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A variety of geotechnical and pavement engineering problems require that
one know whit the eventux. moistute conditions under a covered area will
be, as cousiderable suvirgs may result from preventive design measures.
The historical develcpment of the theory describing soil water movement
is summarized and the factors affecting the establishment of the moisture

regime in are discussed. 2 ve 1i suzvey,

firstly to determine the state of the knowledge concerning pavement
moisture conditions and secondly to accumulate the greater part of
available moisture prediction techniques, was carried out and the salient
features are highlighted. It was decided to evaluate these models’
prediction accuracies when applied to local conditions and for this all
available local moisture information was yathered. The most common methods
available to measure soil water potential are briefly discussed and
recommendations regarding routine measurements put Forward. None of the
models tested were found to be applicsble without modifications and
consequently an exhaustive statistical analysis of the local data was
undertaken in order to develop more accurate empirical prediction techniques
for local conditions. This analysis included multiple stepwise linear

dons, the n and ion of certain predictors,

linear regressions for certain ranges of values, non-linear regressions
and linear regressions on only selected parametexrs. Conclusions about
general moisture trends have also been drawn, The influence of climate
and compactive effort on the empirical prediction models were cvaluated
and recommendations put forward as to how these influences may be accounted

for in design. A method is proposed for calculating a probable maximum

{or winimum} moisture content for design . The term tic
maximum (or minimum} moisture content” is defined as that moisture content
above {or below) which only a certaln percentage of actual moisture content
values will fall. The application of this concept in pavement and geo-
technical engineering is explained. Relationships between other soil
engineering parameters are alsc glven. A provisional rational method,
incorporating scil suction, is also proposed for completeness' sake. This
method is intended, at least initially, to serve as a check on the empi-
rical method, but with Lime it is bound to be refined to a more accurate
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ABSTRACT (continued)

is

method. Preliminary work done to detexmine the seasonal and diurnal

temperature and suction variations together with the associated pavement

variatlons, is

should be done in this regard.

on and it is concluded that more work
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MOISTURE CONDITIONS ASSGCIATED WITH PAVEMENTS IN SOUTHERN AFRICA

1,  INTRODUCTION AND AIMS

1.1 Objectives

One of the main factors detexmining

cmance of a flexible
pavement is the shear stremgth of th ©. The majocity of existing
design procedures for flexible highway pavements are based on some measure
Of this property. Of the many parameters that affect shear stxength,
moisture content is very important and the question arises at what molsture
content must this property be characterised for design purposes. Tradi-
tionally it has been measured in the "saturated” condition of the soaked
CBR test.

Some contend tha® is approach is unrealistic or over~conservative
in arid and semi-arid regions, as well-drained pavements in these areas
may never become saturated. Although the U.S. Corps of Engineers carry
out the CBR test at & days'svaking, they specify a rule f thumb reduction
(1958) of 20 per cent in the thicknmess required um.r certain circumstances.
Mcleod (1953) has shown that the in-situ CBR meas™ -* under existing
pavements can be as high as 3 to 4 times the correouding 4 days soaked
laboratory CBR. This has led the Canadian Depart - -! of Transport to
reject this socaking for 4 days, basing their desiis: niely on field CBR
1shai, 1975) felt
that, although the 4 days soaking procedure may .- & over-design, the

without soaking. Some Israell researchers (Tivneo -

Canadian Department of Transport procedure may 1.’ t: under-design and

thay suggested a rational Getermination of an equilibrium moisture content.
The Road Research Laboratory in London (1970) recomionded that the subgrade
material should be compacted in the laboratory at the equilibrium moisture

content below the pi without 4 Some road

authorities in Australia (Departments of Main Roads in New South Wales,
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MOISTURE CONDITIONS ASSOCIATED WITH PAVEMENTS IN SOUTHERN AFRICA

1.  INTRODUCTION AND AIMS

1.1 Objectives

One of the main factors determining the performance of a flexible
pavement is the shear shrength of the subgrade. The majority of existing
design procedures for flexible highway pavements are based on some measure
of this property. Of the many parameters that affect shear stremgth,
moisture content is very important and the question arises at what moisture
content must this property be characterised for design purposes. Tradi-
tionally it has been measured in the "saturated” condition of the svaked
CBR test,

Some contend that this approach is unrealistic or over-conservative
in arid and semi-arid regiens, as well-drained pavements in these areas
may never become saturated. Blthough the 0.8. Corps of Bngineers cairy
out the CBR test at 4 days'socaking, they specify a rule of thumb reduction

{1958) of 20 per cent in the thickness required under certain circumstances.

McLeod {(2953) has shown that the in-situ CBR measured under existing

pavements can be as high as 3 to 4 times the corresponding 4 Qays sosked
laboratory CBR, This has led the Canadian Department of Transport to
veject this soaking for 4 days, basing their designs solely on fieud CBR
without sosking, Some Israeld researchers (Livneh and Ishal, 1975) felt

that, although the 4 days soaking may lead to gn, the

Canadian of t d may lead to under-design and
they suggested a rational determination of an equilibrium moisturs content.
The Read Regesrch Laboratory in London (1970) recommended that the subgrade
material should be compacted in the laboratory at the equilibrium moisture
content expected below the pavement without saturation., Some road
authorities in Australia {Departments of Main Roads in New South Wales,




1974, and Western Australis, i968) imciwde the influence of the environmeni:

in their design technlques by 2ither preficting the equilibrium woisture
content o by veducing the requivedl thick undex certaln circumstances.
on Highway Engineaving in Africa in Ad41ls Abbaba in
1074 Parker gt al stetcd that there #s an increasing tendency to deter-
mine the maximum moisture content that is Likely to develop in the subgrade
anl o design the thickness uf the pavement on the basis of the strangth

Duzing the

of the subgrade at this moisture content. Recent tests in South Africa,
using the Reavy Vehicle Simulator (HVS), indicated that thin puvements
pehave much better than present theoretical models predict. One pavement
s Leen found {furee, 1979) to withstand between two and four times the
design load (ESO's) before any sign of distress accurred. It is believed
that this is largely due to the fact that pavement layers, and the sub-
grade in particular, never get saturated under certain circumstances,
while the Gesign methods axe based on the assunption of saturation. This
worldwidle recognition that the assumption of saturation is over-comserva~
zive in sertain Gy climatic regions, necessitates research into moisture
conditions in South Africa as “suth Africa largely comprises these dry
climates,

The second objection to the soaked CBR method is that it is an
arbitrary test and that the design procedures based on it are largely
wmpirical. It was developed in California in 1929 to be used in a design
procedurs which simply stated that, Lf the of a P
site were tested in the sosked condition, then the chances were statistic-
ally good that the pavement would perform adequately during its design life
if & certain cover of suitable material were provided. The saturated state
was implicitly related to the field molsture contdént through the data, as
pavements in various ptages of distress had been sampled snd the design
curves fox cover requirements were based on this. This mesns that, if the

wriginal Qesign curves are used, ohe is effectively designing for average
moisture conditions in California in 1929, and Porter (1942) steted that
“the goil often reaches the state of wetness and compactilan comparabie
ko the soaked specimen in the bearing test™. This ig clearly not applic-
zble to southern African conditions.

Thirdly, with the progressive deplstion of good quality xoad huilding
material, the need arises to use lower guality materials and saste products.

7§ these maverials are to be used successfully, it is necessary to simulate
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their field .ehaviour theoretically. The development of mechanistic

methods (Paterson, 1977; Walker et al, 1977) provides a tool for analysing

pavement layexs in various degrees of saturation and strength. To apply
this successfully it is sssencial that a more rational method of moisture
and strength characterization of the various layers be developed. This
progress thus necessitates the development of techniques to predict the
equilibrium moisture content of a layer (if this exists in South Africa),
to predict the worst degree of saturation, and to predict the duration of
the changes in moisture content in the various layers.

It was thus decided te carry out an investigation into moisture
conditions in southern Africa, assuming, until proved otherwise, that
equilibrium moisture conditions get rstablished under sealed pavements as
research elsewhere indicates (Redus, 1957; Russam, 1962; Aitchison and
Richaxds, 1965). ™e main aims of this study may be summarized as follows:

(a) to ir igate factors inf woisture conditions:

{b} to review available methods of predicting the equilibrium moisture

content;
(c) to gather and utilize all pavement moisture data in southern Africa;

{d) to evaluate the various available empirical prediction techaiques for

southern Africa;

(e) %o derive an imp empirical prediction for local

conditiaons, if worthwhile;

(£) to attempt to validate rational prediction techniques, if possible,

for local conditions;

(g} to make a preliminary investigation of the daily and seasonal varlation

in suction in pavement iayers and to relate this to pavement performance.

(1) to propose, a5 & zesult of this study, a method of incorporating the
influence of moisture rationally in pavement design.

1.2 seope

As background to this
movement in a porous material and some factors affecting the establishment

issertation the basic principles of moisture




-6-

of a moisture regime are discussed,

The fixst step in the study was to Teview as many as possible of the
existing moisture prediction models that have been developed in other
countries. Data about the general moisture xegime in the pavement Were
also gathered. The existing techniques can broadly speaking be classified

into two categories:

(1) theoretical models, Which seem to be the most accurate but whose
application to scuthern Afri.an conditions would require considerable

effort since relatively few local data are available;

(i1} empirical models, which axe less accurate but require very little
extra work to apply them to southern African conditions since they
involve routine soil parameters, for which local data are readily
available. Thus, these models could pe readily testad for local

conditions.

It waz decided to give greater attention to the latter category.

In order to rank the existing models for local data, all the data
avallable on moisture studies in southern Africa were accumnlated. The
models were then evaluated and ranked by testing them against the local
data. This could only be done for the empirical models at this stage, as
few data are available for the theoretical methods.

From this ranking it became clear that none of the existing models
are readily suitable for local conditions and it was then attempted to
jmprove or formulate models to suit southern African conditions. Bmpirical
formulae were also developed to predict variables other than the equili-
brium moisture content.

It was also found that the so-called xational approach could be
applied to local conditions with some measure of success but it is felt : I

that more work should be done in this regard. i

A very and significant was d: when it

was observed that the daily variation in suction may be as larde as the !
seasonal variation in certain regions and pavements. The significance
of this to pavement rehabilitation and management is obvious.
To complete this study, a preliminary investigation into the influence
of compactive effort and molsture on the CBR was carried out o that

proposals could be put forward for pavement design. i
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CHAPTER 2

BACKGROUND INFORMATION

2.1 Introduction

Seeing that this dissextation has, as one of ite main aims, the

dict of moisture ditions and because water and the

movement of water is such a major factor influencing the performance of
pavements and other surface structures, it is very important to understand
the basic principles covering the movement of water through soil. The
mathematical simulation of the flow of water through a complex porous
material like soil is obviously very complex and it is not the aim here to
indulge in this, but rather to concentrate on the physical principles
involved. These principles, on which the mathematical wodels are based,
are relatively simple and they will be explained@ in a simplified and
summarized form here. The aim is primarily to i the
subject rather than dealing with it in detail. Secondly an attewpt will be

made to clear up any historical misconceptions about soil water and thirdly
the basic mathematical models will be explained.

once the principles governing the movement of water through a soil is
cleax, the factors affecting the establishment of a moisture regime will be
@iscussed briefly.

Finally, the influence of water on the strength properties of a soil
will be explained according to the classical effective stress theory,
seeing that this aspect is the prime reason for the enginesr's interest in
water in solls.

2,2 Historical Development

In an effort to explain the movement and retention of water in the
soil medium, Briggs developed the capillary tube hypothesis in 1897. He
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proposed that the prime reason for the retention of waters in soil is the
surface tension forces that develop as a result of the curved interfaces
between the air and water. It logically follows that this xetention is
dependent on the number and size of the capillary cavities. According to
this principle the soil water moves from the larger to the smaller cavitiss
and the rate of movement is related to the curvature of the menisci, the
surface tension and the viscosity of the water.

He proposed that soil water may be classified in thres cat 2

(a} Hygroscopic water, that is absorbed from an .tmosphere of water
vapoux.

(b) Capillary water, that is kept in the caplllary cavities through
surface tension forces.
(¢} Gravitational water, that drains out of the soil by gravity.

Several researchers refined this basic classification by adding
further categories (Briggs and Mobane, 1907; Widsoce and MacLaughlan,
1912). Bouyoucos {1921, 1936) proposed a new classification of soil water
based on the results of his Irsezing point studies. His classification
may be summarized as follows:

{a) Gravitational water: uoves undex the influence of gravity.

{b) Free water: freezed at 1,5 °C.

{c) Unfree water: does not function as a solute and is subdivided as:
capillary: freezes at -4 °C and is strongly abs: rbed;

compounded: does not freeze at ~78 °C.

‘Keen (1920), Parker (1922) and others criticized this classification
system widely, but it nevertheless emphasized the fact that a cextein
portion of the soil water is "strongly held" by the soil,

Zunker {1930) propesed the following cemprehensive classification:
(a) Osmotic water: reld in the cells of organic material (bacteria, ete.}.
{b) Hygroscopic water: the quantity of water in the ground when no heat

of condensation is released.

(e) Capiliary water: kopt in the fine pores of the soil and ls linked
with the water table.

{d) Held water: held to the surface of the soil particles by surface




e
tension forces, but nqt linked to the water table. This category
is subdivided inco the following sub-categoriest

(1) Film water: held around the particles iike a skin.

(11) Pors angle water: held in the angles formed by the contact
points of the particles,

(i11) capillary forced water: held in the capillary cavities, but
is not linked to the water table.

(e

Gravitational water: moves downwards or horizontally in the zone of
aexation. This category is alsc subdivided into the following sub-

categories:

{i) capillary gravitational water: moves downwards and laterally
in the capillary pores.

(1) Downward gravitational water: moves under the influence of
gravity through the non-capillary pores to the water table.

{£} Groundwater: below the water table.
{g} Water vapour: in vapour form in the sail pores.

There are many more classification systems apart from the ones listed
above. ALl of them are, however, variations of the basic capillary tube
hypothesis originally proposed hy Briggs.

Many objections may, however, be levelled against this hypothesis and
this lead Buckingbam, as early as 1907, to compare the flow of water through
soil with the flow of elactzicity through a . This marked the
beginning of the application of the energy principle to water movement.

It should be noted that, although there is no direst conflict between the

two concepts in principle, more attention is now given to the energy con-
cept. The main ocbjection to the capillary tube theory is the arbitrary
classification of the soll weter. The fact remains that all soil water is
subject to gravitation and is thus in a semse "gravitational watex.

In additiow it is alse true that the influence of capillarity does
not start or end at certain degrees of wetness or at certain pore sizes.
The only way to properly view the movement of water is to consider the
total energy potential of the system. Initially the energy principle de-
veloped very slowly, but it gradually became more acceptable and today it

forms the basls for the theory that explains soll watexr movement in porous

i
i
i
i




media.

3.3 The energy state of water in soil

Considering the enexgy state of the water in soil, both kinetic and
potential energy concepts are of importance. The kinetic energy can be
expressed quantitatively as imvz, where m is the mass of the body and v
is velocity. On an atomic and molecular scale all water above absolute
zero is in motion and thus has kinetic energy. Bulk water also has kinetic
energy by virtue of its motion but on this scale it plays a very minox part
because the velocity is very small. On the macro scale, which will be
considered here, potential energy plays by far the most important part and
kinetic energy may be neglected. BAlthough many soil water phenomena can
be dealt wizh by consiierin~ only potential emergy considerations, an im-
portant limitation is that it can only be applied to systems of a uniform
temperature. As will be pointed out later, there is a well-defined temp-
erature gradient in the top layexs of the pavement and in this area ki-
netic as well o8 potential energy mmst be considered.

Potential energy is the energy that a body possesses by virtue of
its position in a force field, Quantitatively it is expressed as the pro-
duct of the force required to move the body against the force field and
the distance it is moved.

Water in a porous medium like soil is subject to various force fields
and with each force field a potential is associated. The earth's gravi-
tational field exerts a vertical force upon the water. Force fields that
are caused by the attraction of solid surfaces for water, pull water in
various directions. BAbove the point under consideration, the weight of
water, and of soil particles not by the soil matrix,

also exert a vertical force on the water due to gravity (overburden pres-
sure). Dissolved ions exert attractive forces on the water in all &i-
rections. The force associated with the attraction of water molecules
for ‘each other and the imbalance of these forces at alr-water interfaces,
constitute another impartant force.

This variety of forces and the different directions in which they
act, make it extremely difficult to define force metworks for the soil
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weter, It is, mowever, possible to assess the potential associated with
au increment of water. The potential energy differences between different
points in the soil mass determine the direction of flow and this is the
practical significance of describing soil water in terms of the energy
associated with it.

Prom the definition of the various potentials it is clesr that for
water at rest in a system with reference to the earvth's surfacs, the sum
of the potentials, or the total potential at a point, must be either con-
stant or zero; this depends of course on the reference taken. The total
potential may be defined as: :

BTyt A A A Y g (22D

vhere $, = total potential
4 = matric potential

'
4 = gravitational potentail
@p = pressure potentail
, = Osmotic potential

4 = overburden potential

2.3.1 Matzic potential (suction)

Matric potential is the amcunt of work that must be done par unit
quantity of pure water in order to transport reversibly and isothermally
an infinitesimal quantity of water, from a pool contalning a solution
identical in composition to the soil water, at tha elevation and the ex-
ternal gas pressure of the point under consideration to the soil water
{Commission I, ISSS, 1963}, It may be seen that matrie potentials ave
negative in as much as water from the reference pool will flow freely to
dry material with the subsequent release of energy in the form of heat.
This means that work will be done during the process of wetting rather
than that work is required as stated by the definition. fThe matric po-
tential is therefore always negative above the water table and zero below
it (Figure 2.1). This means that water will tend to flow spontanecusly
to the drier soil above the water table because the matric potential is
lower there. This is hecause the matric potentisl is assochated with the
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o GROUND SURFACE
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\
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NOTE: THE OSMOTIC POTENTIAL CAN TAKE ANY VALUE DEPENDING ON THE
CONCENTRATION OF THE SOIL WATER SOLUTION
FIGURE 2.1

SOIL WATER POTENTIAL IN AN
EQUILIBRIUM STATE

attractive forces between solids and watexr and betwsen dilfferent water
molecules. This has historically been to as the

capillary potential, because it is analngous over a significant part of
its range to the situation that exists where water rises in small capillary
tubes. Capillarity, howevar, is only assoclated with an air-water inter—
face and the resulting forces, whereas the term matric potential is more
general to include water-solid interfaces, for example the water held di~
rectly on the solid particles. his term is commonly called the sugtion ;
of the soll. The measurement of suction can be performed in several ways ;
but it is not the intention to elaborate on these methods heve. Gond sum-
maries of availahle methods are given by Marshall (1959), Croney et al




—15-

{1952} angd Richawds (1968).

