probably predominated, those roads were certainly used for wheeled
vehicles too.

The engineers responsible for these pavements understood some important truths
about pavement drainage — truths which, in practice, sometimes are still not recog-
nised today. Figure 1.2 shows a cross section of a high quality Roman road. It
illustrates that its designer:

> A.R. Dawson
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soak in,

provided cross-fall to help shed surface water to the margins rather than to

raised the pavement well above the groundwater level of the surrounding ground

so as to keep the amount of water in the embankment low and the effective stress
(and, hence, soil strength) high,

draining water away from the construction.
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Fig. 1.2 Cross-section of a high quality Roman pavement (dimensions in mm)

Statumen — larger stones sometimes
set in a mortar. Usually absent

Agger — stone and soil earthworks to
lift road above surrounding ground

provided lateral ditches to prevent water table rise in wet periods and to convey

Typical
Dimensions

<250

——
/
<500

<1000



1 Introduction 3

Only a small proportion of pavements were built as illustrated, more generally a
two layer pavement, comprising nucleus and rudus as explained in the notes to the
Figure, was constructed on an embankment (agger — see Fig. 1.2). Despite the econ-
omizing on materials, the aim of keeping the construction well-drained remained
unaltered.

It was not until the late 1700s and early 1800s that a similar understanding was
once again developed. Figure 1.3 shows a cross-section of a main coach pavement
as designed by Thomas Telford, the Scottish engineer who worked in the UK and
other European countries between about 1800 and 1830. In this design an effort has
been made to provide a relatively impermeable surface to prevent water infiltration
and a drainable foundation, but the route to lateral drains from these is not well
developed.

Despite these early evidences of the understanding that drainage is needed for
a well-functioning road, the lesson hasn’t always been fully appreciated. Arthur
Cedergren, the American engineer, famously said that “there are three things that a
road requires — drainage, drainage and more drainage” (Cedergren, 1974, 1994). He
said this many years ago yet, despite many advances in the subject and a huge rise
in environmental concerns since he was active, little further has been published in
the area. This book is our attempt to redress that omission.

LPOLLSIT ROAD

Frwnsverse Section of the fivad between the ity of Warsaw aud the Town of firzese

o L

Thus Kewut swcr Engolishe Miis in Ienggth + was constrmctod by commnndd o the Enperar Alerander Laad fished in

sy 1825

14 Foct of Waraiaw

iy & A 3 dwstcan - st Enplish et

Fig. 1.3 Facsimile of Telford’s design for a road from Warsaw to Brzse¢! (Telford, 1838)

! The text at the top of the figure reads “POLISH ROAD / Transverse Section of the Road between
the City of Warsaw and the Town of Brzes¢ in Lithuania. / This Road (100 English Miles) was
constructed by command of the Emperor Alexander 1. and finished in May 1825.” Nowadays,
Brzes¢ is known as Brest, and forms the border crossing town between Poland and present day
Belarus. It lies about 215 km East of Warsaw (Warszawa) not “100 English miles” ~ 160 km as
indicated in the figure.
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In the following sections the modern manifestation of the same objectives — to
keep pavements dry by limiting ingress and assisting drainage — are introduced.
Alongside this updating of the age-old principle of drainage, the modern pavement
engineer or geo-environmentalist has to consider the quality of the draining water.
What chemical components does the water contain? Is that a problem? Where will
they go? The following sections seek to introduce this modern concern as well.

1.2 Aims and Objectives

The main aim of this book is to increase the knowledge about water in the sub-
surface road environment so as to improve highway performance and minimise the
leaching of contaminants from roads. Improvement of pavement performance will
lead to less road closures, better use of the road network, longer service life and
more effective transportation of goods and people.

This aim can be further divided into the following four secondary objectives:

® to describe the most up-to-date understanding of water movements and moisture
conditions in unbound pavement layers and subgrades for different types of road
constructions in various climatic conditions,

e to explain the relationship between the mechanical behaviour of materials/soils
and their permeability? and moisture condition,

® to report on advanced modelling of water movement and condition in the sub-
surface pavement environment developed from laboratory analysis and field
studies,

e to inform about the identification, investigation and control of contaminants
leaching from soils, natural aggregates and by-products in the sub-surface layers.

It is important to add that this book is NOT about road surface drainage. There are
many books that address this topic, e.g. Ksaibati & Kolkman (2006), whereas this
book aims to concentrate on sub-surface water. Inevitably, there is some overlap be-
tween the two aspects but, in this book, the information on runoff is only that neces-
sary to complete a coverage of the sub-surface condition. Regarding contamination,
traffic is, of course, a significant source too (see Chapter 6, especially Fig. 6.1) but
the reduction in contaminants from that source is beyond the scope of this book.
Rather, the aim is to understand what happens, or should happen, to contaminants
in the highway environment.

2 The terms permeability and hydraulic conductivity are both used to mean the ease with which
water travels through saturated, porous media. In this book the term permeability is used pref-
erentially. In particular the ‘coefficient of hydraulic conductivity’ and the term ‘coefficient of
permeability’ are identical and given the symbol K.
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1.3 Organisation of Book

The book covers both theory and practice and addresses both sub-surface drainage
and water quality issues. Chapter 2 deals with basic flow and suction theory and
Chapter 4 with heat transfer, which is implicated in driving water movement by
phase change mechanisms (freezing, thawing, evaporation). Chapter 6 establishes a
basis for discussing environmental aspects, introducing contaminant transport pro-
cesses. Chapters 3 and 7 give an overview of the available techniques to monitor
water flow, suction pressures and contaminants in water. After this introductory and
descriptive section of the book, Chapters 8—11 aim to explain interaction between
water in soil and aggregate and the mechanical response of such materials. This
explanation covers theory, field behaviour, laboratory testing and theoretical and
numerical modelling. The book ends with two chapters that aim to guide readers
to improve the environmental condition, to reduce water pressure and to reduce the
volume of water in the pavement and adjacent soils. Aspects only of relevance to
environmental matters are covered in Chapter 12 while the much longer Chapter 13
describes the many techniques that can be used to manage water in the pavement and
near-pavement soils. Often such management has benefits to both the mechanical
and environmental performance of the pavement structure and earthworks.

1.4 Pavements and Earthworks

1.4.1 Definitions

In today’s world almost all traffic runs on an improved surface and not on the nat-
ural soil profile. . . and most users give such improved surfaces little thought. This
improved surface is known as a pavement and may be a simple layer of imported
aggregate or the structure that comprises a modern expressway. In fact, all but the
very simplest pavements comprise a series of carefully designed layers of imported,
selected, construction materials placed on the “subgrade” (Fig. 1.4). The subgrade

-~

Cutting slope

Subgrade
improvement

Embankment
fill

~
Seo
~
<)

Fig. 1.4 Indicative highway cross section
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may either be the natural soil profile encountered at the site (e.g. when the pave-
ment construction is built at the same level as the surrounding ground, or when it is
built in a cutting) or it may be a “fill” material that has been imported to create an
embankment.

This fill is often subgrade soil from some other location, but might also be a by-
product or waste material. Even in a cutting, some material may have been imported
to form the subgrade as it can aid drainage — and thus improve the performance of the
pavement. Material specifically designed to provide an improved subgrade is known
as “capping”. It may either be imported or may be achieved by some improvement
technique applied to the natural subgrade in-situ (Fig. 1.4).

It is not only the pavement that needs draining; drainage of embankments
and cuttings is also important to give soil-based slope stability and longevity of
performance.

Finally, what about “moisture” and “water”? Both terms are used, more or less
synonymously in this book. In general the direct term “water” is preferred to the
more indirect term “moisture”, although “moisture” is often used to describe water
in the unsaturated parts of the sub-surface.

1.4.2 Pavements and Their Construction

Modern pavements normally comprise one or more bound layers overlying one
or more unbound aggregate layers which, in turn, rest on the subgrade. In almost
all cases the uppermost layers are bound by bitumen or cement. In the case of an
embankment the subgrade is comprised of imported fill. In the case of a cutting it
will often be the natural rock or soil at that location. Figure 1.5 provides two typical
pavement profiles. Considering these from the bottom upwards, the following layers
are, typically encountered:

® The pavement foundation consists of the natural ground (subgrade), and often
a capping layer, the role of which is to improve the levelling, homogeneity and
bearing capacity of the subgrade, and often also to ensure frost protection.

® The sub-base layer is normally comprised of an aggregate layer which acts as a
platform for construction and compaction of the higher pavement layers and con-
tinues to function during the life of the pavement as an intermediate distributor

mnnnanEEEEEEe 1 Ni0 asphaltic ‘chip-seal’ (<30mm)  Asphaltic or concrete g
* Unbound aggregate layer(s) surfacing & base laye
= Base & Sub-base Unbound aggregate Sub-base-

E S Soil improvement layer (Capping)m

Natural or imported (fill) subgrade = === == ===~

Natural or imported (fill) subgrade =~~~ _~_~_

Fig. 1.5 Some typical pavement profiles (left =low volume, right = higher volume)
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of stress from the higher layers of the pavement down to the foundation. It may
also have a frost protection role.

o The pavement base is usually comprised of treated materials in high-traffic
pavements or may be untreated in low traffic pavements. These layers provide
the pavement with the mechanical strength to withstand the loads due to traffic
and distribute these loads to the weaker lower pavement layers.

® The surface course (and possibly a binder course below) is the top layer of the
pavement, exposed to the effects of traffic and climate. It must resist traffic wear
and also protect the structural layers, in particular against infiltration of water.

These are described more fully in Chapter 8. The higher volume cross-section is
typical of those found in major highways. It is critical that it continues to function
well, so drainage of these pavements is provided, principally, to maximise the life
of the pavement structure and thus to minimise the cost. Although longevity is also
an issue for the low volume pavement, it also needs drainage to perform at critical
times — e.g. after heavy rain storms or during spring-thaw (see Section 1.8) — when
it would otherwise become impassable.

The pavement construction is there to provide an almost fixed, plane surface
on which tyred vehicles may pass without difficulty. To meet this requirement the
surface:

e must not deflect much transiently — otherwise vehicles will be travelling in a
depression of their own making and using excess fuel in a vain attempt to climb
out of it;

® must not deform plastically — otherwise ruts will form, hindering steerage, lead-
ing to increased fuel and tyre costs due to a greater contact with the tyre and
tending to feed rainwater to the wheel path thereby promoting aquaplaning;

® must provide adequate skidding resistance — to enhance safety; and

® must continue to meet these requirements for a long time so that the pavement
is economic and so that users are not unduly affected by pavement rehabilitation
needs.

As far as the lower unbound layers and subgrades are concerned, they have to
provide the necessary support to the upper layers so that those layers do not flex
too much under trafficking as this could lead to those upper, bound, layers failing
prematurely by fatigue. The upper layers need to be thick enough so that they spread
the traffic loading so that the lower layers are not over-stressed and can provide their
function successfully (Fig. 1.6). Successful pavement design is all about satisfying

Fig. 1.6 Malfunction of the
lower pavement layers. A softened
depression in an impermeable subgrade
sub-grade allows water in the
aggregate layer to collect
there, leading to subgrade
softening and consequent
rutting of the whole pavement

subgrade
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these two needs in the most efficient manner given the properties of the available
materials.

1.4.3 A Drainage Classification of Pavements

It is conventional to classify pavements according to their construction —flexible (i.e.
principally made of asphalt or only granular), rigid (i.e. concrete) and semi-rigid
(i.e. made of both concrete and asphalt layers). From the point of view of water
movements these classifications are not very relevant. Instead, pavements may be
classified by the way in which water enters and moves in the pavement. On this
basis the following classification is more appropriate:

Impermeable throughout the construction

Impermeable surface and structural layers

Permeable surface over impermeable structural layers

Permeable throughout with water storage capacity within the structure
Permeable throughout without water storage capacity

Cracked or jointed surface layers over permeable lower layers

TmO W

Each type of pavement can be constructed on pervious or impervious ground and
the ground- (or surface-) water level could be below or above the bottom of the
construction. Thus each of the above 6 classes could, in principle, be sub-divided
according to these conditions. In fact, except in limited circumstances, only a few of
the classes and their sub-divisions have meaning in situations that are at all frequent.
Thus circumstances in which the surrounding water is above the base of the con-
struction are rare. Normally drainage (e.g. in the form of lateral drains) is provided
to avoid this possibility.

Class A constructions are relatively rare. Full-depth asphaltic construction has
been used in a few situations, most often in city streets, but its adoption has not
been widespread. In this case significant water flows to the subgrade through the
pavement layers are not expected but if water does become trapped at the subgrade
surface (e.g. where the subgrade is impermeable), then it may be difficult to get it
out of the pavement.

Class B pavements are probably the most common in developed countries, typi-
cally comprising asphalt or Portland concrete over a granular base or sub-base. The
granular layers can act as drainage layers if they are permeable enough and have
appropriate falls and outlets.

Class C constructions have become relatively common in recent years. The most
common form of these is a flexible asphalt pavement with a porous asphalt surfac-
ing. Rain water infiltrates the surface and then runs sub-horizontally within the as-
phalt to a drain that must be provided (some more details are included in Chapter 5).