2.3.2 Gravity potential

Gravitational potential is the amount of work that must be done per
unit quantity of pure water in order to tvansport reverwsibly and isother-
mally an infinitesimal quantity of water f£rom a pool containing a solution
identical in composition to the soil water at a specified elevaticn of the
point under consideration (Commissicon I, ISSS, 1963). The elevation that
is chosen as a datum determines whether the point under considerat’on has
a or a neg nal potential. This gravitational po~

tential is identical to any other gravitational phemomenon. If the datum
is taken to be the water table, then the potential will be negative above
it and positive below it. For an equilibrium situation the matric and

ferent in sign.

gravitational potentials must be equal in magnitude but
This means that it is ery easy to detexmine the matric potential in an
equilibrium situation because it is equal to the gravitational potential
which is simply measured by the helght above a reference point. For such
an equillbrium situation, with the datum at the water table, the matric and
gravitational potentials will be equal and opposite above the watex table
but below the water table and gravitational and pressure potentials will
be equal (Figure 2.1).

2.3.3 Pressure potential

The p tential is the potential due to the weight of the
water above the point undex conslderation plus that due to the gas pressure
if it is different to that at the reference level. 'This potential is
zero at the water “able and above it and is equal but of opposite sign to
the gravity potential below the water table (Figure 2.1}. It could alsc
be referred to as the plezometric potential and it is equivalent to the
plezometric head, In soll above the water table this is sometimes re-
ferred to as the ¢ potencial if the gas is different to
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that at the water table. 7o pre ent confusion, it should be stated here
that most methods of measuring the matric potential actually use the
pneumatic pressure to daduce the matric potential. In this case, the

potential is identical to the matric potential. For clarifica-
tion, both potentials could be considered as the same potential which is
called matric potent’al above the water table and pressure potential below
the water table. The pressure potential as & result of vapour pressures
may be measured with ordinary mancmeters, whereas the pressure patemtial
as a result of water yressures may be measured with either manometers or
piezmeters.

“.3.4 Osmotic potential

Osmotic potential {5 the amount of work that must ba done per tnit
qu.. tity of pure water in oxder to transport reversibly and isothermally
an infinitesimal quantity of water from a pool of pure water at a speci-
fied slevation at to a pool containing a solut

identical in composition to the soil water {at the point under conside-
ration} but in all other respects identical to the reference pool {Commis-
sion I, ISFS, 1963). This potential results from the hydration of the
different ions in the soil solution. The polax nature of the water mole—
cule causes positive and negative ions to oxientats themselves around the
water molecule, or vice versa, and the osmotic potential zefers ta the work
requized to pull vater awey from these loms,

The most common sxample of the presence of osmotic forces is the
rige of weter in the one leg of a U-tube that contains a solution in that
leg and purd water in the othex, by a semi ble

in the bottom, Pure water passes through the membrane hecause of the
attraction of jons for the water melecules. The height difference between
the water levels in the two legs is called the osmotic pressure.

These oemotic potentials are vexy important in membrane-like situa-
tions, for example the uptake of watex by plant woots, Of some cngineering
zignificance is the fact that the air-solution interface acts like a mem-
brane and the vapour pressure in the surrounding air is reduced propor-

tionately in a comparable manner to the pressure difference developed across
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a solution osmotic are involved wherever aa
alr-solution interface exists. It also means that more emergy must be
supplied to remove water from solutions than from pure water. This means
that if the “suction” is implicitly measured by using the vapour pressure,
then the osmotic potential and the matric potential are included.

While discussing osmotic potentials, it is also i ta note

that the attraction clay particles have for water, gives rise to a poten-
tiel that is sometimes classified as an osmotic potential. This is debat~
able, but fundamentally it should be considered a matric potential.

Osmotic potentials are similar to potentials described before wherever
a membrane-like sitaation exists, and can be added ou subtracted from such
potentials to form a total potential. However, where a membrane situation
does not exist, the lons diffuse spontanecusly into the soil solwkion and
in such i the osmotic potential cannot be matched with any

other potential.

2,3.5 overburden potential

The overburden potential results from the pressure exerted by the soil
above the point under consideration on the point under consideration. It
is similar to the pressure potential exerted by the water above the point
under consideracion and is sometimes included implicitly in the pressure
potential. Wheve this is done, the pressure and gravity potentials are
no longer egual and Of opposite sign and this fact often makes it desir-
able to ise the tential as a potential

2.3.6 gombination of potentials

In civil engineering the potentials governing the Flow in the satu-

rated and condition are of major import: . From Fignre
2.1 it can be seen that cevtain potentials are important under certain
flow conditions and all potentials do not have to be considered under all

cixcumstances,
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For unsaturated flow conditions the matric and gravity potentials

are of greatest concern, There exists no commonly accepted term for the

sum of these two potentails and most equations include both terms explicitly.
For saturated flow conditions the rressure and gravity potentials

are of major importance. The sum of these potentials is referred to as the

hydraulic potential (4). The pressure potential usually includes any

overburden, otherwise a separate term is included.
For flow conditions in the field the term head rather than potential

is often used:

Hy =8y v B 42 2.2)

where H_ = total head
H, = matric head
H_ = pressure head

B
2 = distance above datum
2.4 The flow of water in soil
2.4.1 saturated flow

If soll could have buen simulated by a series or bundle of thih tubes,
the overall flow rate would hava been the sum of the separate flow rates
through the individual tubes. This would be easy, because existing theory
can accurately predict the laminax flow rate through a cylindrical tube.

Unfortunately, soll does not resemble uniform, swooth tubes, but is
highly irregular, tortuous, and interconnected. For this reason,. flow
through complex porous media is generally desoribed in terms of a micro-
scopic flow velocity vector, which is the overall average of the micro-
scopic velocities over the total volume of the soil. The detailed flow
pattern is ignored and the material is treated as a uniform mediwn.

Darcy {1856) developed an equation for this situation which relates
the flux (discharge per unit cross-sectional area) to the hydraulic gra-
dient and the hydraulic conductivity, vizs

qnx%f’- ........... TSRS N e (2.3
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where o = % = flux

® = copstant {hydraulic conductivity)

A = hydraulic head drap .

L = length of soil coluwn over which the head drop happens

Slichter (1898) generalized Darxcy's 4 into a th: 1

¢ aifferential to inclade unsteady flow {i.e. flux
changes with time:

-k LB
9 R g e
B T e (2.4)

Mathematically, Darcy's law is similar %o the linear transport squa-
tions of classical physics, including Ohm's law (current is proportional
to the electrical potential gradient), Pouriers lav (heat conduction is
proportional to temperature gradient) and Flicks law {diffusion porpor-
tional to concentration).

This hydraulic gradient can be resclved intc pressure and gravita-
ticnal potentials ss defined earlier.

Darey's law only appiies as long as the flow is laminar. The linearity
of the fluw: versus hydraulic gradient relationship fails at high floy ve-
locities because thenm the inertial forces are no longer negligible compared
with viscous forces (Hubbert, 1956). In fine~grained soils like silts and
clays, laminar £low nearly always occurs but in cosrse sands and gravels
turbulent flow may take place. The quantitative crilerion for the onset
of turbulent flow is the Reynolds mutber, R,

where ¥ = mean Flow velocity
4 = effective pore diamster
p = ligquid density
v = liquid viscosity

Turbulence sets in when this number is between 1000 - 2500 (Scheidegger,
1957; Childe, 1969) in straight tubes. In soils where the “tubes" are
curved it is only safe to asstme laminar flow as long as the Reynolds number
35 less than unity (Hillel, 1973). Deviations from Darcy's law may also
ocour at the opposite end of the flow velocity range, namely at low grad-
ients and in small pores. Some invastigators (Swartzendruber, 1962; Miller
and Low, 1963; Nerpin gt al, 1966) claim that, in this region, low
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hydraulic gradients cause only low flow rates that are less than propor—
tional to the gradient. This is explained in terms of the so-called
"poly-water" effect (Lippincot et al, 1969) and, because it has little

practical significance, will not be discussed here.

In order to develop a general flow equation, the Darcy equation must
be combined with the general equation of continuity which states that the
inflow minus the outflow must be squal to the change of storage of a soil
volume. Consideriy a simple one-dimensional case, with q, being the
flux in the x-direction, the rate of increase of g, with x must equal the
xate of deczease of volumetric water content 8 with time t:

20, M

E R
which, in multidimensional systems, becomes:

B S e (2LD)

P R RE TR R Veesraniaan fevevresaaens (2.6)

Recalling Darcy's equation:

98 BH 3H
Kige 7 32

= ~KVH

qQ

(2.4)

and combining this with equation 2.7, we obtain the general flow equation:
3% %y,
L3
B 4z
Lo 25 /- S R ¢ N )}

)

This is the general flow equation and by considering steady flow conditions
(%;- = 0), it can be reduced to the Laplace equation:

2 2
2R B2 e e (229)
oy

Thus, for the proper description of water flow, two of the following
three parameters must be specified and the third may then be calculated:
f£lux, hydraulic gradient and conductivity. The hydrailic conductivity
(permeability) at saturation is a characteristic property of a soil, and
is zelated to porosity and pore size distribution. BAll attempts, to date
to relate permeability to porosity, pore size distribution, interval
surface area, etc. have met with disappointing resulis and it is usually
best *o measure it directly or use a statistical process to estimate it
(Scheidegger, 1957; Carman, 1939).
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2.4.2 Unsaturated flow

Many situations of engineering interest occur when the soil is in an

4 The flow are generally much
more complicated than the saturated flow conditions because They often en-
tail changes in the state and content of the water. Such changes involve
complex relations among water content, suction and ty, which way
be affected by hysteresis. In recent years the development of high-speed

computers has paved the way for practical application of numerical methods
to thess problems and significant advances have been made. Only the basic
principles wnderlying the models that simulate unsaturated flow will be
highlighted here.

The moving force in satursted scil is the hydraulic gradient, which
is a positive pressure yradient, but in the case of unsaturated soil the
moving force is a negative pressure or suction gradient, as explained in
Figure 2.2, Another main &l betveen and

f£low lies in the hydraulic conductivity. When a soil is saturated, all

the pores are filled with water and ths conductivity is maximal. As the
soil dries out, sams pores become airfilled and this dxasticaliy reduces
the conductivity, because the conductive cross-sectional area is reduced.
It is also true that the largest pores eupty first, leaving only the
smaller pores to conduct the watex along longe:r and moxe tortuous channels.
(A 1 m radius pore will conduct the same as 10 000 pores of radius 0,1 mm.)
1t is a characteristic of coarse-grained masterials that they possess a

high conductivity when saturated hecsuse of the large pores, but when de~
saturation sets in, the large pores empty first and the conductivity may
arop to zero Lf the water £ilms become Siscomtinuous. Because the conduct~
ivity sometimes drops 5o low, very high suctions (thousands of times greater
thet gravity) are necessary to cause any appreciable flow. Ths ans that
although, when saturated, send conducts water more vapidly than a clay,

the direct opposite may be true when the solls are vnsaturated. Thus, in
practical tems, a sand layer may act as a barrier to yater undex certain
circumstances of desaturation.

The problem in wodelling wnsaturated flow lies in the fact that al-
though a stesdy flaw situation may be set up, the suction gradient, the
conductivity and the moisture content will not vary linearly along the
flow.line. The conductivity must be calculated for each point along the
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fiow line. In general, if the suction is high, the conductivity and moist-
ure content will be low. The conductivity does not only vary with suction,
but it also varies with material type. No fundamentally based equation
of general validity is available for the relation of conductivity to suction
or molsture vontent, and existing knowledge does ot allow the reliable
prediction of unsaturated conductivity from basic soil properties. Various
empirical relations have been proposed (Gardner, 1960) and they are used
in the various models after experimentally determining which relation
gives the best fit for that soil. The relation between suction and confmct~
ivity is also dependent on hyster=sis,

Richards (1931) extanded the Darcy equation to include unsaturated
£low conditions, with the provision that the conductivity is now a function
of the matric suction head, i.e. K = Ki$)

R ~x(¢)(—§%%§1%§> e (2.10)

= ~R{$)VH
where H is the hydraulic head gradient which may inclnde both suction
and gravitational components. This equation does not make provision for
the very strong influence hysteresis hds an soil-water characteristics.
It can only be applied for either the wetting or the drying cyole. Be-
cause the relation of conductivity te moisture content {K(6)) is much less

by » {on 2,10 may be rewritten as
8K 38 38,
q = ~KR{(2) (3; By -9?)

= ~K(8)VHE  .......en

which still leaves the problem of hysteresis betveen ¢ and 0 unresolved.
Intxoducing the continuity equation

38 _ &9, 99, A9
Bty Y

Bt
E e £ S (2.12)
we get
2, 2
39 8°H 37w B
R T R e R
3t PPN

= T (R($)VE)

. (2.13)

Because the hydreulic head is usually the sum of the suction (§) and
qravitational {z) heads we can write

VH = ~V{p ~ 2)
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thus equation 2.13 becomes
Btk v - o)
< Lk kot xmdh -« xoE red)
} =T R J—a‘{;
3 axw)

} - Lo - Zawmdh - Lawdd cBE L eas

¥ This is the general flow equation, but in many flow conditions Az is
negligibly small in comparison to the high suction gradients, so

=PRI V) e (2.15)
or for ane-dimensional flow
ag 8 a8
ToH ARKIEE e e eeee (2.16)

Although the concepts explained here are relatively simple, the equa-
tions have to be used with considerable care because of the influence of
hysteresis, vapour movement and the unpredictable relations between suction
and conductivity.

To simplify 1 ana 1 several
have been adopted, but they fall outside the scope of this dissertation
{gee Childs and Collis-George, 1950, for the Aiffusivity concept and Klute,
1952; Philip, 1955, 1957, for Boltzmann transformatiom). It should how=

ever be noted that the main obstacle p ng the development of
theoretical moisture prediction models, lies in the difficulty in predict-
ing the input values accurately.

2.4.3 Vapour and solute movement

In general the majority of water that movas through soil is in the
1iquid form and the emtire body of £luid Elows in response to pressure
dlfferences. Water vapour can, however, move through the soil by dif-
fuslon. Water vapour is always present in an wnsaturated soil and vapour

@iffusion occurs a vapour di develops. The

diffusion equation for water vapour is
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BT%

qq = -

where g, = diffusion flux
D = diffusion coefficient for water vapour (lower than for open
air)
4P = vapour-pressure difference between 2 points a distance L
apart,

In a non-saline soil at 2
differences are negligibly small. Dissolved salts and temperature

Qifferences can cause large vapour-pressure gradients which induce

aiffusion. A5 the so the vap 4

and water moves from a hot to a cold part of the soil. Water thus moves
downward during the day and upward during the might. Temperature
gradients can also induce liguid flow (Rillel, 1973;.

It appears impossible to separate absolutely the Liquid from the
vapour movement as the rate of vapour movement often exceads the predicted
aiffusion rate (Philip and De Vries, 1957; Cary and Taylor, 1962). Soil
water is invarsiably a solution and the solutes can only exist in the ligquid
form.

Comprehensive reviews of the interactions of solutes in soils were
published by Gardner (1965) and Bresler (1370} and it will suffice here to
say that dissolved substances can move by molecular diffusion, due to
concentration of gradients within the solution, or by convection, due to
the mass flow Of the soil water.

2.5 Factors affecting the establishment of the

moisture regima in pavements

Remembering the principles explained earlier in this chapter, it is
clear that the only way in which changes in the molsture contemt of
subgrades can occur is by movement of water from areas of higher total
potential to areas of lower potential, This may occur under different
physical conditions as indicated in Figure 2.2.

(a) By the seepage of water into the subgrade from higher ground adjacent
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to the road.
(b) By a risa or fall in the level of the water table.
(c) By the percolation of water through the surface of the road.

(d) By the transfer of moisture either to or from the soil in the

shoulders as a result of differences in moisture content.
(e} By the transfer of moisture to or from lower soil layexs.

(£) By the transfer of water vapour through the soil.

© Throwgh permeatle surfoce

[

Comvunf wbgrade

@ From varga ( suction) Fram verge {suctian)

Seepage from
high ground

Fr
oie rasto

e

¥

Vapour
movements

® Upward movement
of w table

FIGURE 2.2

WAYS IN WHICH WATER CAN ENTER AND
LEAVE ROAD SUBGRADES
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ALl these ways of water movement are simply examples of the general
principle that water moves from a high to a low potential.

The moisture regime in an exposed road pavement depends mainly on the
followlng factors (NAASRA, 1974).
(a) General drainage condition:

Positinn of catch drains, table dralns and subsoil drains

Shoulder cross-fall

Longitudinal grade

houlders, sealed shoulders

Formation profile
cut or £ill

{1) Position of the water table:
Static
variable
Deep
Shallow
(@) Climate:

Rainfall
Evaporation
Temperatuze
Thermal gradients

(@) Construction:

Boxed or trenched
Untxenched
Molsture at compaction and sealing

(e!

surrcunding landforms

brainage depressions, swamps

Adjacent wivers, irrigation aveas, etc.

Vegetation

Run-off - and permeability of soil strata i
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Subgrade, shualder and pavement materials:

Grain size

Poxe size

Density

Minw.alogy

Shrink-swell properties
Pormeability

salinity

{g) Vegetation:

(Closely related to climate)

(n) Road condition:

Permeabllity of the surfacing

When considering factors influencing the moisture regime in a specifie
area, 1t iz important to recognise 2 distinct situations. Firstly, if the
water table ls close to the surface, it is the main factox influencing the
moisture regime, Shallow is defined as not more than 3 m in sands, 6 m in
silts ox 10 m in clay (Russam, 1962). If the water table reaches these
depths, all other factors become insignificant. Becondly, if the water
table is deeper than these depths, other factors, such as climate, bacome
predominant and they determine the moisture conditions. This category is
again in two o8, viz and axid climates. In a
non-arid (Richards, 1967; O'Reilley et al, 1968) climate the moisture

content is determined by the conditions below the zone of seasonal
variation'and in an arid (Richards, 1968) climate it is detexmined by
atmospheric humidity.