Class D pavements seem, at first an undesirable concept. Storing water in
the pavement will be likely to reduce the structural capacity of the construction.
However, the chief motivation for this is to reduce runoff rates to surface water
bodies (streams, rivers, lakes). With increasing urbanisation and areas of “hard”
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surfaces, rainfall arrives more rapidly at receiving watercourses than it does in
“green” environments where vegetation and partial sorption into soil delay the ar-
rival. The consequence is that river hydrographs become more “peaky” and flood-
ing more common. Therefore, the provision of water storage within the pavement
reverses this trend, delaying arrival of rain to the watercourse. Furthermore, the
slowing of water as it percolates through the storage area means that it drops partic-
ulates. Also, some sorption of contaminants from the percolating water is achieved.
Thus, the water arriving at the water body is also cleaner than it would otherwise
have been. They are discussed a little more in Chapter 13.

Class E pavements are usually those with no sealed surface. They are common in
parts of Scandinavia and form the minor road networks in many countries. Although
unsealed, a well compacted surface of material with sufficient fine particles to block
the pores and without potholes and ruts can shed a large proportion of the rain that
falls on it. Conversely, distressed pavements of this type rather easily take in water
and then tend to rapidly deteriorate further.

In countries with a network of jointed concrete pavements — Class F pavements —
entry of water through joints can be significant, especially as the pavement ages and
the joint fill compounds become less effective at keeping the water out. Asphaltic
pavements that have suffered significant cracking could also be placed in Class F.

Where water does enter the pavement through the upper layers (Classes D, E
and F) then the type of subgrade is likely to have more significance than in other
pavements. Impermeable subgrades will necessitate horizontal or sub-horizontal
egress. Permeable subgrades will allow vertical drainage towards the water table.
Impermeable pavement subgrades are typically comprised of clay. When water
reaches these it can cause softening and deterioration of the mechanical behaviour
of the pavement (see Fig. 1.6).

Porous pavements that are designed to beneficially carry water through their lay-
ers (Classes C and D) are liable to deteriorate in their ability to do so, with time,
as solid particles block the pore spaces. Porous surfacings are prone to ravelling
as direct trafficking and the induced water pressure pulses in the pores and micro-
cracks between particles tends to cause particles to separate one from another. This
process, known as “stripping”, is common to all asphaltic mixtures to some degree,
but is more prevalent in porous asphalts where, of necessity, particles are less firmly
fixed together than is conventional in densely-graded materials (see Chapter 5).

1.5 Pavement Materials — Geotechnical Behaviour

The upper, bound layers in a pavement are little affected by pavement moisture.
“Stripping” can occur in repeated wet weather when the traffic loading causes
pulses of pressure of water which has seeped into cracks in the bound materials.
Exploiting micro-cracks this water can separate the binder from the aggregate it is
supposed to bind, leading to ravelling of the bound material. Similarly, water may
cause delamination of one bound layer from another, thereby reducing pavement
load-carrying capacity, by exploiting inter-layer cracks.
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A whole book could be written on this aspect alone, but this volume only devotes
part of Chapter 5 to this topic as its focus is on the lower unbound and subgrade
soil layers. These are geotechnical materials and behave according to the basic prin-
ciples of soil mechanics as described in many standard text books on the subject.
As explained further in Chapter 9 (Section 9.2) mechanical performance depends,
largely, on the frictional interaction developed between one particle and the next.
When the grains in an aggregate or soil are pushed together, greater friction is de-
veloped between the grains. The greater friction leads to improved strength of the
subgrade soil or unbound granular pavement material, greater stiffness and greater
resistance to rutting.

These inter-particle forces, considered over a large volume of particles, can be
treated as a stress, known as the effective stress, o/, which is defined as:

o=0—u (1.1)

where o is the stress applied externally to the volume of particles and u is the pres-
sure of water in the soil pores which may be trying to push the particles apart.
Thus, well-drained pavements lead to higher values of ¢’ which means more fric-
tion which, in turn, yields a material (and thus a road) that lasts longer and/or
is more economic to construct and maintain. For this reason it is the road engi-
neer’s task to keep the effective stress high and, from Eq. 1.1, it can be seen that
this condition is achieved when the pore pressure is smallest. This is the under-
lying reason why drainage is so important for efficient pavement and earthworks
structures.

Nevertheless, even if it were possible, a completely dry geotechnical mate-
rial is not wanted, instead a partially-saturated condition is often desired. When
soil or aggregate is kept relatively (but not totally) dry, matric suctions will de-
velop in the pores due to meniscus effects at the water-air interfaces. This suction
would be represented in Eq. 1.1 by a negative value of u such that the effective
stress, o/, increases as the suction develops additional inter-particle stresses by
pulling the soil grains together. The topic of suction is discussed in more detail in
Chapter 2.

For these reasons the pavement engineer wants to stop surface water (i.e. rain)
from entering the pavement and wants to help any water that is in the pavement to
leave as quickly as possible. Sealed layers and sealed lateral trenches may be used
as barriers to prevent water from entering into the pavement or earthworks although,
in practice, barriers are often not very effective due to defects or flow routes around
them. Thus, drains to aid water egress are the primary weapon in the highway engi-
neer’s fight against water-induced deterioration. Although there are other techniques
than drains that may be employed to stop ingress and aid drainage (discussed fur-
ther in Chapter 13), for now it is sufficient to mention drains as interceptors that
both cut-off the arrival of groundwater at the pavement and that provide an exit
route for water already in the pavement and earthworks. The scope for drainage
of pavements is somewhat limited by the need to keep the pavement trafficable —
thus steep longitudinal or cross-carriageway slopes cannot be used. For this reason
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drainage gradients are, typically, small («5%) necessitating that highly permeable
materials are used that exhibit low suction potential.

High permeability materials are, characteristically, those with open pore struc-
tures. In geotechnical terms, the permeability is described using the coefficient of
permeability, K, such that

dh
q =—AKi = AKdl (1.2)
where g is the volume of water flowing in unit time through an area, A, under
a hydraulic gradient, i, and i is defined as the change in head, dh, over a small
distance, dl. The negative sign is a mathematical indication that water flows down
the hydraulic gradient. Inspecting Eq. 1.2 it is apparent that more effective drainage
can be achieved by:

® increasing the area of flow intercepted — e.g. by providing drains with greater
face area;

® increasing the hydraulic gradient — e.g. by installing deeper drains or drainage
layers with steeper cross-falls; and

® increasing the coefficient of permeability — e.g. by selecting a more open-graded
drainage material.

1.6 Interaction Between Percolating Water and the Pavement

In the road environment, contaminants are almost entirely moved by water-based
or air-based processes. Air-based processes are, principally, by dust and spray, but
these are not discussed further, being beyond the scope of this book. In water-
based processes, contaminants are carried in and/or by the water through soil or
aggregate pores, over the top of the pavement and through drainage systems. As
water moves through the sub-surface, water that is fairly pure will have the abil-
ity to pick-up chemicals from the soil through which is flowing and to carry these
elsewhere while runoff water that arrives from the pavement surface may percolate
into the construction carrying impurities with it which are then “dropped” by one
mechanism or another into the layer. The interaction between water and contami-
nants is the subject of Chapter 6 with methods of measurement being described in
Chapter 7.

Movement of contaminants is often considered using a “Source — Pathway —
Receptor” framework (Fig. 1.7). In the context of the highway, the “source” would
probably be the surface runoff water (although its antecedents of vehicle cargoes,
atmospheric pollution, etc. could also be considered as the source) or the pavement

Pathway
Fig. 1.7 “Source — Pathway — @
Receptor” framework
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construction. The contaminated water then moves through the pavement and the
drainage system which provides the “pathway” for the contaminant to move. Even-
tually it arrives at a place where it has a potentially deleterious impact — the “re-
ceptor”. In an ideal understanding the receptor is a human, animal or plant that
is affected by the contaminant. In practice, policing of impacts on humans would
be almost impossible to monitor and, anyway, too late to change an undesirable
response. So, instead, it is normal, in most practical circumstances, to treat either
the surface water body (river, lake, etc.) or the ultimate groundwater body (e.g.
drinking water aquifer) as the receptor. Monitoring their quality is the subject of
Chapter 7.

Chapter 12 gives information that, with the help of Chapter 13, can be used to
mitigate problems due to contaminant movement in and with the water percolating
in the near-pavement environment. Usually, these involve either interruption of the
pathway or removal of the source or target.

1.7 Water and Alternative Materials

Recycled and alternative materials are finding increased use in the construction of
road pavements and embankments. Environmental concerns are leading to con-
straints on quarrying of the materials that have, conventionally, been used while
tax incentives and legislative limitations are encouraging the uptake of wastes,
by-products and recycled elements in their place. These materials do not, nec-
essarily, behave in the same manner in the presence of water as many conven-
tional materials do. Self-cementation due to pozzolanic activity may help to sta-
bilise some, others may exhibit undesirable leaching, yet others may have much
higher permeability than the material they replace. As a consequence, it is im-
portant for the road designer or manager to understand these characteristics and
their implication for the hydrological and environmental performance of a high-
way that incorporates such materials. Relying on experience alone is likely to be
insufficient.

It is very common for regulators and potential users to express concern about
leaching when construction with such materials is proposed — yet this is a concern
that often has no basis in fact! Many alternative materials come from an indus-
trial process in which some chemical has been involved which no-one would wish
to become widely distributed in the environment. Thus, environmental regulators
often show particular concerns about materials deriving from metal processing in-
dustries — e.g. slags, foundry sands, etc. However, their real impact depends not
on the actual content of the chemical of concern in the solid but on its availability
to pore fluids, its solubility and its transportability. Many alternative materials have
been through a hot process which vitrifies the solids making it extremely difficult for
chemicals, now held in a glass-like matrix, to leave the solid phase. Alternatively,
the pH level in-situ may render the contaminant essentially non-soluble. Chapters 6
and 12 discuss these issues further.
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1.8 The Effect of Temperature

Pore suctions have the effect of “pulling” the saturated zone nearer the ground
surface than it would otherwise have been from where evaporation becomes pos-
sible. When evaporation is significant then upward water flow takes place to re-
place the water being evaporated. Evapotranspiration by vegetation also introduces
an upward water flow towards roots in a similar manner. In hot climates, evap-
oration can lead to upward moving water tens of metres above the phreatic sur-
face and it can also lead to salts being lifted to the surface where they precipitate
out in the soil pores forming calcretes and silcretes (Sabkha soils are an example
of this).

Another cause of suction is seasonal ground freezing in high latitudes or at high
altitudes. For reasons explained in Chapter 4, considerable ice wedges may form
at the boundary between freezing caused by cold road surface temperatures and
underlying non-frozen soils (Fig. 1.8). By this means, soils may heave by hundreds
of millimetres in a winter season.

In spring, this ice melts, but the warmth comes from the surface so that the ice
nearest the surface melts first. As there is still ice below it (and probably in the mar-
gin of the roads where the surrounding ground is covered by snow and ice cleared
from the road pavement), the water from the melted ice has nowhere to drain and
extremely weak conditions can result (Fig. 1.9).

Just as evaporation, evapotranspiration and freezing are non-constant processes
drawing water up from the groundwater zone, so rainfall is an intermittent supplier
of water at, or near (via drains or soakaways) the surface causing a downward flow.
A small amount of rain very rapidly cancels a high suction (thus suddenly reducing
the effective stress and the frictional strength of a soil — see Section 1.4.3). It is
partly for this reason that wet weather is so often associated with occurrence of
slope distress in earthworks and in deformation of pavements.

Fig. 1.8 Ice lenses in a silty
subgrade, Kuorevesi, Finland,
Spring 2003. Reproduced by
permission of N. Vuorimies
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Fig. 1.9 Thin asphaltic surfacing of a road lifted by traffic-induced water pressure during
spring-thaw in Northern-Karelia, Finland. Reproduced by permission of M. Leppdnen

1.9 Runoff

Runoff derives, principally, from rainfall falling on the pavement and surround-
ing ground. Although surface water drainage falls outside the scope of this book,
runoff becomes of interest as some soaks in through cracks or through pervious
surfacings. The proportion soaking-in will vary depending on the rainfall pattern,
road surface quality and the permeability of the road’s margins and surrounding
earthworks. At the margins the water should be routed into a drainage system. If a
positive drainage system is provided then kerbs or gullies will intercept the surface
flow and feed it to gulley pots and/or a piped drainage system. From there, water
may be fed to some disposal system — this may be a soakaway to the ground or it
may be to a surface water course. Normally road runoff will be given some treat-
ment before it is disposed. Treatment will usually include solids settlement and oil
separation.

In areas where land is available, the runoff may be fed into an open, vegetated,
lateral ditch known as a swale (see Figs. 1.10 and 1.11). These can form part of
“SUDS” (Sustainable Urban Drainage Systems). Together with filter strips, infil-
tration trenches and basins, porous pavement surfaces, constructed wetlands (e.g.
reedbeds) and detention and retention ponds, they tend to act as natural attenua-
tors of contaminants that will be sorbed into the ditch lining and taken up into the
vegetation which, periodically, can be cut and removed. They also act as sediment
traps, removing suspended solids. Excess water that does eventually arrive at a sur-
face water course, or that soaks down to the water table, will usually be relatively
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Fig. 1.10 A well designed
and maintained roadside
swale operating correctly in
heavy rain. Reproduced by
permission of Chris Jefferies

Note: The grass-lined swale
has a drainage grill set

300 mm above the base to
encourage storage and
infiltration of water into the
ground.

clean due to the natural attenuation processes encountered en route. However, this
means of treating and disposing of water that potentially contains contaminants can-
not be used unthinkingly. There are many natural environments that are “highly vul-
nerable”. High vulnerability exists when a near-highway environment can be easily
polluted by runoff water (for example, where seeping water provides drinking water
or sustains a quality ecosystem). The rare, but critical, occurrence of an accidental
spillage, e.g. following a tanker crash, can cause acute effects to down-gradient
waters.

1.10 Drainage Systems

Drainage systems come in many shapes and forms (see Chapter 13) but they also
share many common features — they are placed lower than the section of road or
earthworks they are intended to drain and they comprise materials (and/or pipes) that
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Fig. 1.11 A gravel-lined
swale with planted reeds to
function as a soakaway.
Reproduced by permission of
VicUrban

Note: Infiltration is
encouraged by providing
a porous surfacing.

are more permeable than the surrounding materials. Broadly, they may be classified
as follows:

i) Horizontal (or sub-horizontal) drainage layers.

— When placed in, or more usually at the bottom of, some imported soil used
for earthworks, these are termed blanket drains. Then they are used to isolate
earthworks from underlying groundwaters, allowing any up-flowing water to
be intercepted before it causes deterioration of earthworks and to catch water
draining down from higher layers.

— Drainage layers may be provided only to carry small seepage flows con-
sequent upon leakages in the otherwise impermeable pavement surface.
Typically these are provided as an integral function of one of the road’s
construction layers.

ii) Vertical, in soil, drainage trenches.

— Some are intended to provide drainage of earthworks structures. The amount
of water to be carried (and, hence, the drain’s design) will depend on the
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permeability of the ground to be drained and on the height of the natural
water table.

— Pavement median or edge drains are usually installed at the edge of pave-
ments, often extending down into the underlying natural soil or into the
earthworks. Depending on the arrangements in force these may be expected
to handle runoff water arriving from a pavement surface as well as from
seepages carried to the pavement edge by a drainage layer (ib. above).

iii) Drains for structures. Drainage systems are usually installed behind constructed
walls and bridge abutments so as to reduce the lateral water pressures on these
structures. They are not considered in this book.

Conventional drains are provided by aggregate, with a low proportion of fine sizes,
placed in or under the zone to be drained. When the natural ground, imported earth-
works, or pavement layer that is to be drained is particularly fine graded, it may be
necessary to place a filter layer between the natural soil and the drainage system
element.

Nowadays, alternatives to aggregates are available to effect drainage. Except
where large flows are expected, geosynthetic fin drains comprising an exterior “filter
fabric” and an interior highly permeable core are generally accepted as suitable sub-
stitutes for drainage ditches. They can be installed very rapidly and avoid expensive
quarrying and associated transport of large volumes of dense materials. The “filter
fabric” layer of the composite geosynthetic will normally be a felt-like layer around
Imm thick having a fairly small pore size. Although its pores will be too large to
prevent every grain of the surrounding soil from going through into the interior core,
they will halt somewhat larger particles that will, in their own turn, then allow layers
of progressively finer particles to block the gaps between them. In this way a natural
bridging layer will develop such that an effective filter zone will be catalysed by the
“filter fabric”.

Where low flows are expected, the water may be carried within the drainage
medium (stone or geosynthetic), but where moderate or high flows can be antici-
pated it becomes necessary to install a pipe at the bottom of the trench or fin. This
has to be permeable in some way (slotted, holed or integral with the fin drain) so that
the water collected by the drain may be fed to the pipe and thereby carried away.

1.11 Climate and Climate Change

The ultimate reason for having drainage is because of rain! Therefore the drainage
needs and solutions will be heavily influenced by the climate where the road is built.
Broadly, climate may be divided by temperature and by rain/snowfall. Typically
climatologists further differentiate on temperature variation across the year and on
rainfall distribution. A very commonly used classification that takes this approach
is that due to Koeppen (McKnight and Hess, 2000). This divides the world into
5 major zones, each with subdivisions:
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® Tropical — subdivided into Rain Forest, Monsoon and Savannah;

® Dry — subdivided into Desert and Steppe;

® Temperate — subdivided into Mediterranean, Sub-tropical, Maritime and
Maritime Sub-polar;

o (Continental — subdivided into Hot Summer, Warm Summer and Sub-arctic; and

® Polar — subdivided into Tundra and Ice-cap. Alpine climates can be grouped here,
too, although their climate results from elevation, not latitude.

The characteristics of each climate will have major effects on the water in the
road and adjacent ground. In particular, where the potential for evaporation is

Fig. 1.12 Simplified climatic zone map of Europe. 1 — Temperate, maritime; 2 — Temperate,
Mediterranean; 3 — Continental, warm summer; 4 — Dry, steppe; 5 — Temperate, sub-tropical;
6 — Alpine; 7 — Continental, sub-arctic; 8 — Polar, undifferentiated
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significantly greater than rainfall, the effects of drainage may be less noticeable.
However, this would need to be true throughout the year. Thus in tropical monsoon
climates it may be true averaged over the year, but it is certainly not true during
the wet season. It is at such a time that effective drainage may make the difference
between survival of the road and its rapid deterioration.

Figure 1.12 shows a schematic division of Europe into the appropriate climatic
zones.

In recent years the topic of climate change has become a consideration for almost
everyone and road builders and operators are no exception. Temperature rise itself
is unlikely to make a lot of difference to water in road structures in the warmer
temperate areas, but in areas with seasonal freezing it could make a big difference.
If the seasonal freeze period is reduced in length or lost or occurs repeatedly with
intermittent thaw periods, then much longer periods of wet, non-frozen conditions
(as currently experienced for shorter periods in the Autumn and Spring) can be
expected, necessitating more stringent drainage requirements and causing much
more frequent thaw-weakening problems. However, the shorter frozen period and
the shallower penetration of the freezing front into the ground means that drainage
trenches should more easily continue to operate year round.

Of likely importance to almost everyone is the increased rainfall that can be ex-
pected. Warmer ocean temperatures will lead to higher amounts of water in the
atmosphere and, thus, more rain and snow. Whether this water will come regularly
or in a few, but more severe, storms is less certain and the answer may vary by lo-
cality. The exact result may be difficult to predict, but the urgency for keeping water
out of the pavement and associated highway earthworks can only increase. With
greater runoff volumes anticipated, the need to provide positive drainage increases
commensurately. Below ground it would be wise to anticipate greater volumetric
flow rates of longer duration than previously experienced.

1.12 Legal Considerations

1.12.1 National and Trans-National

The demands of legislation can greatly influence the design and management of a
road in order to control its influence on the water environment. General legislation,
such as European directives (e.g. the Water Framework Directive), define water pro-
tection in a general manner with universal requirements that no pollutant input is
allowed and that high cleanliness of water bodies should be established. However
valid legislation at a national level, or even locally valid ordinances, can precisely
define such requirements in terms of the level and manner of these protection mea-
sures. The level of the protective prescriptions depends on the legal system. In some
countries the valid legislation is very general repeating obligations from the Euro-
pean directives and the proper implementation and then the functioning of protection
measures are the responsibility of the road owner, operator and the designer. In some
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other cases, protection is very precisely defined by technical legislation that has been
mandated centrally. In these kinds of document all the technical details can be found.

1.12.2 Local

During the development of a road scheme, existing hydrological and hydrogeolog-
ical zones, crossed by road, are classified on the basis of legally existing water
protection zones (e.g. drinking water source protection zones, Natura 2000 zones)
and natural field conditions encountered. As a first step, desk studies are performed
to define the demands and requirements for each section of the road consequent
upon the legislation. Similar sections are then grouped together and field investi-
gations undertaken to gather representative information on each group. Results of
the field investigations are used to determine the specific level of water protection
that is required. If the particular requirements defined in any existing protection
ordinances are not as strict as those obtained as a consequence of the investiga-
tions performed during the scheme development, technical protection measurements
must be adopted to ensure that the water body is protected according to the natural
conditions that have now been revealed. If prescribed demands in the ordinances
are stricter than established by field investigations, the protection requirements are
retained and usually the designer does not oppose them. The designer would need
to be certain that every section within the group of sections being analysed was less
susceptible to degradation. Even then, the time taken to get the water protection
zones re-classified to a lower risk category will often be longer than the time taken
to commence construction, negating the benefit that might otherwise accrue to the
road scheme.

Among locally- and state-valid legislation, constraints to road construction and
operation are usually defined in ordinances defining drinking water source protection
zones. They are defined as requirements, prohibitions and restrictions and they can
be grouped in the following way:

restrictions on areas for construction of roads and manoeuvring areas;

e technical engineering requirements for the protection of groundwater (e.g. runoff
collection / safety bunds / soakaways / pipe integrity);
traffic speed restrictions, restrictions of certain traffic types;
management control measures (e.g. cleanliness of drainage facilities, controlled
disposal of plant cuttings, periodic water sampling, etc.);

e restrictions of transport of certain dangerous and harmful substances; and
demands regarding the setting up of road signs in protected areas.

1.13 Terminology

Pavement sub-surface drainage lies at the boundary of several disciplines each hav-
ing their own special terms and notations. The book does not avoid these but, rather,
seeks to define them when they are used. To help readers, a “Glossary” is included
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(Annex C) as well as a list of terms in several languages (Annex B) and a list of
symbols (Annex D).

1.14 Conclusion

Water and road construction do not make for a harmonious couple! While water is
needed to allow efficient compaction of most of the earthworks and pavement layers
and some moisture held in pores can act to develop strengthening suction due to
capillarity effects, the overall picture is that water in the road and road sub-structure
is undesirable. Water should, if possible, be kept out. If that is impossible (and it
usually is impossible to achieve this) then efficient drains must be provided to con-
vey the water away from the loaded areas. To bring about this happy condition, the
road engineer has to understand about the response of pavement and geotechnical
materials in the presence of water, about flow routes, about the drivers of water
movement — climatic and hydrogeological — about the contaminants that can be
moved in the water and about the regulatory framework in which he or she is obliged
to operate. To successfully and economically deliver a well-behaved road is not easy
to do. Therefore the following chapters aim to provide basic and more advanced
information in all these areas. Not only do they aim to help the hard-pressed road
engineer, but also to provide environmental engineers, hydrogeologists and others
with a “language” in which to address the topics that have such an impact on every
road user — on all of us!
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Chapter 2
Water Flow Theory for Saturated
and Unsaturated Pavement Material

Sigurdur Erlingsson*, Mihael Bren¢i¢ and Andrew Dawson

Abstract This chapter describes the relation between road structures and water
giving the general water balance equation for the pavement structure. Aquifers are
briefly introduced. The pavement and its associated embankment are divided into
the saturated zone and the unsaturated zone. Porous media are also described briefly
together with their grain size distributions and fundamental properties related to wa-
ter movements. A short summary of water flow theory for saturated and unsaturated
soils is then presented, including relevant discussion of the soil water characteristic
curve and permeability of unsaturated soils.

Keywords Roads - water flow - porous media - saturated - unsaturated
permeability - soil water characteristic curve

2.1 Introduction

During the planning, design, construction, operation and maintenance of roads, wa-
ter can be an important environmental and constructional constraint that can signif-
icantly influence the bearing capacity of the pavement, the safe operation of traffic
and have a large influence on the operational costs of roads.

Due to their length, roads interact with various water phenomena. Interaction
between roads and water phenomena can be conceptualized on the basis of the
recharge area of the water that intercepts the road. These phenomena of water road
interaction can be divided into three groups:

(i) the road’s own waters;
(i1) hinterland waters; and
(iii) remote waters.
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The road’s own water is the runoff that arises as a consequence of precipitation
falling onto the carriageway and onto the associated embankment. Hinterland waters
come from the near-road environment (e.g. slopes from a cutting) and those which
are flowing towards the road embankment. Remote waters have recharge areas far
away from road but are crossing the line of the road (e.g. rivers, lakes, subterranean
groundwater flow, etc.).

2.2 Water Balance

For a better understanding of the qualitative and quantitative relationships between
water and roads, the general interaction of road to water should first be established.
The approach adopted here for this interaction analysis is by considering the water
balance.

The relation between a road and water can be defined in system theory terms
where input and output values are observed. Thus, the road and its pavement can
be defined as a system into and out of which water flows. In normal conditions the
input to the road pavement is represented by precipitation. Rainfall, or water due to
thawing, infiltrates the pavement and flows through into the surrounding environ-
ment. Reverse flow of surface or groundwater towards the pavement embankment is
also possible.