2.6 The offective stress principle

The baslc principle of tl:\e affactive stress law will he explained
here, but its into shear gth and volume change laws will
not be dlscussed. Bishop (1960) defined the effective stress principle for

saturated solls as follows:
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(a) the change in volume of an elemant of soil Gepends not on the change
in total normal stress but on the Gifference between the change in
total normal stress and the change in pore pressure.

(h) the maximmm resistance to shear om any pishe in the soil is a function
not of the total normal stress acting on the plane, but of the
difference between the total normal stress and the pore pressure.

L= T R LT R T EE RN 2% 1))

where ¢' = offective normal stress
¢ = total uormal stress
U = pors pressure
This equation holds for conditions where the pore gpace is filled with
& single £luid, The powe pressure in satursted soils is generally positive,
but have been and the validity of equation 2.18
demonstrated in both conditions.
Where there are two fluids in the pore space at different pressures

due to surface tension, as in a partly saturated soil, equation 2.18
must he generalized to include both presswres. Bishop (1955) proposed
‘the following equation

@' =g+ xlu, - u reves (2.19)

where 4, = alr pressure in the pore space
4, = water pressure in t*» pore space

X = factor depending on degres of saturation, soil type, etc.

It is common to assums that the air in the pore space is at atmospher-
ic pressure while the water prossure is negative. In this case equation

2.19 hecomus
LARLE R Y seraes IEERTReN cnessasasanses (2,200
(putuw'=\1)

This is the simplifled effective stress law for ungaturated conditions
where no extexnal stress s present. The ¥~factor introduced by Bishop
is eguivalent to Aitchison's ¢-factor (1960}, Jennings' B-factor {1860),
and Croney gt al's B'~factor (1958). This negative pore water pressure
may be equated to the soll suction in cases whers no external pressure is
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carried by the soll water.
The negative pore water pressure u is related to the soil matric

suction by the equation 2.21
WG A0 i e {2220

where o = total applied stress
4, = soil matrie suction
u = negative pore water pressure
@ = change of negative pore water pressure with applied pressure

at constant moisture content

This shows that if a pressur= is applied to the soil and the moisture
content does not change, the suction remains constant while the pore water
pressure changes.

This short summary relates suction to negative pors water pressuxe,
and indicates how it may be incorporated in the effective stress law.
These principles may be used in predicting the volume change and shear
strength performance of soils.

Hore work 1s needed to determin the influence of other water poten-
tials, especially osmotic potential, on the shear strength of the soil.

As pointed out earlier in this chapter, the osmotlc potential may be added

to the other potentials in 1ike si . but not where no

membrane exists. Its influence on shear strength will also not be the

same in these two categories,

2.7 Conclusions

The following conclusions may be drawn from this chaptex.

(a) ‘The historical view of classifying soil water into categories is
misleading and complicates the understanding of soil water movement.

(b) It is easlor and more correct to consider the energy potentials

causing moisture movement.

{e) For d flow, only insignificant errors will be made if

only the matric and gravity potentials are considexcd.
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Although the mathematical theory describing the movement of water
through a porous medimm is well developed, and may be readily modelled
in a finite alement program, the input values remain a problem. For
example, how can the rels’ -iship between suction and conductivity

for any material be accurately modelled?

There is no way that water can move from one point to another if a
potential gradlent does not exist and, conversely, water will contin-
uously move if a potential gradient exists until the gradient is
dissipated, This means, for example, that a sand and a clay layer
in contact with each other may be in moisture equilibrium with

widely different moisture contents.

If the water table is ”close to the surface, it is the major tator
influencing the moisture regime; if it i "deep”, climate becomes

the major factor.

The matric potential in a soil is related to the negative pore water
pressure through the addition of the fraction of applied pressure
taken up by the pore water. In this way it may be incorporated
@irectly into the effective stress law.

More work is needed to determine the jnfluence of tolal water potential
(especially osmotic) on shear strength.
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CHAPTER 3

SURVEY OF EXISTING KNOWLEDGE

3.1 Introguction

It is the aim of this chapter to briefly summarize the salient
features regarding the moisture regime in pavement subgrades, that emerged
from a comprehensive litersture survey. The aim of this literature survey
was to determine the state of knowledge concerning the factors influencing
the establishment of a moisture regime, and secondly, the models available
to predict equilibrium moisture conditions where these exist.

3.2 Review of factors influencing a moisture regime

Several agencies and individuals have conducted extensive subgrade
moisture studies in past years. Comprehensive summaries (Marke and Hali-
burton, 1967) of these studies are available and only the main features
will be highlighted in this gissertation.

Most studies of molsturs conditions in pavement systems indicate that
the moisture content varies with season, climatic conditions,

location and the type of pavemént system. Concluding from a study of 13
USA airfields located in nun-frost susceptible areas, Redus (1957)
indicated that moisture conditions may go up or down, following construction,
but appear to stabilize after about 2 years, subsequently Qisplaying only
small fluctuations. Low and Lovel (1959) ccncluded f£xom their study of
current literature that the moisture content shows continuous, if small,
variations with the seasans. 1In a long-term study of moisture contents
beneath rigid pavements in Missouri, Guinee and Thomas (1955) found that
moisture variations in the top levels of the sub-base and subgrade were
greater than those noted at deeper levels. Chu and Humphries (1971) found
that molsture conditions in pavement systems in Carolina varied with

A AN
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season, Soil type and location in the pavement system. They found that the
subgrade molsfure content was influenced by the depth of the groundwster
table.

Artchison and Richards (1965), drawing from results on their study of
molsture conditiens in australia, stated that

moisture stability bensath the greater part of a paved area occuxred at
every test site, aven though the climatic conditions at the sites were
widely different. This stable moisture regime was largely beyond engi-
neering control because of the dominant influence of the environment
Moisture conditions at the verges or under the edges of the seal were founa
ta be varisble and largely on engineering design and

They found that, after heavy rain, the profile beyond the seal wets xapidly

to cousiderable depth and remains wet for periods of a few weeks. Only a
slight penetration of water under the seal was noted, but the greater part
of the subgrade was unaffected. (They only looked ot average and betfer
seals.) Good surface drainage reduced the deep seasonal moisture variation
adjacent to the seal. This investigation also showed that there was a
general between te's Woisture Index and the suction in

the stable zone baneath the pavement. They proposed that this may be used
as a general method to detexmine desigm suction values.

A field etudy conducted by the Corps of Engineers [1958) indicated
that the amount of precipltation mey have influence on the

moisture conditions in airport and base materials. De Bruijn
{1965) found that for various locations in South Africa the moisture
content undexr the pavemant was significantly higher than the moisture
content in the open field, WFe could not determine the depth of influence

of the pavement.

Marks and Haliburton (1969), drawing from a short-term study of typical
Oklahoma highways, conclofed that moisture variations ocour beneath highway
pavements in an snnual cycle with maximun moisturs contents occurring
during the wister montns (sumier ralnfall region). Hicks (1948) found that
for 20 statioss in North Cavelina the moisture contents of the bases and
sub-bases were highest in late winter or early spring (summer rainfall
regions). Woofman gt al {1963) found that in Rhodesia the wettest subgrade
values oucurred Quring and svbsequent (January/Mazch) to the “main rains
with a grasual drylng out during the dry season”.

Not all researchers agree on the extent to which precipitation
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influences the variation in subgrade moisture content. Kubler {1963},
after analysing many data on subgrade moisture content and precipitation
for West Germany, could not establish a relationship between precipitation
and change in subgrade moisture content. Marks and Haliburton (1969}
indicated that cyclic moisture content variations were considerably
affected by precipitation at sites where the pavement was poor (gr-ater
degree of and pervi in the surface) . Moisture

content. changes could not be correlated with precipitation for pavement

sections with high ratlngs (little cracking, good surface conditions), The
moisture content changes for the higher rated pavements wers primerily
attributed to temperature effects, although these effects were generally
small (Osterhout and Haliburton, 1969).

Haliburton (1971) found subg noi.sture smlation and

moisture yariation to be the two basic types of moisture behaviaur in
Oklahoma subgrades (compare equilibrium subgrade molsture conditions).

Ee found that moisture contents of subgrades under impervious pavements
increased to approximately 1,1 to 1,3 times the plastic limit within the
first two years of construction. Mristure variatians were, however, ob-
served after the equilibrium point had been reached and he therefore re-
gards the work equilibrium as @ mispomer. At the same time in Australia,
Richards et al (4970} found that the subgrade equilibrimm moisture content
will be considerably @rier than optimum moisture comtent for Std. BASHTO

compaction.

The retults of an analysis of the influence of precipitation on soil
molsture content by Moulton and Dubbe (1968) showed that the amounts of
precipitation occurring at various periods prior to moisture content
sampling were not statistically significant, at the 5 per cent level, in
explaining the iations of moisture , either in the
base and sub-bage materials or in the subgrade soils. They found that the
moisture content in granular base and sub-base¢ materials was more depend-
ent upon the drainage characteristics of the material and the site than
upon precipltaticn,

Observations by Turner and Juwikis {1956) showed that moisture con-~
aitions beneath a pavement are affected by the groundwater table. They
found that precipitation could modify the position of the water table and
subgrade moisture content and that the degree of chahge was sensitive to
the type of precipitation. They found that more water f£rom melting snow
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precipitation percolated into the ground than if the precipitation was in
the form of rain.

Coleman (1965) reported that the seasonal moisture regime in the
verge and foundation of a road is determined by the soil type {geology) .
climate and vegetation, the order being that of decreasing importance.
This has not been borne out for conditions other than British.

Several investigators (Redus, 1957; Low and Lovell, 1959) have con-
cluded that moisture at the
than those at the interior locations. Guinee and Thomas (1955) pointed

edges are gemerally higher

out that water enters the pavement more easily and in greater volumes at
the pavement edges. Benkelman (1959), in an analysls of WASHO Road Test
geflection data, correlated inner and outer wheel track deflections with
degree of subgrade saturation and found that adverse molsture contents
exist at pavement edges. Altchison and Richards (1965) also noted the
greater moisture content fluctuations at the pavement edges for Austra—
lian pavements.

Woodman gt al (1963) also found that seasomal wetting, similar in
extent to that in the unpaved area, occurs in the shoulder and that this
influences the subgrade near the edge of the xoad. The wettest values
occur during end subsequent to the main ralns. Wallace and Leonardie
(1978) reported that in the coastal north of Queensland in Australia there

is a strong seasonal fluctuation in which they could

directly relate to seasonal molsture changes. The distress was strongly
related to the wet season and was caused by water entering the pavement
and subgrade. It should be noted that the water table was close to the
surface in this case. Vaswanl (1975) reported that in Virginie, following

n on, noisture i rapidly @ue to precipitation.
The £inal level of molsture content depended on demsity, compaction and

soil grading. He also a noti ble moisture jatd due to

temperature variations. After about 10 years, there was practically no
gradient had no effect.

change in moisture and
Moisture content, dry density, CBR and plate bearing data wexe ob
tained for flexible pavements at the AASHTO Road Test. These data indi-~
cate that CBR with 1, moisture tent It was found
that the dry density @id not vary significantly with moisture content

changes.
Kersten (1945) noted a slight increase in moisture content with an
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increase in depth. [Iita from Marks and Haliburton {1969) suggest a rather
erratic woisture content~depth relationship. Depending on the nature of
the soll profile beneath the pavement, it is possible to have wide varia-
tions in field moisture content because of the discrepancies in equili-
brium moisture-tension relationships for different soils.
Kersten (1944) summarized extensive fleld data for the top 150 mm of
the subgrade under flexible pavement systems as follows:
(a) The degree of saturation existing in the subgrades of numerous projects
averaged 73 pex cent; the range being from 60 - 80 per cent. Fif-

teen per cent of the tests showed a saturaticn value of 90 pex cent

or higher.
(b) The subgrade soils of projects in which a high average percentage of
saturation occurred were in most instances either clay or silty clay.
(e} moisture as a of plastic limit averaged

77 per cent, the range Leing from 64 - 92 per cent. Seventeen per
cent of the tests showed moisture contents in excess of the plastic
limit.

{d) Fine-textured soils, such as clays, exhibited a marked tendency to
attain moisture contents in excess of their plastic limit. Sandy
loams rarely had moisture contents as great as their plastic limit.
Loessial silty soils tend to attain moisture close to their plastic
Limit.

(e) The optimum moisture content of the soils were exceeded by the field
molstures in about 1/3 of the determinations reported.

(£} A general trend when comparing moistura content with saturation or
plastic limits is that clays have high degrees of saturation and the
moisture content gemerally exceeds the plastic limit. Sand on the
other hand has low degrees of saturation and is generally drfer than
the plastic limit.

(9) Only slight changes of moisture content occourred for periods from one

to five years.

(h; Sandy materials are affected more by annual precipitation than are

clayey materials, X

(1) The moisture content of sbout 25 per cent of the sands, 70 per cent




9
of the sandy loams, and 90 - 100 por cent of the heavier soils ex~
ceeded the optimum moisture content.

(3) Moisture conditions for distinctive soil areas were generally quite
uniform and well-defined.

(k) comparisons of the moisture contencs in similar soils beneath rigid
and flexible pavements on th: same airfield showed, in most instances,
higher values beneath the concrete; on the avarage the percenvage of
saturation differsd by about 10 per cent for the two types of pavement.

(1) Studies of molsture variations with depth in the subgrade for arid
reglons were not conclusive buc indicated only slight average varia—
tions in the uppex 1 m.

Concluding from an extensive study of moisture contunts under Elexible

airfield pavements, Redus {1957) made the following observations:

{&) In-situ moisture contents varied directly, although erratically, with
the percentage finer than 0,075 mm.

(b) Some molstur the plastic limit bui all

were below the ligeid limit, 21l sub-base moisture contents were
always below plastic limit.

(¢) Watex contents tended to vary directly with the water plesticity
ratio, vhich is defined as (MC - PLM(LL - PL) for both base courses
and subgrades.

where MC = moisture content
Pu = plastic limit
b = liquid 2imit

(@) The degree of saturation did not correlate with annual rainfall, but
dld appear to be related to plasticity as ceported by Kersten (1244).

Wesley and Rengga (1972) found that in Indonesia an equilibrium
moisture regime is established in the subgrade and that in general it is
close to the plastic limit. It Qid not appear to vary with season.

The Road Research Laboratory in Britain (Coleman, 1949: Crovey and
Coleman, 1948) adepted the following theoretical approach in simulating
water movement. The laboxatory assumed @ soil having an impermeable
surfacing of infinite extent. This reduced the problem to a vertical
aimension only. It was also assumed that the soll wac at a constant

rer
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temperature and that the water table position was steady. Under these
conditions the pore water pressure at a point » mm above the water table
is less than atmospheric pressure by an amount equal to the pressure

exer' * by x mm of water. Since a pore water pressure value of zexo ge-

nerali, to values above the water table
-re generally negative.

Thus L the depth of the water table Ls known, the pore pressare dis-
iributior  °n be calculated. If an overburden pressure exists, the frace
tion of p. .ure effective in altering the water pressure in the soil can
be found by loading or shrinkage tests. The pore water pressure, u, is
then glven by:

UEOR B erereseaeiiraaaietteasitiiiirineriraseeeess (301)

whexe ¢ = soil suction (negative)
op = of 1) effective in altering

water pressures in soil (positivu)

The pore water pressure u is generally found by measurement using

or other If u can be meagured and aP detexmined,

then the suction ¢, can be calculated by the following equation:

By S MmO el e seees (3.2)

Further, if the appropriate relationship between suction and moisture .
content is known, values of suction can be converted to moisture content
and an equilibrium distribution of molstuse content with depth can be es-
tablished.

From experimental work done by Black et al (1959) the following cou-
clusions were drawn:

{a) Seasonal variations under gragsed areas were much greater than under
bare areas, suggesting that transplration from vegetation affects
soil moisture content much more than evaporation.

{b}) The theuretically derived moisture content in the soil was generally
+ 2 per cent moisture off the measured molsture content. (Level of
confidence not known.)

() Gnder impervious pavements the moisture distribution with depth was
largely determined by the position of the water table. A water
table £luctuating nesr the surface resulted in comparatively large
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fluctuations of wositure cuntent, whils reasonable equilibriwm tom-
ditions were attained where the water tahle was at a greater depth
{desper than a minimum of 2 m, but depends on material type}.

"Bdge" effects gave appreciable moisture content changes for a hoxid

zontal Aistance of 0,6 to 0,9 m under the pavemsnt from the pavement

(@,

edge.

bhussan and Coleman (1961) have shown that under Fnglish conditions,
with water tables not more than 3 - 5 m belaw the soil surface, the sealed
pavement can be considered to be impermeable and of infinite width. Under
these condltions he soil moisture suctions are in static equilibrium with
the water table, In Trinidad Russam (1958} showed that the theoretical
method derived £r 'm and varified for conditions in Great Britain, also
holds for an approximately uniform temperature (25 °C} and high rainfall
{1500 - 3 000 mm). Edge effects and seasanal variation were not evaluated
in this investigation,

Russam {1957, in a review of the work done by a study group on

reisture conditions in pavements in tropical areas, recommended that:

{a} the ultimate meisture dition of the can be ir

terms of soll suction for 3 categories of subgrades: Catsgory (a)
copprises subgrades in areas where the water table is within 6 metwes
of the surface and the suction depends only on the position of the
sy table. Category (b) comprises subgrades where the water table
.5 Geeper than € m but ihe seasonal ralafall exceeds 250 mm. The
suct.ton may be deduced from the Thornthwaite's Index and the plasti-
citi 1udex in this case. Category (c) comprises subgrades where the
water table 1s decper than 6 m but the seasonal xainfall is less than
25G mw. The suction may be deduced from the atmospheric relative
hunidity in this case.

(b) Good Irzinage should be provided.

(e} Caxt wst be taken that water is not trapped in the pavement during
construniion.

(d) Where coraitions of deep water table and good standards of construction
can be m%, a conssrvative estimate of the critical subgrade strength
can be chtiined by testing at the optimm molsture content and maximum
dry density determined by the British Standaxd Compaction Test.
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fluctuations of mositure content, while reasonable eguilibrium can-
ditions were attained where the water table was at a greater depth
tdeeper than a minimum of 2 m, but depends on material type}.