The general water balance equation can be simply defined as

P=R—ETR+IR 2.1
or
P=R—ETR+G+AS (22)

each term having units of volume/time/area [L/T] and where P represents the pre-
cipitation, R is the surface runoff, ETR represents evapotranspiration, G is the deep
percolation or the groundwater recharge, IR is the surface infiltration and AS is
the water storage change (or the net volume flux, thus ¢,,; — ¢i,) of the pavement
structure or the embankment. When some external inflow, g.,;, to the system is
present, the water balance equation is defined as

P+Goy=R—ETR+ G +AS 2.3)

The presence of external flow g,., is particularly important when we want to define
the water balance of a road that is interacting with its hinterland and, especially,
remote water bodies.

The water balance of roads and embankments is complex, depending on the
structure of the system and on the goals that have to be achieved with the water
balance model. A conceptual water balance model of a pavement-embankment sys-
tem is represented in Fig. 2.1.
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Fig. 2.1 Conceptual model of water balance on pavement — embankment system. v = vertical, [ =
lateral, ca = carriageway, su = surfacing, rb = roadbase, sub = sub-base, sc = slope/cutting,
t = trench, em = embankment and b = berm

The water balance of the road depends on the geometry of the road and on the
course of the road through the land. The water balance differs for roads where the
pavement is completely above the ground level from those roads where the pave-
ment or the complete road is below surface of the ground or even in tunnels or
covered galleries.

A detailed water balance model of the pavement addresses water flow for each
pavement component. In Fig. 2.1, water balance components are defined for the car-
riageway, surfacing, roadbase, sub-base and subgrade. Also reflected in this figure
is the important influence on the water balance of the action of water flowing in the
adjacent drainage ditches and on the slopes.

In general components of the water balance in the pavement can be divided into
two general types: the vertical component (subscript v in Fig. 2.1) and the lateral
component (subscript / in Fig. 2.1). Vertical components of the water balance rep-
resent the recharge of, or loss from, the groundwater while the lateral components
present the contribution to the total surface outflow from, or inflow to, the pavement
system.

2.3 Relation Between Road and Groundwater

According to the literature, various definitions of groundwater exist. For some au-
thors, groundwater is defined as water only in those pores that are completely
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saturated, but for others a more general definition is acceptable with the ground-
water being all the water below the ground surface either in the saturated or in the
unsaturated part.

A geological medium containing groundwater is defined as an aquifer. Aquifers
can be described as rock or soil (sediment) of high permeability that are able to store
and transmit significant quantities of groundwater. In hydrogeological terms, the
limit between an aquifer and less permeable geological media is frequently defined
with a coefficient of permeability, K, of 10~ m/s.

Figure 2.2 shows a schematic view of the regions of subsurface water in a pave-
ment structure. The upper part represents the unsaturated or the vadose zone and
the lower part represents the saturated or the phreatic zone. The groundwater table,
defined as the surface where the water pressure is equal to the atmospheric pressure,
separates them. The water content within the vadose zone is at saturation near its
base while at its upper extent it is dependent on the characteristics of the soil. The
vadose zone is divided into:

e a capillary zone. Above the groundwater table is the capillary zone or the cap-
illary fringe because water is pulled upward from the water table by surface
tension. The capability is linked to the pore size distribution of the material, the
smaller the pores the greater the extent of the capillary rise. The thickness of the
capillary fringe can vary from a few centimetres in coarse grained soils to a few
metres in fine grained soils. The pores are saturated but the water pressure is less
than atmospheric.

® an intermediate vadose zone. The second sub-region of the vadose zone is
the intermediate vadose zone where water is held by capillary forces. In sealed
pavements in good conditions, the surface layer is relatively impermeable and
the water held here should be relatively stable with water content at or near
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Fig. 2.2 Conceptual model of the relation between road and groundwater



2 Water Flow Theory

27

field capacity (the remaining water content held by a soil after it has been
allowed to drain freely), but through spring thaw or wet periods water could
migrate inwards from the shoulders resulting in temporary higher water con-
tents. In cracked pavements, on the other hand, water can move downward
from the surface through the intermediate vadose zone to the capillary zone
resulting, spatially, in periods of higher water content than the field capacity

stipulates.

e asurface water zone. The layer closest to the surface is the surface water zone.
Again, as for the intermediate vadose zone for sealed pavements in good condi-
tions the water content should be relatively constant close to the field capacity or
lower depending on atmospheric conditions. In cracked pavements on the other
hand water can enter to the granular layer through cracks or other openings dur-

ing periods of rainfalls and part of the layer may, therefore, include high water
content or even become fully saturated.

In the unsaturated zone pore spaces are only partially filled with water and the
direction of the groundwater flow is predominantly vertical. In the saturated zone,
pores are completely filled with water and groundwater flow is nearly horizontal.
The saturated aquifer zone is underlain by a low permeability basement stratum,
known as the confining bed, which acts as a hydrogeological barrier. This is a nec-
essary condition for the aquifer existence: without the barrier there would be no

saturated zone.

2.3.1 Hydrodynamic Types of Aquifers

Based on their ambient material, aquifers can be classified into three types, i.e. open,
confined and semi-confined, see Fig. 2.3.
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Fig. 2.3 Hydrodynamic classification of aquifers. K is permeability
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® A confined aquifer is bounded both above and below by relatively impermeable
materials or confining beds (such as clay or unfractured rock.) The confined wa-
ter is under pressure thus a tube extended from the surface down into the aquifer
would allow the water to rise inside the tube to a level above the top of the aquifer.

® An open aquifer is one without a confining bed above so it can be directly
recharged by rainfall.

® A semi-confined aquifer is a confined aquifer where one of the confining beds is
saturated material with low permeability which, thus, impedes the movements of
the water.

Most road structures or road embankments can be considered open aquifers.
Only under some special circumstances do they act as a semi-confined or confined
aquifers.

For pavements and their relation to groundwater (from the geometrical point of
view) perched-type aquifers are of importance. These aquifers are the consequence
of some lower permeable lenses (e.g. clays) inside a permeable aquifer. As a conse-
quence of a high coefficient of permeability of the aquifer material and favourable
infiltration into the ground, water mounds appear above the lenses. These aquifers
have no direct connections with lower lying groundwater. Usually they are very near
the surface and may cause several problems for the construction and maintenance
of the roads.

2.4 Porous Media

Roads and embankments are made up by a finite number of layers. They can be
considered as porous media that consist of aggregates or granular materials and
soils through which fluid can flow. The road layer can appear either unbound or
stabilized with bitumen or cement to increase their strength. In roads, most surface
layers have very low permeability properties and can often be treated as impervious,
at least in roads in good conditions. Usually, all others layers are permeable. The
fluid flow behaviour of the different layers is strongly dependent on their particle
size distribution and pore space openings.

2.4.1 Grain Size Distribution

The grain size distribution of unbound aggregates or soils is determined by either
sieving or by the rate of settlement in an aqueous suspension. Table 2.1 shows the
classification of soil particles or aggregates by size according to EN ISO 14688-
1 (CEN, 2002). The distribution of coarse and very coarse soil fractions can be
estimated through sieving but the size distribution of the fine soil particles needs to
be estimated in a settlement rate test (hydrometer test).
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Table 2.1 Classification of soil particles according to the size (CEN, 2002)

Soil fractions Sub-fractions Symbols Particle sizes (mm)
Very coarse soil Large boulders LBo > 630
Boulders Bo >200-630
Cobble Co > 63-200
Coarse soil Gravel Gr >2.0-63
Coarse CGr >20-63
Medium MGr > 6.3-20
Fine FGr >2.0-6.3
Sand Sa >0.063-2.0
Coarse CSa >0.63-2.0
Medium MSa >0.2-0.63
Fine FSa >0.063-0.2
Fine soil Silt Si >0.002-0.063
Coarse CSi >0.02-0.063
Medium MSi >0.006-0.02
Fine FSi >0.002-0.006
Clay Cl <0.002

Figure 2.4 shows then the grain size distribution curve for three soils where the
particle size is plotted on the x-axis and the percent mass retained (percent larger
than the given size) is plotted on the y-axis.

The uppermost curve in Fig. 2.4 includes the highest proportion of fines (typi-
cally defined as silt particles and smaller, i.e. those less than 0.06 mm (60 pwm) in
size), about 60%, and the rest are sand sized. The fines content of the middle curve
is about 4% and about 54% is sand and what remains is gravel. Finally the lowest
curve only has about 1% fines, sand forms about 23% of the material and the rest is
gravel.
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Fig. 2.4 Three different grain size distribution curves
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Based on the grain size distribution curve three parameters are frequently deter-
mined, that is the effective size D), the uniformity coefficient C, and coefficient
of gradation C,. The parameter D) is the diameter of the largest particle that can
be found in the smallest 10% of the particle-size distribution curve. The uniformity
coefficient C,, and coefficient of gradation C,. are given as:

D¢
C,=— 2.4)
D
DZ
C. = 3% 2.5)
“" Do Dio

where D3 and Dgp are the diameter on the particle-size distribution curve, similar
to Djp but corresponding to 30% and 60% finest fractions respectively. These three
parameters are sometimes used to estimate the saturated coefficient of permeability
of some types of soils.

2.4.2 Porosity

Porosity is defined as the space inside a rock or sediment (soil), consisting of pores.
The total volume of pores is defined as the total porosity. For water, only those pores
that are interconnected are important. The interconnected part of the pore system is
defined as the effective porosity. The porosity can be described as a three phase
system comprising solids, water (liquid) and air (gas), see Fig. 2.5.

The definition of porosity, n, of an aggregate skeleton is the ratio of volume of
voids and its bulk volume or:

n= VV (m®/m?) (2.6)

Void ratio, e, is, on the other hand, defined as the ratio of the same volume of voids
but now over its aggregate volume or:
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Fig. 2.5 A three phase diagram of an unsaturated element of aggregates
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Vy
e=1r (m*/m?) 2.7)

A simple relationship exists between the porosity and the void ratio, that is:

Vi
=7 n (2.8)

The porosity represents the total amount in a unit volume that can be filled with wa-
ter. The volumetric water content, 6, is defined as the volume of water of a specific
element to its total volume or:

0 = % (m*/m?) (2.9)

and gives therefore the actual fraction of water in the pores. It is therefore obvious
that the volumetric water content must lie within the range 0 < 6 < n.

The gravimetric water content, w (also referred to as the gravimetric moisture
content), is on the other hand defined as the ratio of mass of water of an element to
its mass of the solids or

ny,
w =

(kg/kg) (2.10)

s

Gravimetric water content is a much more commonly used measure than the
volumetric water content. Therefore, unless stated otherwise or as required by the
context, the gravimetric water content is indicated by the short form ‘water content’.

There is a simple relationship between the gravimetric water content, w, and the
volumetric water content, 6:

w_mw_mw'g_pw'vw_p_w
mg  mg-g pa-V Pd

0 @2.11)

where p,, is the water density, p, is the dry density of the material and g is the
acceleration due to gravity. The degree of water saturation is the volume of water
per volume of void space, or:

S,=2=22 (2.12)

The saturation range becomes, therefore 0 < S, < 1 (100%).

Porosity of a geological material can change with time. According to their origins
two types of porosity can be recognized, that is a primary and secondary porosity.
The primary porosity refers to the original porosity of the material where the sec-
ondary porosity refers to the portion of the total porosity resulting from diagenetic
processes such as dissolution, post compaction, cementation or grain breakage.
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2.5 Darcy’s Law

Water flows though porous media from a point to which a given amount of energy
can be associated to another point at which the energy will be lower (Cedergren,
1974, 1977). The energy involved is the kinetic energy plus the potential energy.
The kinetic energy depends on the fluid velocity but the potential energy is linked to
the datum as well as the fluid pressure. As the water flows between the two points a
certain head loss takes place.

From an experimental setup as shown in Fig. 2.6, the total energy of the system
between points A and B is given from Bernoulli equation as

2 2
u v u Vv
—A+—A+ZA=—B+—B+ZB+A]1 (2.13)
owg 28 Pug 28

where u and v are the fluid pressure and velocity respectively, z is elevation above
the datum line and % is head loss between point A and B that is generating the
flow. As velocities are very small in porous media, velocity heads may be neglected,
allowing head loss to be expressed as:

u u
h:(—A+ZA>—< 5 +ZB> (2.14)
Pw8 Pw&
Darcy related flow rate to head loss per unit length through a proportion constant

referred to as K, the coefficient of permeability (also known as the coefficient of
hydraulic conductivity) as:

v=—K— (2.15)

v y Datum

Fig. 2.6 Head loss as water flows through a porous media. Where u = pore water pressures,
h = heads, z & L = distances
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or in more general terms, at an infinitesimal scale:

dh
V= —K— = —Ki (2.16)
dl

where dh is the infinitesimal change in head over an infinitesimal distance, dI, and
i is the hydraulic gradient of the flow in the flow direction. The above equation is
known as Darcy’s law and governs the flow of water through soils (see Eq. 1.2).

It should be pointed out that Darcy’s law applies to laminar, irrotational flow
of water in porous media. For saturated flow the coefficient of permeability may
be treated as constant provided eddy losses are not significant (see below). Above
the groundwater table, in the unsaturated zone, Darcy’s law is still valid but the
permeability will be a function of the water content, thus K = K (6,,), as described
in Section 2.8.

Darcy’s law can easily be extended to two or three dimensions. For three dimen-
sions using a Cartesian coordinate system Darcy’s law is given for a homogeneous
isotropic medium as

oh oh oh
vy =—K—, vy =—K—, v, =—K— (2.17)
0x : ay 9z

which, in matrix notation, can be written as:

- oh

0x

Vy K 0 0 oh
vy, |=—| 0 K 0 7 (2.18)

v, 0 0 K Y

oh

L dz |
which can be, in turn, be written as:

v=—-K-Vh (2.19)

In the case that the porous media shows anisotropy, the permeability matrix be-
comes in the general case:

Kxx ny sz
K= Kyy Ky, (2.20)!
sym K.,

If, further, the medium is inhomogeneous each of the above given coefficients
in the permeability matrix may vary in space (Bear and Verruijt, 1987). For most

I'sym = symmetric.
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highway engineering problems the porous media, that is each layer, can be assumed
homogenous and isotropic.

For very coarse grained soils or aggregates, some of the voids in the material
become quite large and the assumption of a laminar flow of water is no longer
valid. Instead of irrotational flow, eddy currents develop in the larger voids and/or
the flow may become turbulent involving more energy loss than in a laminar flow.
For these circumstances the hydraulic gradient in Darcy’s law can be replaced with
Forcheimer’s law:

v 1)2

i= X + I (2.21)
where two coefficient of permeability, K; [LT~'] and K, [L>T~2], are now required
to describe the behaviour.

In highway practice this means that coarse aggregates with large pores — such as
those which comprise typical granular base courses — must be tested at low hydraulic
gradients to ensure laminar flow is maintained and that appropriate values of K are
obtained. This aspect is covered further in Chapter 3, Section 3.3.1 (see Fig. 3.7 in
particular).

2.5.1 Factors Affecting Permeability

Predicting the saturated permeability of soils or aggregates based on theoretical con-
siderations has turned out to be difficult as permeability is dependent on a number of
factors such as grading, void ratio, soil texture and structure, density and water tem-
perature (Cedergren, 1977). Therefore, several empirical equations for estimating
the permeability have been proposed in the past. These equations frequently include
parameters linked to the grading curve of the material or their void ratio.

Hazen (1911) proposed an equation of the permeability of loose clean filter
sand as:

K =cDj}, (2.22)

where ¢ is a constant that varies from 1.0 to 1.5 when the permeability K is in
cm/s and the effective size Djq is in mm. Hazen’s equation is only valid for limited
grain size distributions of sandy soils. A small quantity of silt or clay particles may
change the permeability substantially. It is seldom a good means of estimating K as
illustrated by Fig. 2.7.

Another form of equation that has been frequently used in estimating the perme-
ability of sandy soils is based on the Kozeny-Carman equation (Das, 1997; Carrier,
2003):

(2.23)
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Fig. 2.7 Illustration of mis-match between Hazen’s estimation and measured values from road
aggregates (adapted from Jones and Jones, 1989)

where ¢ is a constant. Samarasinghe et al. (1982) proposed a similar equation for
normally consolidated clays:

(2.24)

where n and ¢ are experimentally determined parameters. These equations are al-
most certainly improvements over Eq. 2.22.

2.6 Filter Design

Pavement structures consist of material layers with different grain size gradations
and different mechanical as well as permeability properties. As water will flow
through the structure it is important that migration of a portion of the fines from
one layer to the next will not take place. To achieve this, the principles of fil-
tration/separation must be applied at each interface (Cedergren, 1977). This is of
special interest where water flows from fine grained material into a coarser grained
material on its way out of the structure.

In applying the filter criteria the material to be drained is frequently referred to
as the base material and the new material to be placed against it the filter material.
The filter criteria stipulate that the filter needs to fulfil two functions:
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e water needs to drain freely through it (filtration function or permeability criteria);
and

e only a limited quantity of solid particles are allowed to move from the base layer
into or through the filter layer (separation function or piping requirement). This
criteria is set as otherwise the coarse grained material could be filled or clogged
with time.

These two functions are in conflict with each other as filtration requires a high
discharge through the filter while separation requires this to be small. The conditions
of these two requirements can be expresses as:

Ds Ds
— >4w05 & —> <405 (2.25)
Dys 85

where le 5 is the diameter in the particle-size distribution curve for the filter material
corresponding to 15% finer and Dfs and Dgs are the diameter in the particle-size
distribution curve for the base material corresponding to 15% and 85% finer respec-
tively. The application of these issues is presented in Chapter 13, Section 13.3.9.

2.7 Water in the Vadose Zone

The groundwater table is defined as the locus of points at atmospheric pressure.
Below the water table the pore water pressure is positive and in a hydrostatic state,
while the pore water pressure increases linearly with depth. Above the groundwater
table, in the vadose zone, water only remains in the pores due to capillary action. The
water pressure is then negative or less than the atmospheric pressure and capillary
pressures, known as matric suctions, exist. Large matric suctions correspond to large
negative water phase pressures and soils under such conditions usually have low wa-
ter saturations. Furthermore, both the water content and therefore the permeability
are nonlinear functions of these capillary conditions.

In unsaturated soils, pore spaces are filled with both water and air. The water
is held in the soil pores by surface tension forces. These lead to a pressure dif-
ference between the air and water in the porous medium, as long as the interface
is curved. As the curvature of the interface between the two phases — the air and
the water — changes with the amount of water (or moisture content) in the soil, the
matric suction is dependent on the water content. This relationship is non-linear,
greatly complicating analyses of water flow through unsaturated soils.

The capillary conditions are described by the matric suction, s (expressed in pres-
sure terms) or can be described in terms of the matric potential, ¥, which represents
the height (head) of a column of water that could be induced by such a suction.
Although negative with respect to zero (i.e. atmospheric pressure), ¥ and s are
usually expressed as positive quantities and are simply related as follows:
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U= (2.26)
Pw8

where p,, is the density of water and g is the acceleration due to gravity. Matric
suction is related to the phase pressures and interface curvature by the relationship:

20'i
S=U, — U =

(2.27)

I'e

where u, and u are the air and water pressures, respectively, o; is the interfacial
energy or the surface tension and r, is the average radii of curvature as illustrated in
Fig. 2.8.

In the unsaturated zone, because part of the soil pores are filled with water while
the rest is filled with air, therefore the sum of the volumetric water, 6, and air, 6,,,
contents must be equal to the total porosity, n:

0+0,=n (2.28)
This equation may also be written in terms of water saturation, S,, that is
S+ S, =1 (2.29)

where S, is the air saturation content.

To understand the distribution of water in the unsaturated soils we may consider
a soil mass that is initially dry. Upon addition of water, the water is first adsorbed
as film on the surface of the soils grains. This thin skin of adsorbed water is usually
called pellicular water (Bear, 1972) and is held strongly by van der Waal’s forces
and can hold very high matric suctions. Thus even if a matric suction of tens of
atmospheres were applied this water would not be removed from the soil.

If water is further added, water starts to accumulate at the contact point between
the grains that represent the smallest pore space openings. This water is referred to
as the pendular water. The pendular water is held at the contact points by capillary
forces. Capillary forces are caused by the presence of surface tension between the
air and the water phases within the soil voids and causes water to move into the

Fig. 2.8 (a) Distribution of
water in a porous media. (b)
Curved interface separating
water and air phases
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smallest pores. At this stage water movement through the soil skeleton is slow even
under large hydraulic gradients because the water is forced to move along the thin
film of adsorbed water. As the water content increases the film get thicker and water
moves more easily.

As the water content continues to increase the water saturation reaches the stage
where air becomes isolated in individual pockets in the larger pores and flow of air
is no longer possible. This saturation is called insular saturation. These air pockets
may dissolve leading to full water saturation of the soil.

2.7.1 The Soil Water Characteristic Curve (SWCC)

The soil water characteristic curve (SWCC) provides the relationship between the
matric suction and water content for a given soil. In fact, calling the curve “character-
istic” is something of a misnomer as the relationship is not solely a function of the soil
type, but varies with (for example) temperature, pressure and pore water chemistry.
A typical soil water characteristic curve for sand and clay can be seen in Fig. 2.9a.

Figure 2.9 shows clearly that, even at very high matric suctions (capillary pres-
sures), all the water cannot be removed from the soil. The residual (or the irre-
ducible) water content, usually denoted 6, (and in a similar way the irreducible
water saturation, S,,) is the water content that is not removed in the soil even when
a large amount of suction is applied.

Capillary pressure Capillary pressure

A A

clay

drainage

wetting

A 4

Moisture content, 6 [% by vol] Moisture content, 6 [% by vol]

Fig. 2.9 (a) Typical characteristic curves for coarse grained (gravel, sand) and fine grained soils
(clay, silt). (b) Soil water characteristic curve showing drainage, wetting and scanning (intermedi-
ate) curves. The dotted line represents the irreducible (residual) water content

2.7.2 Hysteresis Behaviour

For most soils the soil water characteristic curve (SWCC) shows hysteresis. This
means that the s — 6 (or the ¥ — 6) relationship depends on the saturation history
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as well as on the existing water content. Figure 2.9b shows the SWCC for drainage
and wetting conditions. The upper curve corresponds to a soil sample that is initially
saturated and is drained by increasing the matric suction (capillary pressure), hence
the drainage curve. The lower curve is called the wetting curve and gives the re-
wetting of the soils with corresponding decrease in capillary pressure. If a wetting
or a drainage process is stopped between the two endpoints and a reverse process is
starting the scanning curves (indicated by arrows) are followed.

2.7.3 Analytical Models of the SWCC

There is a number of parametric models that have been suggested in the literature
for describing the matric potential’s dependency on water content (matric poten-
tial being defined in Eq. 2.26). The models are all empirical and two frequently
used are the power law model suggested by Brooks and Corey (1964) and the
model suggested by van Genuchten (1980). For further details, see Fredlund and
Rahardjo (1993), Fredlund and Xing (1994) and Apul et al. (2002).

The Brooks and Corey (1964) model is given as:

¥,

®=1 for ¥ <Yy, @:(
v

)
) for ¥ >y, (2.30)

where the normalized water content, @, is defined as:

G_Gr_Sr_Srr

e = =
n—o, 1-S,,

2.31)

The parameters 6, and S,, are the irreducible (residual) volumetric water content
and irreducible (residual) saturation respectively. The parameter ¥, is the air entry
value and the parameter A is called the pore size distribution index. The air entry
value of the soil, ¥, is the matric suction at which air starts entering the largest
pores in the soil (Fredlund et al., 1994). The parameter A characterizes the range of
pores sizes within the soil, with larger values corresponding to a narrow size range
and small values corresponding to a wide distribution of pore sizes.

The van Genuchten (1980) model relates the water content to the suction charac-
teristics and is given as:

1 M
0= [m} (232

where «, N and M are experimentally determined parameters. Based on Mualem’s
(1976) relative permeability model the parameters N and M are related as follows:

1 1
M=1—— or N=—— (2.33)
N 1-M
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According to Fredlund and Xing (1994) this constraint between the parameters M
and N reduces the flexibility of the van Genuchten model. They further claim that
more accurate results can be achieved leaving the two parameters without any fixed

relationship. Their model is a somewhat more general than the others and is based
on the pore size distribution of the medium. It is given as:

M
1

0=n m (2.34)

where «, N and M are now different parameters to those of the van Genuchten
model and also need to be estimated experimentally, but where n is the porosity
and ¥ is the matric potential in metres, as before (see Eq. 2.32). Figure 2.10 shows
two typical soil water characteristic curves (SWCC) according to the van Genuchten
model for coarse grained (unbroken line) and fine grained soils (dotted line) respec-
tively. The parameters used for the two curves are given in Table 2.2.
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Fig. 2.10 Typical SWCC for a coarse (unbroken line) and fine grained (dotted line) soil using the
van Genuchten’s model. The parameter used to plot the curves are given in Table 2.2

Table 2.2 Typical SWCC parameter for a coarse and fine grained soils according to the van
Genuchten model

Porosity  Residual volumetric

Residual Saturation van Genuchten model
water content

parameters

n(-) 0r (-) Srr () M) N()  a(m')
Sand 0.35 0.05 0.143 0.8 5.00 0.03
Clay 0.50 0.22 0.440 0.4 1.67 0.01
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2.8 Permeability in Unsaturated Soil

Water flow in unsaturated soils is primarily dependent on the volumetric water con-
tent, matric suction and on the gravitational potential. Due to the presence of air
within part of the pores, water movements are obstructed and flow is only achieved
through the finer pores or in films around the soil particles. The permeability (or
“hydraulic conductivity”) of unsaturated soils is, therefore, reduced compared with
fully saturated soils due to the presence of air in the porous media. Usually the
permeability of unsaturated soils is given as the water-relative permeability defined
as the ratio of the permeability at a specific water content to its permeability under
fully saturated conditions, thus:

K., (0)

krw (9) = K

(2.35)
where k,,,(0) is the water-relative permeability, K,,(0) is the water permeability —
both being functions of the volumetric water content, 6 — while K is the saturated
coefficient of permeability. Brooks and Corey (1964, 1966) suggested that the water-
relative permeability could be estimated as

bw@ =07 (2.36)

where X is a the pore size distribution index and @ is the normalized water content.
Based on Mualem’s model (Mualem, 1976) van Genuchten (1980) expressed the
water-relative permeability as:

2

M
ke (0) = VO - (1-(1—@%) ) (2.37)
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Fig. 2.11 Water-relative permeability for a coarse (unbroken line) and fine grained (dotted line,
mostly to the right in each figure) soil using van Genuchten’s equation. The parameters used to
plot the curves are given in Table 2.2
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where M is the same experimental parameter as given in the van Genuchten’s
SWCC.