5

“Edge” effects gave appreciable moisture content changes for a hori-
zontal distance of 0,6 to 0,9 m under the pavement from the pavement
edge,

Russam and Colema. (1961) have shown that under English conditions,
with water tables rot more than 3 - 5 m belaw the soil surface, the sealed
pavement can be ronsidered to be impermeable and of infinite width, Under

these condutions the soil moisture sugtions are in static eguilibrium with

the water table. In Trinidad Russam (1958) showed that the theoretical
method derived from and varified for conditions in Great Britain, also
bolds for an approximately unifors temperature (25 °C) and high rainfall
(1500 ~ 3 000 mm). Edge effects and seasonal veriation were not evaluated
in this investigation,

Russam (1965), in a review of the work done by a study group on
wolsture conditions in pavements in tropical areas, recommended that:

(a) the ultimate moisture condition of the can be in

tesms of soil suctiun for 3 cat iles of gory {a)

comprises subgrades in areas where the water table is within 6 metres
of the surface and the suction depends only on the position of the
water table. Cabegory (b) comprises subgrades wheve the water table
is Qeeper than 6 m but the seasonal rainfall exceeds 250 mm. The
suction may be deduced from the Thornthwaite's Index and the plasti-
city index in this cese. Category (o) comprises subgrades where the
water table is deeper than 6 m but the seasonal rainfall is less tham
250 mm. The suction may be deduced from the atmospheric relative
mumidity in this case.

(b} Good drainage should be provided.

1

Care must be taken That water is not trapped in the pavement during
construction,

(d) Where conditions of deep water table and good standards of comstruction
can be met, a gouservative estimate co the critical subyrzde strength

can be obtained by testing at the optimum mo!sture content and maximum
dry densify deteymined by the British Standard Compaction Test.
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The  had L y its 13 igations to areas

having widely different climates to determine whether their method of
predicting the ultimate moisture distribution was still applicable. Ex-
perimental mites in Aden, Egypt, Hong Kong, Singapore, Iraq, Rhodesia and
Sudan showed that the theoretical method was applicable where a watex
table was present close to the surface. The Llimiting depth for the method
was, where a water table existed, about 9 m in clayey sand and 3 m in
sand, It was algo found that in an arld climate and in the absence of a
water table the molsture content of the soil was controlled by the atmos-
pheric humidity. The movement of water in the vapour phase appeared not
to be a factor in controlling subgrade moisture contents except whexe a
relatively large temperature fluctuation (e.g. a variation in soil tempe-
xature of 6 °C ogcurred in 15 days) caused a thexmal gradient to be es-
tablished in the soil.

Further i 3 were in Kenya, T nia and Uganda
by Williams et al (1962). The purpose of these investigations was to de-

temine the moisture conditions in subgrade soils in tropical climates.
Tt was found that where the water table is at depths greater than 1 m, in
sands, and 6 m, in heavy clays, balow the road surface, the main factors
affecting the subgrade moisture conditions are climate and soil permesi-
1ity. The study also showed that the moisture content at subgrade level
is in general at, or drier than, plastic 1imit and less than the op~
timum moisture content in the British Standard compaction test, Scala
(1967), after a detailed investigation uf the influence of climate on the
ultimate moisture in subgradu: in Australia, concluded that

climate $s a very important factor determining the ultimate suctiun in the
e a relationship between climate and the eguilibrium

suction.

In Ketya, Russam and Dagg (1965) foand that, for a permesble shovider,
the rate of infiltration into the shoulder could be reduced by increasing
the shoulder srossfall. Kikuyu grass dried the road verge to a depth of
3 m but the molsture content of the soil beneath the pavement remained
virtually unchanged. An investigation to determine the seasonal changes
of moisture in the road subgrade was carried cut in Rhodesia by the Minis-
try of Roads and Road Traffic (1963). Tha observations showed that the
effect of the sealed road is to reduce losses and
rainfall effects so that for a distance of 0,3 m from the edge of the seal,
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the seasonal variation in the subgrade has been reduced to less than a
half of the fluctuations ocourring on the verge. Uppal (1965) reported
that in black cotton soil subgrades in Indis the moisture content varied
from 6 per cent to 23 per cent during the year undex the shoulders, whera—
a5 the variation under the pavement was from 13 per cent to 16 per cent.
Ais survey also showed that the phenomenon of "equilibriun moisture con-
tent" as found in England under sealed surfaces, was not observed in India.
He inferred, however, that “for the prevalling rainfall intensities (or
water table conditions) in India, the design of the road pavement need rot
be carried out at complete saturation for all the places in India®. He

also reported the following interesting chservations:

(a) The moisture content in the uncovered soil of the top 1 m varies

between the shrinkage limit and plastic limit with season.

(b} There is a moisture gradient with depth under a sealed and unsealed
surface to a depth of 2,5 m, where a stable moisture content is
formed,

(e} An uncovered shoulder has no significant effect on the subgrade
further than 1 m from the edge of the pavement.

Wallace (1978) pointed owt that the ideal situation would be for the
design engineer to be able to predict the exact extont of the wetting up
of a particular pavement and subgrade, but this is virtually impossible.
He showed that the shoulder permesbility is rhe critical factor determining
water ingress through the shoulders. He also found that the potential be-
nefit of good drainage is greater in a wet climate.

Very little work has been done on the moisture conditicns in other
pavement layers, but McIpnes {(1972) reported that the molsture content in
the base of relatively lightly trafficked roads (¢ 200 v.p.d.) very seldom
veach the Modified BASHTO optimum moisture content, The vatio of field
moisture content to Mod. AASHTO optimum moisture content ranged from 0,32
o 1,04 with an average zatio of 1,66, He also found that a variation of
2 percentage points in the base molsturs content seemed abnormal.

As cap be seen, many conflicting conclusions have been drawn through
tha years and an attempt will be made forthwith to summarize the results.

I S -




wdge

3.3 General conclusions

3.3.1 Influence of surface &rainage

Redus (1957) could only conclude that surface drainage ls a contri-
buting factor to pavement failure. The U.3. Corps of Engineers (1955)
reached a similar conclusion, stating that good drainage will not ensure
satisfactory pexformance., Marks and Haliburton (1969) reported that good
surface drainage, which rewoves xun-off guickly and completely, reduces
moisture variations £xom infiltration through the shouldexs.

It should be pointed out here that it is very difficult to isolate

the of drainage on the noisture regime, because the

amount of water reaching the is on the ility of

all the structural pavement layers and not only the surfacing. It ia oh-
viously Aifficult to measure these permesbilities. Scala (1967) reported
that the assessment of drainage by a team of competent erngineers was ex-
tremely difficult and only major changes in drainage conditions could be
detacted as being significant. It has, however, been shown (Cedexgren,
1974) that bad surface drainage will invariably adversely sffect the mois-
wre conditions in the structural pavement layers above the subgrade. It
has also been shown by various workers (Cedergren, 1974; Chu and Humphries,
1974) Morris, 1976) that propex subsurface drainage will improve the
moisture conditions the p ineluding the sub-
grade. What 1s clear is that no ponding should be allowed and that sur-
face water should be removad quickly.

3.3.2 Influence of road condition

The U.S. Corps of Enigneers (1955) found that moisture contents
measured adjacent to cracks were about the Same as those measured at
normal locations, except in the base adjacent to the cracks in the low
rainfall zones, where molsture was mignificantly lower than in the other
locations. This was observed for the base, sub-base and subgrade and all
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ciimatic regions were included. They also could not relate the voids
(permeability) in the bituminous surfacing to the above cbservation except
that the percentage voids should be less than 7 per cent. It was also re-
ported that after a crack had opened up, the moisture content gemerally
increased somevwhat immediately after; subsequently it might stay comstant,
dry out or wet up. Thers was no trend for moisture to increase or de-
crease with distance from crack. Russam (1962) reported that an imper~

vious surfacing reduces the variation in moisture content in a subgrade
and a more stabie value is approached. The Rhodesians Mitchell and
Venter (1974) also reported a removal of moisturs content extremes in the

upper layers by aling the surf:

3.3.3 Influence of time

Redus (1957) indicated that the moisture content in subgrades stabi-
lizes after two years. Guinee and Thomas (1955) repoxted that the varia-
tions become smaller with depth. Chu and Humphries (1971) reported that
subgrade moisture content varies with time by up to 6 per cent. Many re-
searchers (Marks and Baliburton, 1969; Hicks, 1948) reported slight varia-
tions with season and the highest moisture content in the dry season.

Kersten (1945) reported only slight changes in moisture content over pe~
ricds of up to 5 years. Russam (1962) also reported a tendency for sub-
grade moisture contents to reach a stable value. Marks and Haliburton
(1969}, on the other hand, reported no stable conditions on the sites they
sampled except where the water table was cossistently high. It is possible
that they sampled sites which had not reached equilibrium moisture content, !
because there is overvhelming evidence (altchison and Richards, 1965:
Richards, 1967; Black st al, 1959; Russam, 1962; O'Reilly st :  1968; i
Scala, 1962) that the soil under covered aveas (except near the edges)
tends towards a stable molsture distributic-.
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3.3.4 The moisture variatlon across pavement width

Russam (1962) reported that, aftex eguilibrium had been reached, the
subgrade under the pavement became wetter with increasing distance from
the boundary. Even in axid regions this observation seems to hold, al-
though the initi' . increase in moisture content is higher in these cases
due to surface run-off. This does not seem to be true in all cases, as
the U.S. Corps of Engineers (1935) reported some cases where the opposite
trend was true. They also found some sites where the moistu.s content
showed no trend across the pavement. It is balieved by the author that the

transverse gragisnt is * “nt on the methad of wetting up and on the
time of year wedsuzen #n, batause the shoul@ers generally don't
reach equilibrium cor £f it wets up £rom the atmosphere (when the

water table is deep) the ady.. should be wettest. IE it wets up from the
groundwater (water table {s shallow) the centre should be wettest. This
is assum/ng that the surfacing ~f the pavement is impervious.

3.3.5 Influence of the water table and of climate

Russan and Ccleman (1961} and 2itchisor and Richards (i965) concluded
from their studies of climate and subgrade moisture that where the water
table is near the surface, it becomes the deminating factor controlling
cthe moisture distribution urder sealed surfaces. Where the water table
is deep, the main factors affecting the wolsture content are rainfall and
evapotranspiration and suil type. This is borne out by the general agree—
ment betwesn Thornthwalte's moisture index and the soil sucuion at eguili-
brium. Although thig seems logical, the U.S, Army Corps of Engineers
{1955} have on the other hand reported that there exists no relationship
between me 1 annual rainfall and the moistura content in the base, sub-
base and top of the subgrade. In a wet cilmate, the moisture content
500 mm into the suhgrade tends to be higher, though. Both high and low
rainfall areas were vonsidered, but the depth to the water table was not

measured.
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3.3.6 Depth to stabilized meisture content

uppal (1965) reported that a stable moisture content was attained in
the veld at + 3 - 4 m depth. Although the climate only influenced the
top 1 m, a fluctuating water table caused the desper variations. Under a
covered area, equilibrium Ls reached at + 1,5 m, but in some cases
only kelow 2,5 m, Altchison and Richards (1965) reported seasonal va-
riations ii the top 1 ~ 3 m in the apen field throughout Australis. They
aleo xeported stable waisture conditions divectly under the seal.. The
U.S. Army Corps of Engineexs (1955) slso reported stahle moisture conditions

in the base, sub-base and subgrade.

3.3.7 1Influence of tsmperature

Uppal (1965) found that there existed no relationship betwsen tempe-
rature gradient and moisture content in the open veld, Macks and Hali-

‘burton {1969) a strong of molsture content
under a paved area. NITRR {Chaptar 6} algo found that there exists a
strong relati p between and moisturs content under

pavements, especially in the upper pavement: layers where the temperature
gradient may be steep,

3.3.8 influence of shoulders

Uppal (1965) reported that the shuulders had no effeot on the moisture
content of a clay subgrade in any eeason, from A distance of 75 cm £rom the
edge. This distance is reported to be depsndent on materiil type. The
lateral influence of the shoulder ie felt deeper in a sandy subgrade then
in a clayey one. Russam and Dagg (196%) vepocted that the slope of the
shoulder had considerable influence on the moisture infiltration for
pormeable soils, Steeper slopes reduced infiltrati-n. Kikuyu grass dried
the shoulders to a depth of 3 m, but also caused more infiltration, causing
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larger moisture changes. Polythene membranes stopped light rain from
infiltrating, but were ineffective against prolonged rain. They caused
generally wetter conditions because they stopped evaporation.

3.3.9 fthe influence of soil types

Several researchers have reported how moisture content varies with

s0il type and the phenomenon is well known. Generally moisture content is

1'
[
|

found to vary directly in relatlon to the percentage finer than 0,075 mm,
the plasticity and optimun molsture content. The U.S. Army Corps of
Bngineers (1955) found that the molsture content of subgrades sometimes
exceeded the plastic limit but never the liguid limit. Marks and Hali-
burton (1969) reported that soil type had no effect on subgrade moisture
variations beneath Oklahoma highway pavements, but this conclusion is an-—

reliable due to lnsufficient sampling.

3.3.10 pDegrae of saturation

The U.S. Army Coxps of Engineexs (1955} found that base courses and

subgrades with plasticity indices of about 5 or more, showed degrees of
saturation of 85 per cent oxr more fox most of the time, irrespective of
rainfall. They alsc reported that the degree of saturation for both bases
and subgrades varied directly with plasticity. It also varied with

percentage ‘iner that 0,075 mm in the case of subgrades. Van Dexr Merwe
(1967) estimates that 10 per cent of the random field moisture content
determinations will equal the sosked value. Several research workers
(Russam, 1962; Uppal, 1965) reported that no evidence could be found to
substantiate the assumption that the top of the subgrade becomes satuxated
wlzr normal circumstances. It was found by Mitchell and Venter (1974},
Mitchell and Northxop (1973) and Van Der Merwe (1967), howevex, that in

some cases the whole pavement may become saturated prior to failure.
: Richards et al (1970) found in Queensland, Australia, that the equilibrium
moisture conteht for their cliyey subgrades is "considerably drier than ;
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optimun moisture content for standard compaction®. They found the
equilibrium suction to be 2400 kPa (pF 4,38), which is 6 pex cent lower
than the optimum mo:

xe content.

3.3.11 that could be taken to ensure stable moisture copdition

(a) Design surface drainage facilities properly so that no ponding cecuts
on the pavement, the shoulders or in the side ditches. The water
should flow away from the pavement.

(b) Maintain the seal in an impervious condition. Although a cracked
pavement does not cause generally wetter conditions, it causes larger
moisture variations, and the pavement layers deterlorate quickly
during wet periods.

(e) Avoid grass on permeable shoulders, because it causes greater in-
filtration.

3.4 Review of methods for estimating moisture
content of pavement layers

Since the early stages uf the development of the CBR test and design
method, 1t has been the intention to test the material at the worst possi-
ble moisture condition iikely to occur in the field. Since no rellable
information about moisture conditions was available, saturation was
assumed. As various countries started moisture investigations, attempts
were made to determine at what moisture content the test should be

carried out. The Road L y (1952} that the

pavement be Qesigned for the particular value of molsture content catled
the "equilibrium moisture content" and not full saturation. A great deal
of regearch work on the movement of moisture in different types of soil
has been carried out in various countr!ss and this has led to the modi-
flcation of the traditional test methed in some countries (Croney et al,
1958; Croney and Coleman, 1947; Black gt al, 1959; Russam, 1958;
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Croney gt al, 1952; Schofield, 1935; adtchison, 1951, 1956; Winterkorn,
1953). Some modifications to the traditional method will be described
here.

3.4.1 genexal

The Organisation for Hconomlc Co-operation and Development (OECD,
1973) has indicated that the methods for predicting moisture movement and
mofsture equilibria in pavement systems can be placed into two categories
as follows:

{a} EBupirical methods, based on experisnce and field studies.

(b) Theoratical wethods, based on the equaticns governing moisture con-
ditions in porous materials.

A third category, namely rational models, is introduced here for
completensss' sake. This category is based on a rational approach to the
problem and is not based solely on the flow equations or the empirical
zelationships.

a list of abbreviations used in tuis dissertation is
given in Appendix A.

3.4.2 Empirical methods

Because of the complexity o° the thermodynamics governing moisture
movement. ir pavement systems and the inaccuracy with which esseitial
can be 4, a 1 amount of work has been done in

attempting to relate moisture content £o geotechnical chaxacteristics such
as plastic limit (PL), liguid limit (L1}, optimu moisture content (OMC),
percentage finer than 0,075 mm (% - 0,075). Some of the most successful
relationships thus developed will be discussed here.
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4.4.2.1 'The Thomnthwaite moisture index method {Russam, 1962; Thorn~
thwaite, 1948)

when the water table is desp, the moisturu content is determined by
the climate and can be estimated by the Thornthwaite method. Precipitation
and evapotranspiration are dominan factors in this case. Thi' method is
based on the £ollowing egquilibrium eguation:
L - - P - 13}
where A = changs in the height of water stored
P = precipitation
E = evapotranspiration
b = drainage

and these are uswally quantified in terms of centimetres or millimetres.
As £ is ALEfloult to assess, Ep is used and it is defined as the potential

piration te related Ep to weather information only by
the expreus’ - M
a
mom e 2B e e enens {320

13 I

whers t = mean monthly air temperacure
= annual tetal of (t/5)1'514
a=675%107 1 ~7,7 % 10

1%+ 1,792 % 1072 1 + 0,49239

This glves the monthly unadjusted potential evapotranspiration for a
month of 30 days with 12 hours daylight per day. A correction factor for
daylight can be deduced from the latiiude of the station.

The precipitation P can be by acrmal 1 method
The drainage D can be estimated by taking the natural drainage conditions,

the soil profile, ets. into account (see Russam and Coleman, 1961, for
details) .

Thotnthwaite alsv defined an index to assess the overall avallability
of molsture during the year.