Figure 2.11 shows clearly that the permeability of a porous medium varies sig-
nificantly with the suction or the volumetric water content (or degree of saturation
as S, = 6/n). A reduction in the degree of saturation from fully saturated soil to
80% results in a relative permeability of only 36% of the saturated permeability for
the sand and 18% for the clay respectively in the above figure. Hence, modelling
water movements in pavement structures needs to address this to obtain a realistic
movement of the water flow.

2.9 Drainability

Broadly graded aggregates, as typically used in granular base and sub-base layers
of the road construction have relatively small pores as the large pores between the
coarser particles are mostly filled with smaller particles. This means that coefficient
of permeability values, as characterised by the Darcy coefficient, K, are relatively
low. Laboratory testing of typical sub-base aggregates has revealed hydraulic con-
ductivity values that are usually less than 10~ m/s in the unlikely even of saturation
(Jones and Jones, 1989) and as low as an effective value of 10~° m/s when, more
normally, in a partially saturated state.

A second implication is that the pores will have a measurable suction ability.
Hence dryer aggregates will usually show an ability to pull water towards them.
There is a draft CEN standard (1999) for the evaluation of the suction height (i.e. of
matric potential which is an indirect measure of the suction capacity of the aggre-
gate). Figure 2.12 shows a result obtained by a similar method in which a column of
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aggregate, compacted near its optimum water condition into a pipe, was stood with
its lower end in a free supply of water (Jessep, 1998). It will be seen that almost no
water drains from the material as originally compacted, even 0.5 m above the water
supply level, but there is evidence of a large suction capability pulling in signifi-
cant volumes of water near the base such that the lower aggregate is close to being
saturated. This observation leads to the questioning of drainage design practice that
is based on the assumption of the free drainage of saturated aggregate. Such an
assumption often ignores an aggregate’s matric (suction) potential.

The type of result in Fig. 2.12 confirms that the theoretical approach prediction
of McEnroe (1994) is broadly correct. McEnroe applied the van Genuchten (1980)
characterisation of the moisture — suction relationship, Eq. 2.32, to obtain a
saturation ratio-suction relationship. A parallel saturation ratio-permeability rela-
tionship allows a relationship between permeability and suction to be established.
On this basis McEnroe showed that more than 50% of a typical granular ma-
terial’s void space will be undrainable if the hydraulic conductivity is less than
7.5x10~*m/s. Taking McEnroe’s and Jesseps’s (and similar observations) together,
it follows that most graded aggregate bases and sub-bases are difficult or impossible
to drain by gravity. With highway aggregate layers often less than 1m above the
water table this would mean that they could more easily act to attract water than to
drain it.

2.10 Conclusions

In the highway and near-highway environment, much of the road construction and
the naturally occurring or imported soils are in a partially saturated condition. As the
chapter has shown, the effect of this partial saturation is to cause suctions to exist
within the pores of the component soils and aggregates. Water flow is also made more
complex to predict as the basic theory of permeability has to be adapted to model the
real movements of water through the pores. The degree of saturation that exists is very
dependent on the boundary conditions and small changes, e.g. by rainfall infiltrating
through cracks in an asphalt road’s surface, may significantly effect the saturation
levels and the retained soil suction. As will be shown in Chapters 8 and 10, these
changes can have major effects on the mechanical behaviour of the soil or aggregate
concerned and, thus, the behaviour of the road and earthworks can be very sensitive
to such changes. Accordingly, it is important that we are able to predict the suction
and the ease of drainage. These two abilities are very important tools with which
drainage schemes may be assessed and the consequent performance of the highway
asset evaluated. They are also required if we are to be able to compare alternative
remedial strategies or to make long-term predictions of material and soil behaviour.

With increasingly sophisticated water regime modelling programs available for
personal computer use, the parameters discussed in this chapter are becoming the
basic inputs for ever-more routine analyses. Furthermore, the water flows that such
computer codes predict now allow users to undertake environmental analyses on
contaminant movement. Once again, to achieve, this the basic parameters outlined
in this chapter will be needed.
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Chapter 3
Measurement Techniques for Water Flow

Sigurdur Erlingsson*, Susanne Baltzer, José Baena and Gunnar Bjarnason

Abstract The chapter describes different measurement techniques for water-flow-
related phenomena in pavements and embankments, i.e. water content, permeability
and suction. For estimating the water content the gravimetric method is described as
well as non-destructive methods such as neutron scattering, time domain reflectom-
etry and ground penetrating radar. Then methods for estimating both the saturated
and the unsaturated permeability of soils and granular materials are described. Both
steady-state and unsteady methods are mentioned. Finally, common methods for
measuring soil suction are briefly introduced.

Keywords Water flow - measurements - water content - permeability - suction

3.1 Introduction

Water entering a pavement structure migrates as moisture through the structure. The
amount of water penetrating the pavement is dependent on precipitation, drainage,
design of the road structure, type and condition of the surface layer (cracks, joints)
and shoulders and the materials in the pavement, subgrade and subsoil. Seasonal
fluctuations in temperature, i.e. freezing and thawing, can also provoke moisture
flow inside the pavement structure. An excess of water can cause a lower bear-
ing capacity of the pavement structure and reduces pavement life (see Chapters 8
and 10). Also of concern is transport of contaminants with the liquid fluxes from the
road and into the environment (see Chapter 6). As pavement deterioration can be
reduced by proper drainage it is important to be able to measure the water content
in order to understand how water moves within the road structure.

Predictions of water flow and contaminant transport in unsaturated soils should be
based on an accurate description of the subsurface conditions including the aggregates

* Co-ordinating Author:

P S. Erlingsson

Haskoli fslands/University of Iceland, Iceland & Statens vig-och transportforskningsinstitut/
Swedish National Road and Transport Institute, Sweden

e-mail: sigger@hi.is

A.R. Dawson (ed.), Water in Road Structures, DOI 10.1007/978-1-4020-8562-8_3, 45
© Springer Science+Business Media B.V. 2009



46 S. Erlingsson

and hydrological properties of the materials involved. Therefore measurements of the
fundamental parameters regarding flux of water need to be carried out. This also helps
to set the initial conditions for analysis in water flow modelling.

The most important parameters related to the movement of water through pave-
ment structures are the quantity and spatial distributions of moisture inside the pave-
ment, the coefficient of permeability of individual layers and their matric suctions.
These parameters can be determined experimentally, either in the field or in the
laboratory, by various techniques. The most common of these methods used in road
engineering will be briefly described in this chapter.

3.2 Water Content

A fundamental parameter that characterises the water movement in pavements is
the water content. This provides information on the condition of the road layers
regarding the moisture saturation stage, which controls the main parameters in the
governing equations for water flow (see Chapter 2, Section 2.8). A number of meth-
ods are available for measuring water content. They can be divided into destructive
methods (gravimetric methods) and non-destructive methods that provide indirect
measurements of the water content.

3.2.1 Gravimetric Method

The simplest and most widely used method to measure the soil water content is
the gravimetric method where a soil sample is taken and weighed, dried in an oven
at 105°C for 24 h and then reweighed. To shorten the drying period a microwave
oven can be used as an alternative, although this method introduces the possibility
of removing chemically bonded water which would lead to an over-estimation of
water content. The gravimetric water content, w, is the mass of water per mass of
dry soil (see Eq. 2.10) or

W, =Wy
= =W

w (3.1

where W, is the total (or “bulk”) weight of the soil and W, is the dry weight of the
soil.

This method has two major drawbacks: the sampling is destructive for the road
and the method can not be used to make in-situ measurements in real time. However
it is an accurate method and is often used to calibrate other measurement techniques.

3.2.2 Non-destructive Methods

A number of methods exist for estimating the soil water content of road materials in
a non-destructive way assuming that the instruments are placed in the road during
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the construction phase. They are all indirect methods as they involve measurements
of some property of the material affected by the water content or they measure a
property of some object placed in the material. Some of the more common indirect
methods used in the highway environment are briefly described here.

3.2.2.1 Neutron Scattering Method

In the neutron scattering method a tube acts as a radioactive source and a detector.
The radioactive source is placed at the end of a rod inserted into a pre-made hole
to a depth of, typically, 150 and 300 mm. High energy neutrons are emitted from
the source and the neutrons collide with nuclei of atoms in the surrounding soil,
thus reducing the energy level of the neutrons. They are slowed substantially by
collision with nuclei of similar mass, usually hydrogen atoms, making this tech-
nique sensitive to water content. Therefore the proportion of neutrons returning
to the tube’s detector is proportional to the water content of the soil the neutrons
have travelled through (Hignet & Evett, 2002; Veenstra et al., 2005). As the neutron
scattering method is based on radioactive decay, any other radioactive elements that
are present, for example inside the pavement structure, may affect the results.

The neutron scattering method is frequently used along with gamma ray atten-
uation in nuclear moisture-density devices where both water content and density
measurements are provided (see Fig. 3.1). The gamma ray attenuation method uses
a beam of gamma rays emitted from a radioactive isotope of caesium that is sent
through a soil sample of known volume and measured by a detector. The hydrogen
atoms in the water scatter neutrons and the amount of scatter is proportional to the
total unit weight of the material.

Neutron scattering is an accurate and precise method for soil water content mea-
surements. However it cannot be left unattended due to its radioactive source and
can therefore not be used in an automated monitoring programme.

Fig. 3.1 An example of
equipment where the neutron
scattering method is
combined with the gamma
ray attenuation method is this
Troxler instrument. Courtesy
of the Danish Road Institute
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3.2.2.2 Time Domain Reflectometry Techniques

Time Domain Reflectometry (TDR) is a non-destructive electromagnetic technology
that utilises the relationship between the relative permittivity (usually known as the
dielectric constant, «,) of porous materials and their water content. Dry soils have
values of dielectric constant of around 2—6 but water about 79-82 depending on
wave frequency and water temperature. As the water content of the soil increases
the dielectric constant also increases and is therefore an indirect indicator of the soil
water content (Topp et al., 1980; Topp & Davis 1985; Svensson, 1997; Hillel, 1998;
O’Connor & Dowding, 1999).

Time Domain Reflectometry is nowadays the most common technique for mon-
itoring water content in pavement structures and subgrades. Topp et al. (1980) used
TDR to measure permittivity of a wide range of agricultural soils and developed
an empirical relationship between the permittivity and the volumetric water content
which made it possible to use TDR in monitoring the water content of a given soil.
A schema of a TDR probe is shown in Fig. 3.2 (Ekblad, 2004). Usually the probes
have 2 or 3 rods of length, L (normally approximately 300 mm in length). They act
as a wave guide while a transmitter inside the probe generates a pulse of frequencies
up to 1 GHz which propagates along the metal conductors of the sensors. An electro-
magnetic field is therefore established around the probe. The pulse is reflected back
to the source at the end of the conductors. The transit time of the pulse is therefore
estimated according to

2L
== (3.2)

where c, is the velocity of the electromagnetic pulse, L is the probe length and 7 is
the transit time.

The determination of the dielectric constant is thereafter achieved from the basic
equation

e, = —2 (3.3)

A Kr o U

in which ¢y is velocity of light, «, is the dielectric constant and p, is the relative
magnetic permeability. Most soils are practically nonmagnetic, thus their relative
magnetic permeability is close to unity. Roth et al. (1992) investigated ferric soils

Fig. 3.2 Schema of a ) e
TDR-probe. Dimensions are o
in mm (Ekblad, 2004). —
Reproduced by permission of L - - g
Jonas Ekblad I 108 ! 305
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and could not find any influence of magnetic properties on the volumetric water

content. By inserting ¢, from Eq. 3.2 and rearranging, the dielectric constant can be
estimated as

(cot)?
Ky =
412

(3.4)

where the relative magnetic permeability has been set to unity.

TDR moisture probes express their readings as a volumetric water content 6,
defined as in Eq. 2.9 which can be related to gravimetric water content, w, as
in Eq. 2.11. The volumetric water content is obtained via a relationship with the
relative dielectric constant which is based on an empirical approach. A number of
relationships exists which, frequently, have been derived using regressions analyses.
Topp et al. (1980) gave the relationship as:

6 =-53x102+292x 1072, —55x 107> +43 x 107%>  (3.5)

Their analysis was based on a variety of soil types although many were low density
agricultural soils. Jiang and Tayabji (1999) derived a similar third-order polynomial
relationship for coarse grained soils as:

6 = —5.7875x 1072 43.41763 x 102k, — 1.3117 x 103k>4+2.31 x 107« (3.6)

Thus, by combining either Eq. 3.5 or Eq. 3.6 with Eq. 3.4, it is possible to relate
volumetric water content to transit time.