100D - 604
EJ

p vvesiecsrss  {3.5)

Thornthwaite’s moisture index =

where Ep and D have the meanings previcusly aseribed, and d is the sull
moisture defioit (given approximately by & = Ep — p ~ 4}, This method,
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3.4.2.1 The Thornthwaite moisture index method (Rustam, 1962; Thorn~
thwaite, 1948)

When the water table is desp, the moisture content is determined by
the climite and can be estimated by the Thornthwaite method. Precipitation
and ev:potranspiration are dominant factors in this case. This method is

based on the following equilibrium equation:

f4mPpwBE-D ..... eremaaadsesaeiaa ey ceerseees (3.3)

where A = change in the height of water stored

o,
]

precipitation
E = evapotranspiration
p = drainage
and these are usually quantified in terms of centimetres or willimetres.
as £ is difficult to assess, Ep is used and it is defined as the potential
i ite related Ep to weather information only by

the expression

a
{10t)
By = 4,06 - cn e, (308

where t = mean monthly alr temperacure

1 = annual total of (t/%) 11514

a=675x10" 7,7 107% 12 + 1,792 x 1672 1 + 0,49239

This gives the monthly unadjusted potential evapotranspiration for a
month of 30 days with 12 hours daylight per day, A corxection factor for
daylight can be deduced from the latitude of the station,

The i P can be by normel 1 methods.
The drainage D can be estimated by taking the natural drainage conditions,
the soil profile, etc, into account (see Russam and Coleman, 1961 for
details).

Thornthwaite alsc defined an index to assess the overall availability

of moisture during the yeat.

_itp -0 L 3.5

Thornthwaita's moisture index W

where Ep and D have the meanings previously ascribed, and d is the soil
moisture deficit (given approximately by d = Ep - p - 4'. This method,
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using the Thornthwaite moisture index, allows the of

climate using temperature, duration of possible sunshine and reinfall. The
‘Thornthwaite moisture index gives rise to 3 different climatic categories:
wet (d = 0, always), Dry (D = Q, always) and Intermediate (d = 0 for some
months ané D = 0 for other months). In the wet regions water drains from
the soil almost continuously and little change of moisture content or
strength tcours with seasen. Moisture conditions under the pavement are
similar to those in the exposed scil., .re dry category corresponds to
desert or semi~desert conditions and seasonal changess of moisturs content
are small, In general the moisture content of the soil .. yovurde' by the
average humidity of the atmosphere. The equilibrium soil moisture suction
can Le estimated from the moisture index through the use of the relation-
ship between soil suction and the index, as shcwn in Figure 3.1. The next
step is to determine the Ary density versus moisture content versus suction
relationship for each scil type along the proposed road. From this rela-
tionship, the predicted equilibrium suction and the specified compaction
required, the equilibrium moisture content can be determined.

3.4.2.2 Swanberg and Hansen {OECD, 1973; Swanberg and Hansen, 1946)

These investigators found that the eguilibrium moisture contents (EMC) of
highway subgrades in Minnasota could be estimated in terms of the plastic
Limit (P5) as follows:

EMC = 1,16 (PL) TR T RPN & N

The subgrades investigated were mainly clayey siit soils with plastic
limits from 15 to 30 per cent. The density was 90 to 105 per cent of the
maximum density by the MOd. Proctor Test, ZASHTO T99~38. The moisture
contents measured in the spring were about 0,8 per cent higher than those
measured in summer, in this summer rainfall area.
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3.4.2.3 EHaliburton (1971)

Haliburten {1971) found that an equilibrium moisture content of approxi-
mately 1,1 to 1,3 times the subgraue plastic limit is uswally reached.

3.4.2.4 nivneh and Ishai (1975)

They proposed that the equilibrium moisture content (EMC) may be
estimated as follows:

G868 + 0,id(PL) csvucrnrinarsrrrintaroronnnsinnrnnnes {3.7)

where % rangas between 0,9 and 1,5 and PL = plastic limit.

3.4.2.5 Madrid 3Pt and Soil hani (0ECD, 197"

This investigation reportad the following relationships:

0,87 (PL) < BMC < 1,11 (PL) standard deviatiom 0,11 - 0,42 ... (3.10)

0,33 (L) < BMC < 0,49 1.0} standard deviation 0,07 - 0,17 ... {3.9)

0,33 {% - 0,075) < BMC < 0,60 (% - 0,075) standard

deviation 0,08 = 0,28  ,.ucreveenas D £ B )]
where EMC = equilibrium moisture content

14 = liquid limit

{2-0,075) = percentage material £inex than 0,075 mn.

None of these relations should be used except as for the determination
of a first estimate, because of the lack of accuracy., It was also found
that the standard deviations did not diminish with increase in depth.
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3.4.2.6 United States Navy (0BCD, 19873; U S Navy, 1953)

The U.S. Navy investigated the sandy and clayey subgrades of 70 air-
ports where the groundwater table was mors than 60 cm below the surface.
The following relationship emerged:

EMC € PL # 2% tuvennasuscsrncnnsansnsrraceasarsonsensannens (3,11

The majox conclusion was that the moisture content hardly ever
exceeded the FL by more than 2 per cent.

3,4.2,7 Rersten {1944, 1945)

Kersten investigated the moisture of airport pave-

ments in seven U.S. states with damp to desert climates. The moisture
contents were observed in the top 30 cm of the subgrade soil. He presented
the folloving equation:

0,8 (PL) < EMC < 1,2 (PL) . {3.12)

3.4.2.8 Wooltorton (1958)

The Highway Research Board presented the foliowing equation based on
a large amount of published experimental data:

EMC = 1,17 PL ~ 4 B L L T T T T T T R eereas (3.13)

3.4.2.% Organisati of e 4 and Development (1973)

The OECD proposed that moisture content could be estimated as follows:

mex 0,9y, (Lol (.10

:
:
{
i
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or EMC = 0,2 5, for clayey soils
where Y, = wet density

Yy = Gry density

¥_ = saturated density

S_ = degree of saturation

3.4.2.10 road Research Laboratory. (1977}

The RRL suggested the following empirical rule in Road Note 3i:

Iield motsture content e (30185)

3.4.2,11 prodie {1970)

In 1969 Brodie lysed 330 samples statistically in order 4o be able

to predict the performance of a pavement from various contributing factors.
He also performed an analysis to establish a prediction modsl for moisture
content, The following model was proposed:

BMC = 0,825 (OMC) - 2,7

. (3.16)

This equation has a multiple correlation coefficient, r, of 0,78 and
optimum molsture content in this case is for British and not Proctor
compaction. Ne improvement resulted fxom the inclusion of a climatic index
_li,ke mean annual rainfali. This equation was developed from all material
types, fxom all pavement layers, finer than 19 mm (3/4"). When dome only for
subgrade soils, no change was effected. The inclusion of grading analyses
also produced no improvement.
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3.4.2.12 Gawith (1948); cCroney et al (1953)

The Country Road Board, Victorim, Australia, undertook a statistical
analysis of more than 100 road investigations in an attempt to relate the
f£ield molsture content to simple soil tests. The equations they developed
are as follows:

EMC = 0,5278(PL) 0,1183 () + 0,2339{( - 0,075) - 0,0006864(% - 0,075)2
+ 0,1396(MAR} - 14,29 .. ......... E R & 2% ¥ 5

BMC = 0,6776(PL} + 0,07875(LL) + 0,2073:. - 0,075) - 0,000498(% - 0,075)2
- 10,681 {3.18)

3.4.2.13 Arulunandan (1957)

Aralunandan proposed that the equilibrium moisture content could be
predicted by the following equation:

g = B F (; - 0,075)

3.4.2.14 van per Merwe (1967)

van Der Merwe proposed the following xelationship:

. (3.20)

PL
EMC = 5,501 tmpoy #0, 177

Figure 3.2 shows a comparison of the various methods involving plastic
Limit,

3.4.3 Comments on empirical formulae

"fhe OECD concludes that the available empirical formulae for the :
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3.4.2.12 Gawith (1948); Croney et al (1953)

The Country Road Boaxd, Victoria, Australia, undertook a statistical
analysis of more than 100 voad investigations in an attempt to re ute the

fleld moisture content to simple s0ll tests. The equations they developed
are as follows:

EMC = 0,5278(PL) + ©,1183(LL} + 0,2359(% - 0,075) - 0,0006864(% - 0,075)Z
™ 0,1396{MAR) ~ 14,29 F ceeeas (3.17)

EMC = 0,6776(PL) + 0,07875(LL) + 0,2073(% - 0,075) - ©,000498(% - 0,075)2
- 10,681 veees (3.18)

3.4.2.13 arulurandan (1857)

Aralupandan proposed that the equilibrium moisture contant could be
predicted by the following equation:

o - B2 G008 e (3019

3.4.2.14 vVan Der Merwe (1967)

Van Der Merwe proposed the following relationshigs

FL,
EMC smm seeerrriiiinnenrasaananrraeeen (3,20}

Pigure 3.2 shows a comparison of the various methods imvolving plastic
Limit,

3.4.3 on_empirical furmulae

The OECD concludes that the avallable empirical formulae for the
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EMC s f{PL} /
e EMC 2 PL //
o EMG 2 1,I6LE~ 7,4 (Swanbery B Honsen , 1946) g
e~ DBTLE<EMCCYII LP (MTSL) (OECD, 1973)

——— EMTELP+ 2 (US Navy, 1953)
—e— 08LP<EMC<,2LP (Kerstan , 1944)
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a4 7
4
1 1
[+ 10 20
PLASTIC LIMIT (PL}
(%)
FIGURE 3.2

EMAIRICAL RELATIONSHIPS BETWEEN MOISTURE
CONTENT AND PLASTIC LIMIT (GECD,1973)
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datermination of moisture cannot really be described as methods of

prediction. They point ont that the results of the various ijnvestigations

are scattered avound the line representing EMC = PL. Figure 3.2 shows that

a general treatment of all the data collected leads to a zone extending

approximately 4 percentage points on aither side of the line of eqaulity.
This is a fairly wide range in which the variation of the physical

properties may be quite large. For example, the CBR could vary by a factor

higher than 2.

The OECD lirted the following causes for the considerable «dispersion
of the empirical formulae:

(a) The water contents obsarved have not been correlated with the more
fundamental characteristics of t ire of the soils such as the
specific surface area and the sgival composition.

(b) The compaction of the soil has not been measured, with the exception
of those lnvestigations which give some comsideration to the degree of
satuzation. It is obvious that the quentity of water a soil can

absorp in given circumstances varies with compaction.

(¢) The degree of "wt.rproofing of has not been in

general the t of pavement has not been mentioned.
(8) The edge effecy have heen disregarded in most studies.

(e

The absence or presence of a groundwater teble and its depth generally
does not appear to have been taken into corsidexation. This is also

the case with the water content of adjaceni soil masses,

(£) The effect of climatic factors has not brcn lisclosed.
The conclusion that the empirical formule~ v-1l generally give zather
poor solutdons should not mean that considera i+ local interest may not be
to the investigations. It is possilis ¢

12 certain engineering

design decisiong could be made on the bases < 2 predictions, provided

it is in the region where the investigations = v carxied out or under
similar conditions. These methods of prediction are naturally also
applicable in cases whers the error in predictioy is known and acceptable

to the specific situation
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3.4.4 xational methods

The Britich Read Yy hes a rati L method of

predicting moisture movement based partly on theoretical considerations and

partly on field opservations.

3.4.4.1 The British Road Research Laboratory Method (Russam, 1962; Croney
and Coleman, 1948; Russam and Coleman [1961).

After extensive research (Black et al, 1958; Russam, 1962; Russam
and Coleman (1961), the British Roaa Research Lahoratory produced a rational
method of estimating tne design moisture content (Road Note 31). The
method is based on the assumptions that:

(a) the temperature conditi.ns in the subgrade are constant, uniform and
above freezing;

(b) the subgrade cannot wet up by infiltration through the pavement or by
migration from adjacent s0il masses with a higher (more positive)
water potential, nor can it dry out by evaporation or migration to

adiacent soil masses having a lower (more negative) water potential.

These assumptions are closely approximated when the subgrads is
covered with a pavement whose permeability is at least ten times lower than
that of the subgrade. The pavement edges are also affected by moisture
transfer, but the subgrade under the centre line is unaffected by this.
They found that the subgrade moisture conditions under impermeable
pavements can be classified under three mein categories:

(a) subgrades where the water table is sufficiently vlose to the surface
to control the moisture conditions in the subgrade. The type of
subgrade material will determine at what depth the water table becomes
the dominant factor influencing subgrade moisture conditions. In non-
plastic soils the water table becomes dominant when it rises to
within i m of the surface. In sandy clays (PI ¢ 20) the watexr table
will dominate when it is in the top 3 m from the surface and for
heavy clays (PI > 40) the water table is dominant if it is in the
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fixst 7 m from the surface, In addition to areas where the water
rable is maintained by rainfall and ‘mpeded drainage, this category
algo includes coastal strips and ficod plaing of rivers, where the
water table is maintained by sea, lake or river.

o) Subgrades where uhe water table is deep but where the rainfall is
sufficlent o produce significant seasonal changes in the subgrade
moisture conditions. In these cases the rainfall is greater than 250
om and it is often seasonal.

« Subgrades where the water table is deep and where the climate is arid
thwoughout the year, with a mean annual. rainfall less than 250 mm.

Different methods of estimating the moisture content in each of the

ree categories given above were devuloped.

tegory (a}

For this category the water table is sufficiently close to the surface
o be the domlnant factox controlling the matric suction. The level of the
water table varies with season and the highest level is used as the
‘equilibrium’ value (Russam, 1962). In this case the suction at / point is

related to the diffexence in elevation between that point and the water

able. The suction profile is given by:
g (3.21)

By ® B rasaeseecnnsreseiiatiataniaariattiestitanetenrrars

is the matric suction at point 2 m above the water table.

whexe :pm
In this case the matric suction is identical to the negative pore

water pressire becanse there is no changs in overburden pressure.

Allowance for any change in overburden pressure should be made and can be

sdmply estimated fiom the relation
An = ¢ {change in OverbUrden DressULE)  seseseeresieceeeesvs  (3.22)

where o = 0,03 x (Plastic index) {Croney, 1952).

whe distribution of overburden stress between the water pressuxc and
che goil intergranular pressure has been studied by Bishop (1960} and
Skempton (1960). They showed that, Zor non-salurated non-cohesive soils,
the factor ig generally near zero, while for cohesive soils & increases
with the degree of saturation and reaches the value 1 when saturatlon is

complatea.
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The suction is related to the pore water pressure as follows:
Bom g OF i (300)

where u = pore water pressure
@m = matric suction
P = overburden pressure
@ = compressibility factor
A change in overburden pressure may thus affect the pore water
pressure put pat the suction. If the change in overburden pressure causes
a density change, then the moisture content will change but the suction may
remain The tic molsture on relationship

will also change because it has to be carried out on a sample xeprasenta-
tive of density conditions. The value of ¢ in equation 3.1 will always be
negative in practice and that of P positive or zero, thus if aP is
numexically greater than ¢ the pore pressure will be positive and if the
reverse 1s the case it will be negative. The matric suction is thus the
pore water pressure when the sample is reliaved of all external stresses.

In order to estimate the vlbimate moisture content, it is necessary to
know the relationship between suction and moisture content for that speci-
fic material. This relationship can be obtained in the laboratory by
Geternining for successive specific values of the pore water pressure in a
s0il free from all extexnal stress, the corresponding molsture content
where no further movement of water occurs. BHysteresis has a strong effect
on this relationship and care should be exercised to represent field
conditions §n the testing program, i.e, either wetting or drying.

The application of the rational method is shown tn Figure 3.3.

{a) calculate the values of the overbur~en pressure P and product oP ab
the desired depths.
(p) The estimated level of the groundwater table is determined and for the

same depths as in {a) the values of the equilibrium pressures are
determined by squation {3.21) and those for the equilibrium suction
equation (3.1).

(e

The equilibriun moisture content corresponding to the equilibrium
suctions determined in (b) above are read off the s0il moisturs
characteristic curve for the expected soil. The curve is characte-

rigtic for one soil type under certain physical conditions and must be
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FIGURE 3.3

ILLUSTRATION OF APPLICATION OF THE R.R.L
METHOD WHEN A WATER TABLE 1S PRESENT
AT A SHALLOW ODEPTH (OECD,1973)

0i/6902 -v-0b6
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deternined in a laboxatory.

(d) For the different depths chosen, the corresponding points of the
profile of equilibrium moisture contents are thus obtained.

This method has very successfully been applied to heavy clays in
Britain. Croney et al (1953) simply assumed an equilibrium suction of pr
2,5 for all of Britain and from this assumption and the soll moisture
characteristic curve of each soil type sampled, they calculated the equi~
librium moisture content. Very good correlations with actual moisture
contents werz observed over a very wide range of molsture contents. Care
must, however, be exercised to determine the applicability of this method

by the level, the iity of the p
structure and the climatic factors.
As an alternative, if 1 is not availsble, the

ultimate moisture content can be determined by measuring the moisture

content in subgrades below existing in similar situations at the

time of the year when the water table is at its higher level (just after
the rainy season). These pavements should be more than 3 m wide and more
than 2 years old. Allowance can be made for different soil types by virtue
of the fact that the ratio of subgrade moisture content to plastic limit
is the same for different subgrade soils when the water table and climatic
conditions are similar. (The ratic between the adjusted ligquid limit and
the subgrade moisture content is significantly better for scuthern African
conditions, i.e. = (1) ™7 (s - 0,428 7).

Where there are no existing pavements in similar situations available
for comparison, an estimate of the minimws CER can be obtained from a table
prepared for soils compacted to not less than 95 per cent of the maximum
dry density attainable in the British Standard Compaction Test, 2,5 kg
rammer method. These values are minimum and the CBR should be measured in
the laboratory wherever possible at the appropriate moisture content.
These values should not be used with any Gesign method buc with the design
charts in Road Note 31.

Category (b)
In this case the subgrade moisture condition under an impermeable
pavement will depend on the balance between the water entering the subgrade
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through the shoulders during wet weather and the moisture leaving the
ground by evapotranspiration when the weather is dry (O'Reilly et al,

1968) . The ultimate subgrade moisture condition can be assumed to be the
optimum molsture content given by the BS Compaction test (2,5 kg rammer
method. (This is approximately equivalent to the Standard Proctor effort.)

ca tc)
The subgrade moisture content for this category where the climate is

arid throughout the year (amnual rainfall 250 mm or less) will be virtually

the same as that of the uncovered soll at the same depth. This moisture

content should be used for design purposes.