It is not uncommon that TDR sensors can measure transit time with a resolution
of 10 picoseconds, which corresponds to a water content of approximately 0.1% by
volume. Figure 3.3 shows readings from a TDR probe over a seven month period,
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Fig. 3.3 Gravimetric water content in a sub-base layer at 25 cm depth in a low volume road. The
readings were carried out at three hour intervals
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starting in the autumn of 1999, at a depth of z = 25cm in a sub-base layer in
SW Iceland (Erlingsson et al., 2000; 2002). Gravimetric water content is plotted
after Eq. 2.11 has been applied to the TDR readings. In the period October to late
November the actual water content decreased at a slow rate, with irregularities due to
rainfalls. The freezing period started in late November which can be seen as a rapid
drop in the water content. As the soil was frozen the TDR registration represents
the unfrozen water content but not the actual water content in the layer. A two week
long thawing period can be seen in January 2000. The spring thaw period started in
early March and influenced the water content in the sub-base for more than a month.

3.2.2.3 Ground Penetrating Radar

In Ground Penetrating Radar (GPR), electromagnetic waves are sent out from a
transmitter on or above the ground surface and picked up by a receiver after pene-
trating and returning from the soil. The velocity of the electromagnetic wave propa-
gation in soils is dependent on the soil bulk permittivity modulus (Grote et al., 2003).
Thus the underlying principles of the GPR soil moisture measurements are the same
as those of Time Domain Reflectometry except that in TDR the electromagnetic
waves travel along a waveguide whereas with GPR the propagated electromagnetic
waves are unconstrained. GPR therefore has the potential to cover a much larger
soil volume than does TDR. GPR can be air launched or surface launched or used
in boreholes and is completely non-invasive, whereas TDR requires the penetration
of rods (waveguides) into the pavement structure.

GPR is primarily used to estimate material thickness but can also detect cables,
culverts, steel wire net, the water table and frost depth, but as mentioned it can also
be used to measure the dielectric value and therefore water content.

The resolution and depth range of the electromagnetic wave depends on the fre-
quency used and the properties of the medium. Low frequency antennas 100. ..
500 MHz have good penetration and depth range but lower resolution, whereas high
frequency antennas 500 . .. 1000 MHz have a lower depth range, but they give better
resolution. With a 400 MHz antenna the depth range is typically 3.5-5m and the
resolution 8—10 cm. With a 1000 MHz antenna the depth range is below 1 m, but the
minimum resolution is 3—4 cm.

Figure 3.4 shows results from a GPR survey from Finland for a low-volume road
structure. In the figure only the overlays can be clearly identified as the underlying
layers are an old “unconstructed” local road. The figure allows comparison of GPR
data with the results of a Falling Weight Deflectometer (FWD) assessment'. FWD
testing can give an indication of weak subsoil in the form of a high BCI-index value
as seen in Fig. 3.4 at station 5050 m (middle histogram). The figure also shows a
high Surface Curvature Index (SCI) and a low stiffness (E;). At the same location,
the 400 MHz ground radar image shows a strong reflection on the (wet?) boundary

I Reference should be made to Chapter 10, Section 10.3, and to Eqs. 10.1-10.4 for an explanation
of FWD assessment and of BCI and SCI.
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Fig. 3.4 Ground penetrating radar images using a 1 GHz antenna (top) and 400 MHz antenna (mid-
dle) along with FWD parameters (SCI, 10xBCI, E,) (bottom) from a 200 m long section on a low
volume road in Finland. SCI and BCI are the Surface and Base Curvature Indices, respectively, and
E; is the stiffness of the pavement structure. See text for explanation

of the subsoil at a depth of 0.6-1 m. Elsewhere the boundary is not clear, which
may then indicate mixing of subsoil and structure material by frost. The 1 GHz
GPR image (top) shows that attempts to compensate for the weak road conditions
have been made by adding new surface pavement layers, one after another, up to a
thickness of 13—25 cm. Perhaps a better drainage system is the proper solution. The
400 MHz image also shows a culvert at Im depth close to station 5000 m and that
the very wet zone due to a frost susceptible layer continues between stations 5030
and 5100 m.

Radar images can give information on the appropriate depth and location for such
a solution. The information is even more clear after the radar image is transferred
onto a true longitudinal profile. What can be seen from ground radar images partly
depends on the conditions (e.g. wet season and more clear wet boundaries; ground
water level) or time of the year (e.g frost boundary or its absence at rock).

3.2.2.4 Capacitance Measurements

Capacitive sensors measure the resonant frequency of an inductance-capacitance
(LC) tuned circuit where the soil located in between two flat waveguides is the
dielectric material. The inductance is kept constant and the resonant frequency f
measured and therefore the capacitance can be calculated from
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1
- 27L,C,

where L, is the inductance and C, is the capacitance. The capacitance C, is a
measure of the relative bulk dielectric constant of the soil and is a function of the
water content of the soil (Veenstra et al., 2005). As with all dielectric moisture-based
sensors, calibration is necessary for an accurate determination of the water content.
Starr and Paltineanu (2002) give an overview of the current capacitance methods,
their instrumentation and procedures.

f (3.7

3.2.2.5 Other Methods

A number of other methods exist for estimating soil water content such as nuclear
magnetic resonance (NMR), which can detect nuclear species that have a magnetic
moment or spin. As hydrogen has a nuclear spin of 1/2 the NMR technique can be
used to estimate water content in soils. This is a fast and non-destructive method
with high accuracy in uniform samples. However the method is costly, not suitable
for field use and highly dependent upon sample calibration and is therefore not used
in soil studies or in applications related to roads (Veenstra et al., 2005).

Near infrared reflectance spectroscopy (NIRS), seismic methods and thermal
properties are all methods that can be used for estimation of soil water content.
Although they are in many respects good and accurate methods, they all have some
drawbacks making them non-suitable as routine methods to be used in the pavement
environment. In the first two methods the calibration process is complex or difficult
to perform due to the influence of other factors, and assessing the thermal properties
of the soil is costly and needs a long measurement time relative to other methods
(Veenstra et al., 2005).

3.3 Permeability Testing

The permeability of soils is a material parameter that relates the rate of water flow to
the hydraulic gradient in the soil and, therefore, determines the material’s suitabil-
ity for drainage layers. An embankment usually consists of compacted materials.
The compaction often results in anisotropy such that the vertical and the horizontal
permeability properties are not equal. For road construction layers, water move-
ments below the ground water table are almost entirely horizontal and thus it is
the horizontal permeability that should be measured. Above the groundwater table
in the unsaturated zone the movement of water is much more complex, involving
vertical as well as horizontal components depending on material parameters such as
temperature, water content and matric suction.

Some typical values of the coefficient of permeability for saturated soils are
shown in Table 3.1.
The permeability of soils can either be estimated in saturated conditions or for par-
tially saturated conditions. If the permeability of soils is estimated from saturated
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Table 3.1 Typical values of the coefficient of permeability of saturated soils

Soil Coefficient of perm. K (m/s) Degree of permeability
Gravel > 1073 Very high

Sandy gravel, clean sand, fine sand 103> K >10"° High to medium

Sand, dirty sand, silty sand 109> K > 1077 Low

Silt, silty clay 107> K > 107 Very low

Clay <107° Virtually impermeable

samples and the unsaturated permeability is sought, the Soil Water Characteristic
Curve (SWCC — see Chapter 2) can be used to predict the permeability for a speci-
fied volumetric water content (Fredlund & Rahardjo, 1993).

3.3.1 Permeability Tests of Saturated Soils and Aggregates

Traditionally in geotechnical engineering, the saturated permeability is estimated in
the laboratory in a constant head test for coarse grained soils whereas a falling head
test is used for fine grained soils. An oedometer test can also provide a measure of
the saturated permeability for fine grained soils in the laboratory. Field tests which
provide a measure of the saturated permeability are usually a kind of pumping well
test, or injection test.

3.3.1.1 Constant Head Permeability Test

A constant head permeability test is usually used for coarse grained soils. The sam-
ple is placed in the permeameter where a constant head drop is applied to the sample
and the resulting seepage quantity is measured (see Fig. 3.5).

By rearranging and substituting into Eq. 2.15, the permeability K is given as:

qL qL
K=_—12> 1= 3.8
A(hy — hy)  Ah (3.8)
) "y _
A
h
v |V §
h2
h, D
d

Fig. 3.5 Constant head
permeability test
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where g is the discharge (L¥T), L is the specimen length (L), A is the cross section
area of the specimen (L?) and 4 is the constant head difference (L).

There are limitations to the use of a permeameter test for pavement materials.
Sub-bases or drainage layers normally contain particles with a maximum nominal
size between about 20 and 80 mm. It has been suggested that to obtain reliable per-
meability measurements that the value of the ratio of the permeameter diameter to
the maximum particle diameter should be between 8 and 12. However, standard
permeameters are generally too small and too fragile to allow the largest particles
to be included and to achieve correct compaction. Head (1982) describes a 406 mm
diameter permeability cell suitable for gravel containing particles up to 75 mm.

To help overcome this limitation, the UK Department of Transport (1990) intro-
duced a large, purpose-designed, permeameter for testing road construction aggre-
gates (Fig. 3.6). It measures horizontal permeability at low hydraulic gradients as
these are the hydraulic conditions that might be anticipated in granular pavement
layers.

Normally, Darcy flow is assumed to be the regime of permeating water in the soil
or aggregate layers under a road, i.e. the water percolates at sub-critical velocities
and without eddy-flow when moving from small to large pore spaces. This means
that energy losses are only due to friction between the water and the surrounding
solids and that a constant value of coefficient of permeability, K, can be defined.
When coarse materials, with large pores, are tested for permeability in equipment
such as that illustrated in Fig. 3.6, care must be taken to ensure that Darcy conditions
are maintained throughout the test. Under many conventional test conditions, high
hydraulic gradients are applied (much larger than in-situ) in order to obtain results
in a convenient time scale. If such hydraulic gradients are applied to materials with
large pores, eddy flows may develop in the large pores and more energy will be
lost than Darcy conditions would predict. If the user is unaware of these conditions,
the value of coefficient of permeability, K, will be under-estimated (see Fig. 3.7).

water supply

—

vacuum during specimen

upstream weir ) )
preparation & saturation

‘ ‘ downstream weir

JE N Oy O
B J N B B

grid

grid

specimen

Fig. 3.6 Department of Transport (1990) horizontal aggregate permeameter
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For this reason, tests should be performed at variable hydraulic gradients on coarse
materials. Hydraulic gradients less than 0.1 may be required to achieve Darcy con-
ditions. Alternatively, more advanced permeability formulations may be used such
as those given in Eq. 2.21.

3.3.1.2 Falling Head Test

In the falling head test the head is a function of time during testing while water
from a standpipe flows through the soil. The falling head test is preferably used for
soils with low permeability, i.e. silty or clayey soils (see Fig. 3.8). For such soils the
problem of excessively high hydraulic gradients (Fig. 3.7) is avoided as well as the
practical issue that, otherwise, the head would fall too rapidly.

Equating the instantaneous flow due flow of water through the specimen accord-
ing to Darcy’s law with the flow necessary for continuity gives:

Fig. 3.8 Falling head q
permeability test
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—KhA— dh (3.9)
=T '

where ¢ is the flow rate (L3/T), h = h(¢) is the head difference (L) at time ¢, L
is the length of the specimen (L), and @ and A are the cross sections (L?) of the
standpipe and the soil specimen, respectively. Integration of the left side with limits
of time from #; to #, and on the right side for the corresponding limits of head in the
standpipe, &1 and h;, and rearranging results in

L h
K=—2" n2 (3.10)
A, —1t)  hy

3.3.1.3 Oedometer Test

The coefficient of permeability can be determined as a function of vertical strain
in an oedometer test (see Fig. 3.9). The method is normally used for fine-grained
(frictionless) soils to estimate their consolidation characteristics. The oedometer test
is usually performed either as a constant stress or constant-rate-of-strain test. In a
one-dimensional constant stress test a cylindrical specimen of soil enclosed in a
stiff metal ring is subjected to a series of increasing static loads, while changes in
thickness are recorded against time. The coefficient of permeability is given as:

K=c,-my yy=cy -my-pug (3.11)
where ¢, is the coefficient of consolidation, m, is the coefficient of volume com-

pressibility, y,, is the unit weight of water and g is the acceleration due to gravity.

Load

Soil sample

S R R
SRRST R e

Fig. 3.9 Constant stress
oedometer test

3.3.1.4 Pumping Tests

In the field, the average coefficient of permeability of a soil deposit can be de-
termined by performing a pumping test where water is pumped from a well at a
constant rate over a certain period of time. With time the drawdown of the water
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table or the piezometric head will reach a steady state. The rate of discharge, ¢,
from pumping is equal to the rate of flow of groundwater into the well, or

dh
q =2anh$ (3.12)

where £ is the piezometric head at the radial distance, r, from the centre of the well.