3.4.4.2 Richards (1968b)

Drawing from Australian investigations (aftc 10 Richards, 1965;
Richards, 1967; Scala, 1962) and similar investigation elsewhere (Black
et al, 1959; Russam, 1962; O'Reilly et al, 1968), Richards (1968b) pro-
posed the following prediction technique for equilibriom suction:

(2) ghallow water tables: (7 m in clays; 3 m in sandy clays and rilts
and 1 o in sands)

Where the water table is shallow,then accczding to Croney {1963) the

suction profile will be in hydrostatic equilibrium with the water

table irrespective of the climate. Hence,

(hm)z =z, -2 . {3.23)

where (h )z = matric suction at depth z in meters of water

2, = depth of water table from surface
{b) Deep water table

Where the water table is deep, the moisture conditions in the stable
zone are controlled by a moisture balance between rainfall and evapo-
i on. various rel ips between climate and equilibrium

so0il suction have been obtained (Bitchison and Richards, 1965; Rugsam
and Coleman, 196%1; Thornthwalte, 1948). Although factors like
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through the shoulders during wet weather and the moisture leaving the
ground by evapotranspiration when the weather is dry (0'Reilly et al,
1968). The ultimate subgrade moisture condition can be assumed to be the
optimum woisture content given by the BS Compaction test (2,5 kg rammer
method. (This is approximately eguivalent to the Standard Proctor effort.)

Category (¢)

The subgrade moisture content for this category where the climate is
arid thrsughout the year (aanual rainfall 250 mm or less) will be virtually
the same as that of the uncovered soil at the same depth. This moisture
content. should be used for design purpuges.

3.4.4.2 michards (1968b)

Drawing from Australian investigations {Aitchison and Richards, 1965;
Richards, 1967; Scala, 1962) and similar investigation elsewhere (Black
et al, 1959; Russam, 1962; O'Reilly et al, 1968), Richards (1968b) pro-
posed the following prediction technique for eguilibrium suction:

{a

shallow water tables: (7 m in clays; 3 m in sandy clays and silts

and 1 m in sands}

Where the water table is shallow,then according to Croney (1963) the
suction profile will be in hydrostatic equilibrzium with the watexr
table irrespective of the climate. Hence,

BB =2, =8 i (3223)

whera (hm)z = matyic suction at depth 2 in meters of water
z,= depth of watexr tesble from surface

(b} Deep water table

Whers the water table is deep, the moisture conditions in the stable
zone are controlled by a molsture balance between rainfall and evapo-
transpirati Vvarious relati hi between climate and equilibrium
soil suction have been obtained (Aitchison and Richards, 1965; Russam
and Coleman, 1961; Thornthwaite, 1948). Although factora like
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drainage, depth to water table, soil permeability, type of cover,
vegetation, local topography and soil type affect this relationship,
Richards proposed the tge of a unique relationship which assumes good
grainage conditions. Whewn drainage is bad, the predicted suction
values should be reduced, based on experience.

(c) Extrapolation from deep profiles

(1) Areas where no permanent surface desiccation exists,

i Aitehison and Richards {1965) have chown that for these areas the
suction profile under a covered area is identical to the suction
profile under natural surface cover, below the depth of seasonal
variation. This seasonal variations in the open field ocour to
depths of less than a metre to spproximately 3 m througnout
Australia. It was concluded that a structwre of 7 ~ 10 m width

N appears to have negligible effect on molsture conditions below
the depth of seasonal variation. The equilibrium suction profile
beneath the structure can thexefore be prefiicted by extrapolation
of the near eguilibrium profile below the depth of seasonal
variation. It is usually assumed that the same suction

existing helow the depth of seasoral variation occurs at the

surface.
{11} Where permanent surface desiccation occurs.

Russan and Coleman (1961) and Altchison and Richards (1965)
showed that for such dry areas, the subjrade molsture conditions
may be determined £rom the mean atmospheric humidity. Where deep
desiceation, relative to the width of the structure (+ 3 m
accurs, the molature conditions are unaffected by the structure
and the equilibrium suction can be predicted to be that measured
at 3 m prior to ~onstruction.

3.4.4.3 The Reglonal Basis Method (NAASRA, 1974)

Maps showing zones of uniform equilibrium suction need to be prepared
for this method. With this information the procedure is as fo'lows:




(a)

()

{e)

{d)

{a)

(2

(e}

(@)

7
Ensure that local factors which are likely to affect the equilibrium
suction are absent. These include perched water tables, inundation by
flood water irrigation, ste.

Prom the relevant area, read the vredicted equilibriem soil suction
f£rom the map of equilibrium suctions.

For each soil type along the proposed alignment, determine the dry
density vs. moisture content vs. suction relationship.

From this relationship, the predicted equilibrium suction for the soil
and the specified standard compaction required, determine the moisture
content of zpecimens.

3.4.4.4 site investigation method (NAASRA, 1974)

This method is conducted as follows:

Delinéate the terrain into units of similar physiographic features.
This can be done elther from aerial photographs or field inspection.

Take undisturbed samples at selected positions in each unit to depths

below the zone of seasonal variation.

Carry out laboratory tests to determine the suction profile at each of
the sites sampled, Altecnatively measure moisture contents on each
sample and plot the profile of the ratio of molsture contents to
optimum moisture content and plastic limit.

If the suction has been measured, the following procedure should be
taken:
Determine the equilibrium suction from the following equation

b, = ¢,

. B PP PR < It 1)

z0
where ¢, = squilibiium suction beneath coversd area at depth z

¢, = suction at depth 2, which is below the zone of seasonal
moisture variation

= density of water

In areas of high suction where no water table is present, the relative

magnitude of the second texm is negligible and hence 1!2 B ) In

70"
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areas where the water table is present, the suction ¢, is determined
by conaidering the critical level of the water table. Heze ¢, = 0

and ¢z = pw(zo - z).

(e} on the basis of the foregoing data on physi hic and
suction determinations, the equilibrium suction along the entire road
centre line cau be interpreted.

(£) ¥or each soll type along the proposed alignment, the dry density vs.

moisture content vs., suction relationship must be determined.

(g) Prom this relationship, the predicted squilibrium suction for the soil
and the specified standard of compaction, the equilibriun moisture
content can be determined.

If the moisture contents were measured in (¢) above, the Ffollowing
procedure would be followed:

(d,) on the profile of relative mo’sture orntents extvapolate the rela-
tionship vocurring halow the zone of seasonal variation to determine
the equilibriun relative molsture content at subgrade level.

(e,) Detexmine the optimum molsture content or plastic limit of the suz-
face material and hence calculate the equilibrium moisture content at
subgrade level.

3.4.4.5 BExtrapolation from existing roads (NAASRA, 1974)

It 45 also possible to predict moisture conditions by extrapolation
f£rom existing roads as follows:

(a) Select sections of existing road with conditions similar to those
which will exist for the road being designed,

(b) Within the section chosen for investigation, select a number of sites
for sampiing. The longltudinal location of sites will be on a random
pattern. The lateval looation of sites will noxmally be in the
outgide wheelpath unless the cross section of the road differs

markedly £xom that proposed to be used.
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(c. Sampie *he subgrade at the locations selected.

{d) Measure either the suction of the samples or the moisture content and
soil parameters like optiman molsture content, plastic limit and
liquid limit.

{e) If the suction has been measured, it must be assumed that this will be
the equilibrium suction under the proposed pavement and the same
procedure outlined before must be applied to arrive at an equilibrium
moisture content value from this equilibrium suction.

(£) If the relative moisture content ox the moisture content ratio with
some soil parameter had been measured, then it must be assumed that
this ratio will be the same undex the proposed road. The relevant

504l must be for the road
conditions and from this the equilibrium moistuxe content can be
deduced.

3.4.5 Comments on rational methods

Of all the available moisture prediction techniques the rational
methods have won most practical application. The main disadvantage lies in
the fact that it is much more laborious to apply the rational methods than
the empirical ones. It is alse not clear whether a substantially more
accurate estimatien of the molsture conditions may be made, as most methods
include empirical relationships in any case. The British method, for
instance, cannct be applied to local conditions without establishing a

atd sture content curve or employing some empirical

relationship. It is possible that the method is only as accurats as the
least accurate step and one may therefors argue that little accuracy in-
crease is achieved if empirical relationships are involved in any case.

It is, however, clear that these methods have found practical applic-
ability in countries like Britain and Australia and therefore should be
investigated further to establish applicabllity to local conditions.
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3.4.6 Theorstical mathods

There are several theoretical methods (Selim, 1871; Klute, 1952) and
models available for predicting the moisture content in pavements but they
are very complicated implicit numerical methods which require computer
programs for solution. However, a short summary of the wost important ones
iz relevant herg.

Several investigators {Selim, 1971: Klute, 1952; pPhilip and De
Vries, 1957; De Wet, 1965) have proposed mathematical formulae based on
the thermodynamic principles for predicting moisture movement caused by
non-1 1 and 4 L conditions, The 1 indicates that

the important liguid and vapour diffusivity parametezs for defining the
potential causing moisture movement in the formulas can be expressed
quantitatively in terms of soil properties and soil suction.

Klute (1952) and Selim (1971) have devaloped models for predicting
moisture movements in soils sybjected to isothermal conditions. These
models are based on finite difference solutions to the differential

equations for one~ and 1 molsture

Selim {1971) developed a two-dimensional transient and steady state
water flaw compater model for determining moisture content in soils.
Numerical methods were used to Qevelop the compute:r model. He solved the
transient £low equation by using an implicit numerical method. The steady
state £low equation was also solved by using a numerical approach. Selim
wag not able to compare his theoretical results with field data. However,

he 4 that the 1 flow appear to agree with
expected field patterns.
Elzeftawy (1974) water f£rom hoth the

laboratory and the field with moisture contents predicted by the model
developed by Selim. It was evident fxom this work done by Elzeftawy that
the model developed by Selim could be used to predict the isobhermal field
moisture content accurately with time.

Seldm (1971) concluded that the impllclt mumerical method that he used
for solving transient 2-dimensional wate. low equations was convergent and
stable and ylelded results which 1 The techni
provides for the prediction of soil water content in a flow medium at any ;
location and time 1f the soil properties are known. The technique is
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flexible and incorporate hysteresis, soil nonhomogeneity, chauges in

initial and ¥ and g 1
Richards (1965) has been fairly successful in using computer methods

for predicting the time-space molsture conditions in systems

ubj: ed to i 1 condition: Richards used a two. 1 model
but he analysed only the isothermal condition. He also implemented a field
study to check his model. He concluded that while his program provided a

vajuable tool for analysin molsture » there was i

fleld data for conclusions to be made about the accuracy of the model.

In 1970, Lytton and Khex developed a model to predict moisture
movement in expansive clay subgrades. They analysed only the isothermal
case, but they had both one- and two-dimensional programs, and used a field
study to validate the model.

Pigure 3.4 shows A typical comparison between field moisture content
and predicted moisture for various depths below the surface. They
oi~cluded that excellent results could be achisved by use of thedr rrogram
provided the input data was of L.gh quality.

(a) Geometrical values:

(1} Number of pavement layers
{i1) Depth of pavement layers
(iii) Geometrical cxoss sectional design of roadway
(iv} Depth of water table
{v¥} Drainage system
(vi) ¥Free water conditions
(b) Temperature gradient
(1} Temperature xegime
{1i) Thermal conductivity and heat capacity of soil and pavement
materials
(111) Temperature fluctuation
(iv) ¥Frost line
(c} External moisture changes
(1) Rainfall and infiltration
{i1) Moisture movement from pavement edges
(434) Raising and lowering of water table
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(@) Moisture movement variables
(1) The hydraulic conductivity (K)
(11) mMoisture diffusitivity (Dy) - a measure of the force required to

push water through soil and a function of water content and so..

type
(131) Tempsvature diffusivity (f,) - measure of the force required to
push water through coll and a ton of at

A fairly accurate knowledge of all these variables 15 necessary to
make an accurate prediction of the moisture cortent and this is obviovsly
a tedious job. The aim of 'ais dissertation is to find a very much simpler
method of prediction even if some accuracy is forfeited.

3.4.7 comments on th tical methods

3.4.7.1 ILimitations

These methods have the drawback that they are laboricus to use. The
mechanisms xesponsible for moisture fluctuations are very complex and
seeing that the theoretical methnds represent fundamental systems, they
similate these fairly 1y if input data and
boundary conditions can be provided. The @rawback lies in the provision of

these conditions., In many ingtances the input data are rough approxima-
tions which cannot be used in accurate methods.

Another limitation of tne use of these methods is the condition of

g of the This is easy to fulfill only in

cases of sandy soil subgrades whose coefficients of permeability X always
exceed 1074 ca/s and which are precisely those soils whose mechanical
properties are the least sensitive to the moisture content. Silty soils

(k = 1075 - 107 cu/s saturated) demand good quality dense pavements having
a coefficlent of permeability of about 1076 - 1077 em/s, which means it
must be free from previous cracks or joints and whose water proofing is not
tiable to be compromised during the useful life of the highway by damage
due to wear, fatigue, rupture and excessive distortion, For clay soils,
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with K of the order of 1078 on/s pavements with K's of 10" em/s would be
required,

Even Af this condition is fulfilled, the isothermal renditions ave
generally not fulfilled, and water movements in the vapour phage can take
place.

Even if the above conditions are fulfilled, the predictions of the
theoretical method are not applicable to the edge zones of pavements. The
width of the edge zone affected 1s approxicately 1,2 - 2,0 metres. Water-
proofing the shoulder can eliminate edge sffects but it appears that

processes used for this purpose have not yet proved their worth.

3.4.7.2 Aceuracy obtainable

Prom the results of an experiment performed in Belgium it was possible
to compare moisture in the of an open air model
highway satisfying all conditions of application of the theoretical method,
with molsture contents estimated by this method in relation to the depth of

the groundwater level and the suction curves of the soil. The svil was &
low plasticity silty soil (PT = 8) and it was relatively pervious (K = 3 x
107% at 10 % for 5 = 0,75).

A stable pore water profile was tablished four months aftex

construction and the moisture contents remained constant at each level Erom
that time over a pericd of 2 years of observatlons, It can therefore be
concluded that equilibrium was achieved and maintained. The measured
values proved on average to be 2 - 3 per cent lower than those predicted by
the theoretical method. In other words, the soil drained slightly beyond
the estimation obtained by the theoretical method.

It is true that the predictions were based on suction curves during
S and in the £rom lete araina Tni-
tially the in-gitu soil had a Qegree of saturation of sbout 0,75 only and
it was certainly not being drained €rom complete saturation. A suction
curve starting from the initial state should therefore have been used,
which the measuring techniques availahle did not allow, but which would

douikless have shown a moisture content lower than the curve starting from

complete saturation for the same suction. ;
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Moreover, comparison of the measured and predicted moisture contents
aid not lead to very accurate conclusions because of variations of density
which were observed throughout the soil mass, although this was quite

uniform. This natural heterogeneity of soil masses nullified the gain in
accuracy of predictions that, at first sight, could be expected from more

of suction
From this experiment it was concluded that the eguilibrium moisture
content predicted by the theoretical method was close to the observed
values, although somewhat highex.

3.4.7.3 Data requized

about the level are important. It is vital
to ascertain the seasonal variations of this level and to spot the appear-
ances of a false or perched water table. These observations, repeated
along the entire length of the highway, are costly and take a long time.
In addition o the usual cal . the 1

examination of the soil samples collected during the site survey should
also inciunde determination of the suction cuzves of the principal types

of goil. The density of the test samples should correspond to the density

ided for the The cost of determining these suction
curves will be high and the time for their execution will inevitably be
considerably longer than that required for ordinary geotechnical tests.

The project engineer wishing to use the rational method for evaluating
moisture contents comes face to face with the problem of increased costs
of the study and the longer time required for its execution. On the other
hand, by way of compensation, he will be able to arrive at decisions such
as modifications to the longitudinal profile and even to the location line
liable to reduce apprecisbly the cost of the works and the': duration of
execution and thus make the longer preliminary work worthuhile.
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3.4.7.4 Value of the theortical method

In spite of the Limitations and difficulties of application which
have been mentioned, the value of a theoretical methed is undeniable. In
the present state of knowledge this method is the only one to give reason-
ably acourats predictions, insofar as its applications are fulfilled.

Furthermore, the very fact that it is necessary to ascertaln whether
the method is applicable by examining the real characteristics of the
site and of the highway from the viewpolnt of hydrology (groundwater
level), hydraulics (permeability of road structure and soil) and thermal
(climatic) factors, will always provide useful information. Indeed, even
if the conditions for application of the method appear not o ba Fulfilled,
this examination will allow & predictlon of the way in which the actual
moisture profile might differ from the equilibrium profile. Thus it would
provide the road designer with guidance in choosing measures to prevent

dangerous moisture contents,

3.5 Conclusions

The following conclusions may be drawn from this chapter.

(@) Many conflicting observations about the gemeral trends of moisture
nditions in pa have been made by various researchers,

{b) General agreement on the following trends emerged:

(1) TThe largest moisture varistions ocecur within the first two years
after construction, after which only relatively small seasonal
variations ocoux.

{11) Climate is only a major factor influencing the moisture regime
when the water table is deep. Where the water table is shallow,
it is the major factor influencing the moisture regime.

{141) The material type and density also play a major part in influeac-
ing the ultimate moisture regime in as far as the moisture content
inoveases with increasing plasticity and decreases with increasing

density.
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{1v) Moisture stabllity is reached beneath the greater part of the
paved area (if the surfacing is relatively impexvious) in all
climatic reglons,

(v} The maximum moisture conditions are reached towards the end of
and shortly after the rainy season.

Although there is an abundance of empirical prediction models avail-

able, it is clear that no generally acceptable model exists.

The prediction accuracy of only a few models are known and it is
clear that they generally give rather poor results.

Rational prediction have won practical in some
countries, but they may not be applied to local conditions at this
stage because they are generally based on characteristic moisture~
suction curves, which are not available for local soils.

Significant progress has been made in simulating the moisture regime
mathematically, but it has found only limited practical application

because of the uncertainty in the input values.
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CHAPTER 4

INSTRUMENTATION 3ND COLLECTION OF DATA

4.1 Introduction

The aim of this chapter is two-fold, Firstly, a summary of available
suction measuring techniques will be given, as well as a description of the
specific apparatus used in the preliminary invescigation into suction
varistions for this study. Where detailed descriptions of the apparatus
are avdilable elsewhere, the reader will be referred to the relevant literature
and only a summarized version of the description and use will be given here.
Where such descriptions are not available in the literature, a more detailed

is here. The used to evaluate pavement
response will also be summarized here. Secondly, the origin and nature of
the southern African data used for comprehensive statistical analysis,

is summarized.

Traditionally, in-sltu suction measurements have been carried cut using
gypsum blocks, e'entrical resistance blocks and tensiometers, depending on
the range of suction anticipated. In their statement on the symposium on
moisture conditions in Australia in 1965, the review panel summarized the
methods in general use at the time. They also gave an extensive list of
references, indicating noxmal sensitivity, significant souzces of error and
ranges of applicabllity. At that stage they recognized the potential usahil-
ity of psy for ng Later devel t

the reliability of this instrument and after an exploratory laboratory
investigation, it was decided to use this instrument for the in~situ mea-
surement of suction in this study. For completeness’ sake, a brief summary
of the main methods available to measure suction and moisture'content is
also given here.

All moisturs content determinations for this investigation wore done
by the destructive method of taking samples and drying them in an oven,

because soll samples had in any case to bs taken at the same time.

There are various alternative methods and instruments available to
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mesgure in-sitw moisturs content, such as penetrometers, lysimetric methods,
chemical, vadar, radiometric and nuclear methods. Details of the alternative
methods are reported by Cope and Trickett (1965), the OECD {1973), Ulaby
(1974), Schmugge et al (1974}, Eagleman (1976) and Visvalingam (1275},

4.1.1 The p? goale

The pressure required to remove water £Xom an unssturated soil is
expressed in terms of the height in centimeters of a water column. The
greater the em height, the greater, of course, is the pressure measured.
One complication, howevexr, arises because some soils xetain water with
such tenacity that the suction necessary to remove it, if sxpressed direct—
ly in om of water, gives awkwardiy large numbers. For insiance, certain
increments of the cclloidally adsorbed moisture require for their removal
a force more than equivalent to the weight of a column of water 1 000 000
cm in height. To avoid using these cumbersome values, suction is expressed
as the log of these values (Schofield, 1935). This log is called the pF
and is analogous to the chemical use of pH for aydrogen lon concentration,
Suction way also be expressed in atmospheres or bars - it is a matter of
personal choice which system is used. Table 4.! indicates the relation
butween pF and other parameters.

an of some ¢ significance that can be made from
this table is that the matric potential of the is
equal to the 1 of the mean Qiameter of the particles (both guantities

expressed in cm).
4.2 available methods of measuring soll water potential

4.2.1 Total potential

Bs explained elgewhere (Baver et al, 1972), total potential is
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somposed wainly of matric and osmotic components, if gravitational and
external gas puessure potentials cam be neglested. The majority of
uethods available to measure total water potential involve some way of
measuring relative humldity,

Relative humidity is the ratio, usually expressed in per cent, of the
pressure of water vapour in the gas to saturation pressure of water vapour
4t the temperature of the gas. In engineering, relative humidity te
sometimes dsfined as the zatio of the weights, per unit volume, of the
water vapour in the gas mixture and the saturated vapour at the temperature
©of the gas mixture, The tyo definitions are equivalent for all practical
surposes.

Instruments used to deter dne relative humidity ave called either
paychrometers or hygrometers. Gensrally, the dry~ and wet-bulb instrument
i¢ callad a psy . and direct i of relative humidity are

1led hygrometexs.

4.0.0.1 Vapour pressure methods

These methods use the sguilibrium humidity of an enclosed volume of

1ir around a soil sample as a measuxe of the total suction in the soil.

hni {vacuum degiccator, t balance)

orchiston (1953) described the aimple vapour adser~+ion/desorption tech-
nigues using HZSOA solutions with soil in an evacusted desicecator. Va-
rious soluti have been with and it has been esteblished
that the method hae a range of 100 -~ 5 000 xPa of suction.

Several techniques have been developed which are based in the prin-
aiple that the sucticn of a sample in equilibrium with a known humidity
way be dednced from known relationships between humidity and suction.
The test sample reaches eguilibrium with the known humidity through
moisture transfer in the vapour phase.

The relationship between humidity and total water potential is:

b= -g—c-

This is the Kelvin equation.
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where ¢ = total water potential in om water

:— = relative humidity
a
R = universal gas comstant

v = volume of mole of liguid 1 ‘uer
T = absolute temperature (°K)

“his equation is based on the assumption that water vapour bohaves as
an ideal gas, which introduces only negligible errors.

Croney at al (1952) described in detail the apparatus and preocedures
whereby the suctlon-woisture velationship of a sample may be studied using
either a sorption balance (pF 4,5 -~ pF 7) or a vacuum desiccator (pF 4,5 -
PF 7). Both these methods are very sensitive to temperature gradients and

eaxz should be ised to carry oat in a
controlled laboratory.

4-1.2 psychrometric methods

Spanner (1951} was the First to use Peltier cosling to measuxe the
wet-bulb @epression in a small chamber successfully, although technigues
based on vhe measurements of the wet~ and dry-bulb temperatures for deter-
mingny relative hunidities had been well established. Monteith and owen
(1958), Richards apd Ogata (1958), Korven and Taylor (1959) and Klute and

Richards (1962) have since used psy ic methods lly in
soils. Rapid development of the instruments in the early 1970s produced &
reliable and ¥ for field and laboratory work.

They are now commercially avallable and have been used for in-sitw sugtion
measurements for this project, and will be discussed in more devail later
(pF 2 - pF 5).

4.2.1.3 Freezing point depression method

This method is based on the fact that wster absorbed by & porous
material does not freeze at 0 °C in gemeral, but at some lower temperuture.
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The freezing point depression is defined as the difference in temperature
between 0 °C and the freezing point of the absorhed water. This depression
1is caused by both an increase in surface tension of the absorbed water and
by Gissolved salts, It is thus a messure ox the total suction. Croney
et al {1952) described the apparatus and procedure whereby this principie
way be used to determine the suction in a semple in the laboratory. Li-
mitations of the method is also discussed and it is clear that this method
has not met with wide-spread application, either in the laboratory or in
the field, It has, howevar, been used in the agricultuxal field and Cary
and Fisher (1969) developed a freezing point meter to measure total plant
water potential (pP 3 - pP 4).

4.2.1.4 Electrical methods (gypsum blocks, nylon blocks, resistivity
proves, etc.)

These methods are based on the principle that the electrical resist—
ivity of a soil varies with changing moisture content. A &ry soil has very
low electrical conductivity and hence a hich resistivity. Pure water has
the same characteristics, but once in contact with soil, the water will
invariably dissolve certain substances £o become conductive. Naturally the
purity of the water added to the soil will influence the resulting decrease
in zesistivity, and this is one of the many disadvantages of this method
(Edlefson and Anderson, 1941). Sines the probe ls affected by the
percentage soluble salts in tha solution, it gives an indication of tetal
suction. This poses vbvious practical problems as fax as calibration is
concerned. The probe obvicusly bas to be calibrated specifically for the
regime in which it is to be used. Farly workers also found that the
contact reslstance between the electrodes and the soil may he erratic
(Briggs, 1357 Gardner, 1898}, .

Initially Whitney gt al (1827), Gaxdnex (1898, and Briggs {1899)
simply installed electredes into the ground and took readings via a
«wmhgtonu bridge. Unacceptable errors occurred due to varjations in
: atact between Soil and probes and this led MacCorkle (1931) and Edlefson
and andersan (1941) to carty out an experdment with electrodes, but the
erzoxs could mot be veduced. Refinements and modlficatlons were made to
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The freezing point depression is defined as the differemce in temperature
between 0 ¢ and the freening point of the absorbed water. This depression
is caused by hotk an increase in surface tension of the absorbed water and
by dissolved salts, It is thus a measure of the total suction. Croney
et al (1952) @escribed the apparatus and procedure whereby this principle
way be used to determine the suction in a sample in the laboratory. Li-
mitations of the method is also diccussed and it is clear that this method
has not met with wide-spread application, either in the laboratory or in
the field. It has, however, been used in the agricultural field and Cary
and Pisher (1969) developed a freezing polnt meter to measure total plant
watex potential (pF 3 - pf 4).

4.2.1.4 Rlectrical methods (gypsum hlocks, nyle™ .t 3cks, resistivity

probes, ete.)

These methods are based on the principle that the elesctrical resgist—
ivity of a soll varies with changing mod-ture content. A &ry soll has very
low electrical conductivity and hence a high resistivity, Pure water has
the same characteristics, but once in contact with soil, the water will
invariably dissolve certain substances to become conductive. Naturally the
purity of the water added to the soil will influence the resulting decrease
in xesistivity, and this is one of the many disadvantages of this method
(Edlefson and Andexeon, 1941). Since the probe is affected by the
percentage soluble salts in the solution, it gives sn indication of total
suction. This poses obvious practical problems as far as calibration is

The probe cbviously has £o be calibrated specifically foy the
regime in which it 18 to be used. Early vorkers also found that the

contact resistance between the electxcdes and the soil may be erratic

(Briggs, 1899; Gaxdner, 1898). .
Initially Whitney et al (1897), Gardner (1898) and Briggs (1899}

simply installed electrodes into the ground and took readings via a

bridge. errors vecurred due to variations in
contact between soil and probes and this led MacCarkle {1931) and Edlefson
and Anderson (1941) to carry out an experiment with electrodes, but the
errors could not be reduced. Pefinements and modifications were made to
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this arrangement {Kirkham anG Tailox, 1949}, but the method was never con-
sidered to be accurate because of the large number of factors influencing
the results {the varying percentage of soluble salts in the water,

effects on resista the influence of dry unit waight,

for shape i ty, ete.).

It was then decided to embed the probes into an absorbent material
which would be buried in the soil and left to reach equilibriwmi with the
surrounding material. Any changes in suction in the soil would then be
reflected by equal changes in the suction in the absorbent material.
commercialized absorbent meterials include gypsum, nylon and fibre glass
and yecently developed probes incarporate thermocouples so that the
temperature may be moasured and readings be corvected for temperature.
Bouyoudos and Mick {1939) used standardized blocks of plaster of paris in
which were set electrodes, connected by insulated wires to an AC Wneatstone
bridge. Such blocks will measure suctions within the pF range 2,6 ~ 4,2
but improvements such as the use of nylon and fibre glass in blocks
(Bouyoucos, 1949; Colman and Hendrix, 1949) and the use of concentric and
spot-yelded stainless steel mesh el (cromey et al, 1951; postleth
waite and Trickett, 1956} have improved durability and sensitivity of
blocks and exuended the range from pf 2 to pF 7. The OECD (1973) found
that these i generally are not very and only indicate

the general trend of molsture movements.

The electrical properties of a soil at various radio frequencies were
investigated by Ratcliffe and White (1930) and thiz method was used to
measure soil moisture by Balls (1932} and Fletchex (1940). Temperature and
hysteresis effects, and the power loss in a wet medium, &d& cospiications.
» .niorowave meter comprising an oscillator, receiver and a calibrated
attemator is commercially available for determining the moisture content:
of samples (Anon, 1964; Pande and Pande, 1962). The sample is placed
betueen iving and t heting and the related to

wolsture content. The advantage of the latter method is the spesd of
reading, but the heterogensous nature of soll presents a limitation to in-—

situ use of micro- or radio-wave methods.
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4.2.1.5 Hygromaeters

e 31 ang ical, are available which consist

of hygroscopic materials that either change in physical dimensions or in
electrical properties with changing moisture content. Human hairs aze
commonly used as Sensing elements in hygrometers and they indicate relative
humidity directly over a wide range of temperature, but reliability rapidly
decreases as the ambient temperature decreases below freezing, At these
temperatures, they indicate relative humidity in terms of the vapour
pressure of supercooled water, not that of ive. A major disadvantage is

the lack of stability of the calibration under usual conditions of use.
Another disadvantage is the lag of hair hygrometers, particularly at low
temperatures. Suddenly subjected, at about 25 °C, to a change ia relative
humidity, hygrometers take of the order of 5 minutes to indicate 80 per cent
of the change in relative humidity, this time interval increases with
Gecrease in temperature of the hairs.

Electrical hygrometers usually depend upon the change in electric
resistance of a hygroscopic material with change in humidity. In one de-
sign, largely developed by Dummore (1938), two parallsl wixes of &
noble metal are wound round a polystyereme cylinder or strip. A hygroscopic
coating is placed between the wires. At constant temperature, the
logarithm cf the electrical resistance between the parallel wizes varies
approximately linearly with the logarithm of the relative humidity and is

by a suitabl bridge, ly using alternating
curxent, or other sultable electric circuits, The electric resistance at
constant relative humidity is highly dependent upon temperature, especially

at temperatures below 0 “C,

4.2.2 Matric potential (suction)

4.2,2.1 Tensiometer, ‘suction plate and centrifuge

A tensiometer consists of a waterfilled porous cup buried in the soil
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and ©a a@vice. Water in the porous cup
reaches equilibrium with the soil water and the pressure may be recorded
3. are not primarily as a means of
the suw sture content rel although they have been

enployed for this purpose. Only the matric suction is measured, as the cup
is permeable to the solates. Early designs are described by Richaxds
(19497, Most ave made by glueing a ceramic cup to a length of rigid
plastic or copper tubing. If plastic tubing is used, it should be
impermeable to both water and air. A gauge is inserted at the other end of
the tube. Since diurnal variations in temperature affect the readings of
tensiomaters, especially those with parts exposed, care should be taken to
read each instrument at the same time each day. Installation completely
below the ground or a plastic construction using double walled tubes,

will also reduce the influence of tempexature. More elaborate and more

sensitive tensiomet: for 1 have been described by

Miller (1951) and Leonard and Low (1962). The chief ’isadvantage nf the
is that it only relatively low It i3
normally only effective £ram pF O - + DPF 3.

The suction plate apparatus is based on the same principle as the
tensiometer. The sample is placed on & moist porous plate where suction
can be controlled. This is usually done by applylng a suction by raising
the sample above a water level with which it is in contact. The sample
will either lose or take up water from the porous plate, until equilibrium
is established. The suction of the sample is then known and the characte-
ristlc moistvre-suction relationship cas easily be established. Details
about the operstion and composition of this squipment, as well as a de-~
scription of the requirements for the porous plate and the influence of
pressure and temperature on the results, are given by Croney et al (1952).
The apparatus can be modified so tha. .t may be used for in-situ messure-
ments, but this is not common. It only measures the mauric suction amd is
only applicable in the range pF 0 to % PF 3.

The centrifuge is based on the same principle as the tensiometer and
pressure membrane, except that it may be used for much higher suctions be-
canse the test is carried out in a centvifugal field. If the distance
between tie centre of the sample and the water table is h, the suction
exerted on the moisture in the sample is equal to 2 negative head of water
h, in the earth's £ield, but in a field of ng the suction would be nh.
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Thus in a field of 1 000 g, a sample 5 cm above the watc: level would give
a suction of 5 000 cm of water, i.e. pF 3,7. Considerably higher
gravitational fields than this may be achieved by spinning a sample at high
angular velocities. Detalls about the apparatus and test procedure

1s given by Croney et al (1952), It has successfully been used in

the range pF 3 - pF 4,5.

4.2.2.2 Pressure membrane method

The pressure membrane apparatus was developed by Richards (1941, 1947)
o m_usure the uptake and release of moisture by samples of soil ovex a wide
xange of suction values, Far higher suctions may be measured than with a
tensiometer and only the matric suction is measured.

The apparatus comprises a metal pressure chamber, the floor of which
“nsists of a cellophane membrane supported by a porous metal filter so as
to withstand high pressures from inside. This membrane will pass water and

also dissolved salts (Reitemeyer and Richards, 1944), but will holid back
compressed air when wet. Some leakage of air does oceur (Collis-George,
1952) but this Goes not affect routine use of the method (Quirk, 1954).
Croney et al (1952) described the use of this apparatus in detail so it
will not be repeated here. Peck (1960} and Chahal and Yong (1964) de-
scribed some errors that may occur when this epparatus is used. The renge
for which the apparatus is applicable depends nn the porosity of the
membrane. Matevials such as cellophane and plastic sausage skins have been

used successfully for suctions up to pF 4.
4.2.2.3 Thexmal methods

Attempts have been made to exploit the thermal conductivity of the .
goil directly (De Vries, 1953; van buin and De Vries, 1954) and that of ’
absorbent thermal blocks in close contact with the soil (Haise and Kelley,

1946) to dexive soll molsture values in-situ. The thermal conductivity,
unlike the electrical conductivity, of a soil is independant of the salt i

content. This presents a Gistinct advantage over resistance blocks,
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particularly for saline soils., Direct measurements depend upon very close
contact between soil and probe, which is hard to achleve. However, De
vries (1953), whose method Ls based on the logarithmic xise in temperature
with time of an infinite line source in a homogensous medium, reports
consistent results in sandy soil. Other technigues (van Wik, 1963;
Talsma, 1964) have also been tried, with only limited success. Shaw and
Baver (1939) used a glass tube with copper wire to measure moisture changes
in-situ. Since the input to the element is constant, the resistance
depends upon the thermal conductivity of the soil. In the method of Momin
(1945) and Kubo (1953) a mercury thermometer having half the bulb wound
with electrically heated wire, is set in the soil. The time required to
obrain » constant temperature rise is £ald to be proportional to the soil
moisture. These methods for obvious reasons have limited applicability.

4.2,2.4 Electrical suctlion piezometer

A fairly recent development in the measurement of in-situ suctions is
the electrical suction plezometer. The cell was origimally proposed by
Escazlo (1967, 1969). As shown in Figure 4.1, the cell consists of a
eylindrical porous disc through which equilibrium with the surrounding soil
is established. On top of this is a thinner porous disc enveloped by
membranes. This disc can be soaked with water from small water pipes
leading to it. In close contact with this latter porous disc s the son~
sitive element which is a gypsum block with electrodes embedded in it.
Abuve this element is a cavity filled with fibre glass and connected to a
source of aix pressure.

The cell 1s installed in the ground and a moisture equilibrium between
the soil and the larger cylindrical disc ls set up. When a reading is
taken, water is apylied at to the intermediate porous

stone inmedistely below the sensitive element. At tha same time air
pressure is applied to the sensitive element through the porous fibre glass
located on its upper part. On either side of the intermediate porous dise
is a semd like cellophane, which permits slow passage

of water but resists the applied pressure, If the applied pressure is
equal to the watex pressure in the sensitive element which s in equili-
brium with the soil, then no water migration will take place. The
electrodes in the sensitive element will indicate when water movement stops
and the suction is then read Off the applied pressure gauge.
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The OECD (1973) describes the d.tailed procedure for using this
apparatus for different ranges of suctlion and also discusses the main
problems involved. It can be used in the suction range pF 3 - pF 5.

Pigure 4.2 shows a comparison between the different methods available
to measure suction and also tha range over which each instrument is

operative.