By separating the two variables r and & and integrating between the two obser-
vation wells at distances r; and r, respectively from the test well, the permeability
coefficient can easily be determined (see Fig. 3.10) as:

g In(ry/ri)

= —(h% — ) (3.13)

—r, —|

r —»

Fig. 3.10 Pumping test from a well with two observation wells in an unconfined permeable soil
layer with an impermeable stratum underneath

3.3.1.5 Injection Tests

Injection tests, which are the reciprocal of pumping tests, are normally conducted
by pumping water or air into a test section of a borehole and measuring the flow rate.
By performing tests at intervals along the entire length of a borehole, a permeability
profile can be obtained. Air (or another gas) is used as the “fluid” when testing areas
of high permeability, as water cannot be provided at a high enough flow rate for
such conditions.

3.3.1.6 Tracer Test

Tracer tests involve the injection of an inert solution, or tracer, into an existing
flow field via a borehole or a well. Tracer tests are often desirable because they are
passive-type tests and do not place unnatural stress conditions on the flow system.
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The dilution rate of the tracer at the injection well or its time of travel to another well
can be used to calculate the water velocity and ultimately the permeability. Detection
of the tracer, or concentration measurements, can be made by either manual or probe
sampling. Commonly used tracers are radioisotopes, salt solutions and fluorescent
dyes.

3.3.2 Permeability Tests of Unsaturated Soils

As introduced in Chapter 2, the flow of water in saturated soils is commonly de-
scribed using Darcy’s law which relates the rate of water flow to the hydraulic gra-
dient (Eq. 2.16). Furthermore the coefficient of permeability is relatively constant
for a specific soil. Darcy’s law applies also to the flow of water through unsaturated
soils. However the permeability of unsaturated soils can not be assumed generally
to be constant (Richards, 1931; Fredlund & Rahardjo, 1993; Fredlund 1997). Per-
meability now becomes predominantly a function of either the water content or
the matric suction (see Chapter 2, Section 2.8). The main reason for this is linked
to the fact that the pores in the material are the channels through which the wa-
ter flows. In saturated soils all pores are filled with water, allowing the water to
move. In unsaturated soils however not all the pores are filled with water. The
air-filled pores are therefore not active in transporting water through the material.
They can therefore be assumed to behave in a similar way as the solid phase.
The permeability of unsaturated soils is therefore lower than in the same soil in
a saturated state and decreases as the water content decreases or matric suction
increases.

A number of methods exist to measure the unsaturated permeability of soils, both
in the laboratory and in the field. As for saturated methods, they can be classified
into steady or unsteady methods. In the laboratory the steady state method is rec-
ommended as it is relatively simple and has few ambiguities. However the method
can be quite time consuming as the flow rate can be very low, especially under
conditions of high matric suction. Further it can be difficult to measure the low flow
rate accurately due to air diffusion. More recently a faster steady state method has
been introduced where a centrifuge is introduced to drive the fluid flow (Nimmo
et al., 1987; 1992). The unsteady laboratory methods, such as the thermal method,
instantaneous profile method and the multi-step outflow method are usually much
quicker than the traditional steady state method but are usually not as accurate. In the
field the tension infiltrometer, instantaneous profile method and the cone penetrom-
eter methods can be used. Benson & Gribb (1997) give a comprehensive overview
of methods to measure the permeability of unsaturated soils.

The coefficient of permeability of unsaturated soils is not routinely measured in
the laboratory as the process is cumbersome and quite time consuming (Fredlund
2006). The permeability of unsaturated soils can also be indirectly estimated from
the SWCC. This is attractive as the SWCC can be determined in a much shorter time
than the permeability’s dependency on matric suction and with greater reliability
(Rahardjo & Leong, 1997).
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In the steady state method, the unsaturated permeability is measured under con-
ditions of a constant matric suction. A constant hydraulic head gradient is applied
over an unsaturated soil sample with a constant matric suction to produce a steady
state water flow through the specimen (see Fig. 3.11). A Mariotte bottle can be used
to provide a constant pore water pressure to deliver a constant rate of flow. When
the rates of water flow entering and leaving the sample are equal, the steady state
has been reached and the coefficient of the permeability can be calculated according
to Darcy’s law (Eq. 2.15) as

h up — us
v=-K— =K1 2 (3.14)
L Pw8L

where v is the flow rate of water through the sample, K is the coefficient of perme-
ability and h/L is the hydraulic head gradient across the sample (with A the head
difference and L the length of the sample). The head difference can be estimated
from u; and u,, the readings from the two pore water pressure sensors, converting
pressure to head by dividing by the density of water, p,, and the acceleration due to
gravity, g.

Now the test is repeated for different suctions in order to establish the relationship
between the permeability and the suction. A typical measurement of permeability
as a function of the matric suction is given in Fig. 3.12. As matric suction is related
to water content through the SWCC, and if that relationship is known, the variation
of permeability with water content is also known. Notice that, for the suction range
illustrated, the coefficient of permeability changes by 6 orders of magnitude.
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Fig. 3.12 Permeability as a function of matric suction in an unsaturated soil specimen

3.4 Suction

Soil suction or capillary pressure head can be measured either in the laboratory
in an undisturbed sample of soil or directly in the field. Soil suction or total suc-
tion consists of the matric suction and the osmotic suction. Their magnitudes can
range from O to 1 GPa (Rahardjo & Leong, 2006). Today no single instrument
or technique exists that can measure the entire range with reasonable accuracy.
Suction measurement instruments can only measure suction up to about 10 MPa.
In the highway environment soil suction in the low range (0—-100 kPa) or the mid
range (100 kPa—1 MPa) is of most concern. There are different measurement tech-
niques depending on which component of suction one wants to measure, matric or
total. Usually in geotechnical engineering it is the matric suction that is measured.
Table 3.2 summarises techniques for measuring suction in terms of approximate
measuring range and applicability in the laboratory or field (Lu & Likos, 2004;
Rahardjo & Leong, 2006). As it is generally not necessary to take osmotic suc-
tion into account in routine geotechnical engineering practice, only the main in-situ
methods for measuring matric suction are referred to. They include tensiometers,
thermal conductivity sensors and contact filter paper techniques.

Direct measurement of suction in aggregates is more difficult than in finer grained
soils as it is difficult to establish an effective contact between the measuring de-
vice and the pore space in the aggregates. In aggregates with a high proportion of
fines, this may be achievable. Alternatively, indirect measures such as discussed in
Chapter 2, Section 2.9, can be employed.

3.4.1 Tensiometers

One of the most common devices for measuring suction is a tensiometer. A ten-
siometer consists of a fine porous ceramic cup connected by a tube to a vacuum
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Table 3.2 Summary of common laboratory and field techniques for measuring soil suction. Based
on Lu & Likos (2004) and Rahardjo & Leong (2006)

Technique/Sensor Suction Measurement Equilibrium time Laboratory/Field
component range (kPa)
measured
Tensiometers Matric 0-100 Several Laboratory and
minutes field
Axis translation Matric 0-1500 Several Laboratory
techniques hours—days
Electrical/ Matric 0-1500 Several Laboratory and
thermal hours—days field

conductivity
sensors

Contact filter Matric 0-10000 2-5 days Laboratory and
paper method field

Non contact filter Total 1000-10000 2-14 days Laboratory and
paper method field

gauge (see Fig. 3.13). The entire device is filled with de-aired water. The porous tip
is placed in intimate contact with the soil and the water flows through the porous cup
(in or out) until the pressure inside the ceramic cup is in equilibrium with the pore
water in the soil. The reading on the pressure measuring device, once corrected for
the water column in the device, is the matric suction (Apul et al., 2002). The water
pressure that can be measured by this method is limited to approximately —90 kPa,
otherwise water will begin to boil inside the tensiometer (“‘cavitation”). Tensiome-
ters have been found to provide the best measuring technique for low-range suction
as they measure the pore pressures directly and respond promptly to pore water
pressure changes (Rahardjo & Leong, 2006).

Lately, “high-capacity” tensiometers have been developed (e.g. Ridley &
Burland, 1993; Guan & Fredlund, 1997; Tarantino and Mongiovi, 2001). When cou-
pled with specialised operating procedures, for example, cyclic prepressurization
techniques, they have been shown to be applicable for matric suction up to 1500 kPa.
Comparisons with established measurement systems have shown high-capacity ten-
siometers to be relatively reliable and quite rapid in terms of response time.

Fig. 3.13 Example of

Tensiometer, consisting of ' Y
ceramic cup and plug
connected to tubes

(Krarup, 1992). Reproduced

with permission of the Road | = el = =]
Directorate / Danish Road

Institute
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3.4.2 Thermal Conductivity Sensors

Thermal conductivity sensors (TCS) are used to indirectly relate matric suction to
the thermal conductivity of a porous medium embedded in a mass of unsaturated
soil. Any change in the soil suction results in a corresponding change in the water
content of the porous medium (governed by its characteristic curve). The thermal
conductivity of a rigid porous medium is a direct function of the water content.
Therefore, if the thermal conductivity of the porous medium is measured, the matric
suction of the soil may be indirectly determined by correlation with a predetermined
calibration curve. Figure 3.14 shows the main components of a modern commercial
TCS.

Cable
19mm
Moisture
barrier
85mm
Heating element
/ and digital temp-
38mm I erature sensor
Ceramic tip
— @=65mm ——!

Fig. 3.14 Picture and schema of a thermal conductivity matric suction sensor (TCS). Reproduced
with permission from GCTS Testing Services

Some disadvantages usually imputed to the old-fashioned TCS included the prob-
lems associated with drift, and, for many sensors, deterioration in the sensor body
over time, as well as uncertainties concerning the drying and rewetting processes
due to hysteretic effects in the sensor calibration. But most of these problems have
been resolved. The major advantages of the more recent TCS include the relative
ease with which the sensors may be set up for automated data acquisition, their
relatively low cost and their present capability to measure matric suction over a
wide range (0—1200 kPa). Figure 3.15 shows some laboratory soil suction measure-
ments carried out with both tensiometers and TCS, where tensiometer failures due
to cavitation were noticeable. For further details regarding TCS see Rahardjo &
Leong (2006).

3.4.3 Suction Plate

A simple laboratory variant of the tensiometer method for measuring matric suction
of fine-grained soils uses a semi-pervious sintered glass plate. A small soil sample
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Fig. 3.15 Comparison between laboratory soil suction measurements with tensiometers and TCS.
Reproduced with permission of D. Fredlund

is placed on the glass plate and covered immediately with a cap so that the vapour
pressure around the soil comes to equilibrium with the suction in the soil, preventing
drying. On the other side of the plate de-aired water is provided in a small chamber.
The soil attempts to suck water across the glass plate from the chamber but the only
way this can happen is by water being drawn into the chamber via a narrow-bore
tube. In the tube, beyond the water, there is a small length of mercury and beyond
that, air and a small hand-operated suction pump and vacuum gauge (Fig. 3.16).
As the water (and, hence, the mercury) is pulled towards the soil, the operator
applies a partial vacuum to oppose this and to keep the mercury in the same po-
sition. Once the operator no longer needs to apply additional suction, the suction
in the soil specimen and applied by the operator are in equilibrium and the suc-
tion value may be read from the gauge. Typically, readings may be obtained in
around 15 min (though this depends a lot on the soil type). The device is limited
to measuring in the range from atmospheric pressure to approximately 70 kPa of
suction.

Cap —» ‘/ Soil specimen
Sintered glass plate — g Gauge
//'
Water Narrow bore tube
THTTTTTTTTT \ @
Graduations Mercury Hand pump

Fig. 3.16 Suction plate device
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3.4.4 Contact Filter Paper Techniques

Although far less common than in the laboratory, techniques for in-situ matric suc-
tion measurements using the contact filter paper (CFP) method and in-situ total
suction measurements using the non-contact filter paper method have also been
described (Greacen et al., 1989). The filter paper technique is, in theory, applicable
over the entire range of total suction, but the method tends to be impractical for
both extremely high and extremely low suction values. Reliable measurements tend
to be limited to a range spanning about 0—10 MPa matric suction for the contact
filter paper techniques and between 1 to 10 MPa of total suction for the non-contact
technique.

The filter paper method is used as an indirect means of measuring soil suction.
The advantages of the method include its simplicity, its low cost, and its ability to
measure a wide range of suction. Although this technique is more often used in the
laboratory, the filter paper method has also been used in the field to measure soil
suction. The CFP technique relies on measuring the equilibrium water content of
small filter papers in direct contact with unsaturated soil specimens. Figure 3.17
shows the filter paper setup and installation to put it in direct contact with the
soil specimen. In the laboratory the filter paper is placed in contact with the soil
specimen in an airtight container for seven days and thereafter the water content
of the filter paper is determined and the matric suction of the soil specimen is in-
ferred from a calibration curve. Filter paper not in contact with the specimen permits
water exchange only in the vapour phase and therefore measures the total suction
(Rahardjo & Leong, 20006).

The water content of the filter paper at equilibrium is measured gravimetrically
and related to matric soil suction through a predetermined calibration curve for the
particular type of paper used. Commonly used types of papers include Whatman
No. 42 and Schleicher and Schuell No. 589. Calibration and test procedures for the
measurement of matric suction using the contact filter paper technique are described
in the ASTM Standard D5298-94 (1997). However, different researchers have sug-
gested different calibration curves for the same filter paper (Leong et al., 2002;
Rahardjo and Leong, 2006).

Fig. 3.17 Contact filter paper setup procedure (in laboratory). Reproduced with permission of R.
Bulut