4,3 Instruments used for this investigation

4.3.1 peltier thexmocouple psychrometer

4.3.1.1 theory

Because the operation of the Peltiur psychrometer is restricted by the
laws of thexmoelectricity, a review of these laws will illustrate the
operatjonal limitatlons of the probe.

Firstly, the law of the homogeneous circuit states that an electrical
current cannot be sustained in a cireuit of a single metal by the appli~
cation of heat alone. With respect to Peltier and Seebeck circuits,
this means that the electromotive force {emf) developed at the junctions is
independent of the spatial temperature distribution along their leadwires
in the field. Secondly, the law of intermediate metals states that the sum
of thermo-electrumotive forces in a cireuit composed of any number of
dissimilar metals is zexc if all the junctions are in thermal equilibrium.
This is of particular significance regarding the Peltier psychrometer,
since it is composed of 3 different metals (copper, constantan and
chromel) ., This also allows the intreduction of a meter into -the cixcuit to
meagure the emf in the junctions of the meter with the oircuit at the same
temperature. Thirdly, the law of suscessive temperatuces states that if a
Seebeck thermocouple produces a net emf1 when the junctions are at
temperatures T; ana T, and a net emf, when the junctions are at temperatures
’1‘2 and T3, then the net emf generated when the junctions axe at Tl
will be emfl + emﬁz. An understanding of these laws and of the Peltier

and T3

and Seeheck effects is essential to grasp the operation of the psychrometer.
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Paychronetars are used to infer water potential from weasurements of
rolative humidity. The relationship between these at a given temperature
is given by eguarion 4,1, Wien the relative humidity of the air space is
in equilibrium wi. © he vapour pressure of the pore water in the soil
specimen, the suction may be evaluated from equation 4.1. The ambient
temperature T substituted in egnation 4.1 need not ba known very accurately
(+ 1,5 °C) to infer the ~uction to the nearest | per cent (Rawlins and
Dalton, 1971). The : ve tumidity, on the other hand, must be known
very accurately, especially for humidity exceeding 95 per Jent, because
small errore in relative humidity amount to lazge errors in the natural
logarithm of the humidity. iavge errors in suction will the result from
equation 4.1.

The ¥ can the a1
between the dew point (wet-bulb) and ambient (dxy-bulb) tomperatures. The

relative humidity 1s evaluated from this temperature difference and the
amblent temperatures. In this case one thermocouple juncticn is cooled by
applying & small direct currenm. in th. proper direction through the
junction, which causes cooling as & result of the Peltler effect.

e xchange of heat between a junct.on and its surroundings is called
the Peltier effect. For small cu.rents the ceoling is proportional to the
currern, as shown in Equation 4.2

o erresereaas (4.2)

an 2
E%-v%[abl'*RI Sararaneeves raviesivenges

where g% = zate of change of ieat

Hab = Peltier coelilcient
T = applied current !
R = resistancas,

It is clear that as the current increases the junction will heet up,
nou cool down, because of the influence of the square of the current.

There is thus an optimum cooling current that should be applied. This is
achieved by the electronics. Water starts to condense on the thexmocouple
junct:fon (wet-bulh) when the temperature reaches the dew point, inhibiting
further cooling bhelow the dew point temperature. Aftex the cooling cuxrent
has heen Lexauinated, the water on the wet junction begins to evaporate and
a difference in temperature Ls maintained betwssn the wet and dry junctions
until the water has evaporated.
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The drier ‘he atmesphere, the more repilt whll the evaporation rate be
and hence the greater will the temperature @ifferential between the wet and
dry sensors be. This temperature difference between the junctions omuses a
small voltage to be generzted according to the Besbeck sffect. The Seebeck
effect states that if two diseimilar metals are joined together in a
closes circult, then an electrical current will flow In the circuit if the
two juncticns are at different tempexatures.

Chromel <constantan thermocouples were used in this investigatlon be-
cause they yield a relatively large voltage ou_put for spall temperature
changes and they resist corrosion. The junctior may also be heatéd
rufficiently to burn off excess moisture before the next measurement is
taken, The output voltage may now be related to total suction from cali~
bration curves,

several questions have arisen covering the validity of relative

Twmidity using these P They are
vsed in static aiv, for instance, whereas psychrometer wet-bulbs are

normal i a; to ».nieve reading: It has also been found
hat tho wet-bulb Gepression Of the psychrometer is not a unigue functlon
of the relative humidity of the chamber in which i% is placed. Bensitivity
1s found

+ increase with and with
asing Prevsure, Rawling (1966) derived a theoretical eauation

relatin; he ovrput voltage to paychrometer dimensions and to chamber
tenly | Mture and pressure, This equation agrees well with experimental

fosu'’s and s s clear that it takes all the major factors affecting

psyshrometer paxtormance into account, The previously raised objections
now become instgwificant, bsoause it is possible to infer the relativs
Tomidity withis an quilibrium chamber from the output of the psychrometer
calibrated at atother and The xeader is
referred to Tanner (1972), Rawlins (1972), Rose (1966). Harrison {1965) and
Tennex {1963) £¢ ° more complete and rigorous discussions of psychrometric

theory.
Although th wajority of objections reqarding the psychrometric method
have been @ispiliid, all suction measurements taken for this investigation
had also been done by the dew point method. The chief advantage of the dew
point method is fhat No net water exchange ocours et the wet junction,

allowing measuremencs Yo be taken without disturbing the vapour equilibrium.
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It is thus relatively insensitive to all factors affecting vapour exchange,

like size and shape of wet surface at the junction (Neumasn and Thurtell,

1972). The dew point method is based on the phenomenon that the dew point
is 2s the watex potential is reduced below saturation

(becomes moxe negative). Hypothetically a wet junction will always tend to
the dew point temperature, bicause, if it is below it, extra water will
condense and raise the temperature, and, similarly, if it is above, water
will evaporate, bringing th temperature down. External heat transfer
mechanisms prevent this £om happening in nature. During actual measure-
ments, the wet junction temperature will always be below the ambient
tempexature and therefoxe heat will flow from the surroundings €o the
junction. It is possible to apply a Peltier cooling current, adjusted
electrically, to exactly balance the heat inflow for a net zero heat
transfer. This is done by applying a pulsed cooling cuzrent, which is
controlled by the autput of the microvoltmeter So that it balances the heat
inflow. fThe junction temperature is thus initially lowered to below the
dew polnt in order that a film of water be condensed onto it. When it is
switched to the dew point position, the cooling current is immediately
reduced from its maximum value to a valte dictated by the microvolt out-
put, such that heat is removed from the junction at the sawe rate it £lows
in £rom the surroundings. Wate: starts to condense and, through the heat
of condensation, raises the junction temperature. ‘This reduces the
microvolt cutput, which in turn adjusta the cooling corrent. This
automatic process continues until the junction temperature xeaches the dew
point and condensation ceases. The system will then automatically reach
the dew point temperature. However, if a change in ambient temperature
occurs, the meter output will be affected proportionately, since the
initial ambient temperature is used as a reference temperature £rom which
the dew point depression is measured, For more detailed information the
reader is referred to Campbell et al (1973) and Neuman and Thurtel (1972).

4.3.1.2 Construction

The construction of thernocouples and sampl . holders for Peltier
p3ychroneters has been dessribed in saveral publications (Spanmer, 1951;
Monteith and Owen, 1958; Campbell et al, 1966; Merril et al, 1968;
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Brown, 1870) and only a sumarized description of the construction will be
given here.

The t..cmocouples ars constzucted from chromel and constantan wires
for reasuns discussed before. Because it is desirable to cause as little
thermal and vapour disturbanco in the chamber as possible, the junctions
should be as small as possible. The output for a laxge diamster thermo
couple for a given suction is also less, which implies that the smaller
a1amet les ave more itive and {John 1974) .

wire with a di of 0,025 mm is commercially available.

Figure 4.3 shows the essential parts of the psychrometer probe. It
consists of a small {48 pm di-weter, 65 mm long) teflon hody through which
two small (0,25 mm) holes are made with @ dissecting needle. The copper
lead wires are attached to the themmocouple through these holes. The
chromel and constantan wires are soldered to the copper leads, which are
then pulled back into the teflon body so that only the thin thermocouple
wires protrude. These wives are then twisted together and the excess cut
off. The thermocouple is now ready for welding. Welding is preferred
because soldered junctions age more muickly and do mot have a linear
respanse throughout the range of vapour pressures f intexest (Campbell
et al, 1968).

From the figure it is clear that the psychromster has kwo reference
Junctions instead of one (copper-constantan and chromel-copper} and only
one sensing junction (chromel-constantan). When these three junctions are
in thermal equilibrium, the psychrometer has a net output of zero volts.
The wum of the emf's geners!~d per °C at the two reference junctions
(+ 40 w °c"! at the copper-constantan plus +20 w %! at the chramel-
copper) is exactly equal but opposite in sign, to that generated by the
sensing junction (about 60 wv O © at the chromel-constantan junction). A
tight-fitting cup is Fitted to the teflon body and the unit sealed with
shrink sieeving, A copp temperatur is
close to the probe with shrink sleeving., The unit is now sedled and ready
for installation.
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4.3.1.3 operation

The probe is installed iato the pavement by making the smallest
practical hole through the pavement, usually by driliing, to the required
Gepth, The probe is bedded in the material retrieved from the excavation,
if it is fine-grained, or in a small amount of clean-washed sand if the in-
situ material is gravelly. che probe must be installed horizomtally,
especially if it is close to the surface, because there exists a vertical
temperature gradient and the probe is very temperature-gensitive. The hole
1is backfilled with the material retrieved from excavation and care
mast be taken to enwure that good compaction is achieved to prevent the
formation of a channel for easy water ingress. It 1s sometimes nacessary
to seal the hole betwesn successive pavement layers.

If the ceramic cup bad been vetted with aistilled water prior to
installation, equilibrium will have been achieved after 24 hours under most
clrcumstances. Otherwise a fow days may be necessary.

The probes may be monitored by any microvoltmeter in the psychrametric
mode, but when the dew polnt mode ls used, then sensing and switching needs
to be incorporated, Microvoltmeters which contaln these features are
commercially available. For details regarding taking of measurements and
connecting-up procedures, see Haupt (1978a). The probes have proved
themse.ves to be reasonably reliable and accurate in this study for suction
ranges pF 4 2 to pF + 5. The probes in Namibia remained serviceable for
periods well in excess of 2 months while some probes near Stormwater in
the Cape became unserviceable after only 2 months.

4.3.2 Resistivity probes

The principle goveralng resistivity probes is that an electrical
voltage is applied to the ground, and the resistance to flow of an electric
current is measured. The probe thus has to comprise hoth a generator and
a detector. The resistivity of soil depends on the quantity of water
retained in the pores and electricity is conducted by the process of
electrolyses. Figure 4.4 shows the construction of the NITRR resistivity

probe.
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The main disadvantage of this probe is that the resistance is
influenced by the amount of dissolved selig in the solution and that a
calibration curve for each probe in each material is necessary. This
rendered its appiication in this study very limited. It was only used to
detect general qualitative moisture trends.

4,3.3 Benkelman beam

The Berkelman beam is used to measire the road surfaze deflection. It
copsizts basically of a statis base which supports a moveable beam from its

thixd point whick, whon end is placed between the dual wheels
of a loaded truck, zan - :ical Geflections in the road surfece at
that point to a dlal gauge 1 on the static frame. Figure 4.5 shows
a schematic lay-out of the This 1 was Ly

applied to measure the pavement response. It was, however, found that
because it only measures the total surface deflection, very little could be
said about the individual layers’ sontribution to the total deflection. It
wag fult that for the more detailed study of diurnal suction variations in
spevific pavement layers, and the contribution of spa-ific lagews'

‘o votal » maltidepth deflectometers should be
uged. More work is at present being planned in this regard and these latter
instruments will in fact be used Lo evaluate che pavement response in more
detall, instead of the Benkelman beam and the radlus of curvature meter.

Preliminaxy work has already been done and fcolproof installation

procedures developed.

4,3.4 Radius of gurvature meter

The NITRR curvature meter conslsts of a short bar standing on £ixed
feet, The spindle of a dlal gauge passes through a hole at ofie end of the
bar so that the dial can deflect freely with any change in the road
surface. The point of the spindle and the point of the outer foot aze 254
mm apart with the other oot midway between them. The gauge indicates the
differential deflection between these three squally spaced points an the
road surface (Figuxe 4.6).
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From this measurement of relative deflection, the radius of curvature

of the deflection bowl may be calculated as follows:

R
B
¢ L
e :
e
8 = 8 a
28 + = 180
[ R S )
- g
8
90 - 5 - e1+u
8
80 - 7 = 91+90-3
= &
& = 3

Using the small angle approximation ¢ = tan,® = sin B

b
8 tanB:R

4
8y = tan 81‘3 R >> 76)
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From this measurement of relative deflection, the xadius of curvature
of the deflection bowl may be caloulated as £ollows:
[
8= 8 + a
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Using tue small angle approximation & = tan,§ = sin @
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The general formala is R & %E where F is a factor to accomt for the
specific shape of the deflection bowl. NITRR assumes a sinusoidal shape
instead of a circular shape, the curvature meter measures 2d and the dial
gauge on the curvature meter is usually calibrated in 0,01 mm and so the

formula used to yield the curvature in meters is R = 1—399 .

4.4 Origin and nature of data used in this study

One of the aims of this study was to cellect all available lc;cal
moisture data in order to evaluate the existing moisture prediction moedels
and es(;ablish new models if necessary. All the road authorities in
southern Africa were therafore requested in 1977 to supply all the then
available data pertaining to this problem. The data supplied by the
different authorities is swmmarized belaw.

4.4.1 Trausvaal data

The Transvaal Roads Department had carried out two mo'sture investi-
gations of existing surfaced roads befors 1877, The fixst was conducted
between 1965 and 1967, when moisture determinations were periodically done
on some 30 sites throughout the Transvaal. These results werse reported or
by ¥r G.P. Marais in the discussion of the Ath Regional Soll Mechanics
Conference for Mfrica in 1967.

The second investigation was carried out in 1973 (Burzow, 1975), not
for the purposa of studying moisture conditions, but to meet the fnllowing
aims:

(a) to provide criterla for the pavement design of future highways in the
Transvaal, based on the performance of the existing roads; and

{h) to establish the relative performances of the different types of base
nateriuls.
Roads were sampled in all distriots throughout Transvaal in order to

aover as many -7 ies of climatic, geological and tvaffic conditions as
possible, A tu.ai of 1 102 holns were drilled in the pavements and all
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the layer thi Only the was sampled and a
complete laboratery analysis carxied out op the soil. The following

routine soil tests were done according to the standard test methods of
the Department of Transport (1971), medified as indicated:

{a) Sieve analysis (wet): test no. al(a)

{p} goil constants: I ~ grading modulus

(5= 2,00 mm) + (v ~ 0,428 wm) + (5 = 0,075 mm)
8- T30

I
2]

« liguid limit - test no. 3.2

IIL ~ plasticity index - test no. A.3

IV « bar linear shrinkage - test no. a.4
Vv -~ sand equivalent - test no. B.19

VI - classification

{c) Maximum dry density: test no. A.7 but with Proctor compaction
@) optimum molsture content: test mo. A.7 but with Proctor cumpaction

(e} Maximums - iformia Bearing Ratio: test no. A.8 but on same monlds as
{e} an ¢,

To include the possible influence of climate on the moisture regime,
the following climatic indices were evaluated for each borehole sites

(a) Mesn apnual yainfall These values were obtained from the mean annual
rainfall map which is based mainly on data from the 30 years period
1931-1950. The values were in to an of
MAR + 0,25 decimeters.

(b) Weinert's N-value (Weinert, 1974) although the c¢limatic N-value was

not developed to describe & vlimate, it provides a useful numerical

1 relating limatic factors. It is expressed as

twelve times the free water during the warmest
mopth di-ided by *he total annula precipitation. Maps of climatic Ne
values Lor soatbern Africa are readily availlable and the ope used in

this study was “Contour Map of Climatic N-values for southern Africa’,
available from NITRR (RM i - 59A). Because a change in N-value

from 1 to 2 represents a much laxger change in climate than a chauge
from 5 to 6, only lines 1, 2, 3, 4, 5, 7, and 10 were drawn. The

accuracy of Inte ;| slation was N-value + 0,1 over the whole range.
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{e) Thornthwaite's I-value Thornthwaite {1348) developed an index in an
attempt to rationally classify climate. 2he background to the
development of this index is well derumented in the literature and is
outside the scope of this dissertation. The index used here is the
moisture index, which combines the indices of humidity and aridity and

g is expressed as

I= 100s

where T = Thoxnthwaite's moisture index
s = the water surplus in units of length
d = the water deficiency in units of length
n = the water need in units of length

The Transvaal comprises climates from I = ~40 to I = 100, which can be

classified as semi-arid to hunid regions. The I-value for each site

was interpolated with an accuracy of I-value + 2,5.

The physical properties of each site were also described and noted
downi.

A typical field data sheet is included in Appendix A, which also shows
the format of the Gata base used in this analysis. The following features

were xecorded:

(a) Exact position of the site

{b) Time of sampling

(5) Blevation of road surface relative to the surroundings. Seventy per
cent of all holes were drilled in flat terrain.

(8) condition of surface drainage. In £ifty per cent of the cases the
surface drainage facllities were rated as fair, with twenty per cent
rated as good and thirty per cent as bad,

(e) Slope erosion

{£) Road condition in vicinity of boxehole. In seventy per cent of the
cases the pavement condition was rated as "not failed”.

(g) Surface condition in vicinity of borehole. In sixty per cent of the

cases the surface was not cracked
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68

Description of each layer. In minety per cent of the cases the
thickness of bitumen surfacing was less than 50 um (mean = 35 mm) .
also in ninety per cent Of the cases the total pavement thickness was

600 mn or thinner (mean = 410 mm).
(1) Moisture content of the subgrade.
(3) General remarks.

The mmber of valid czz. ¢ .- the minjmum, maximum and mean values ol
the other parameters used in the analysis are summarized in Table 4.2,
From Table 4.2 it is clear that a larg: say nf zagp.es had been

tested, covering a wide range of material and climatic coaditions, It
should also be polnted out here that the moisture contents measured were
assuned to be equilibriun moisture contents, because all the pavements were
older than 5 years, and because substantial evidence exists (Black et al,
1959; scala, 1962; Russam, 1962; O'Reilly et al, 1988; Aitchison and
Richards, 1965; Richards 1967) to indicate that equilibrium conditions do
ocour under pavements in similax climatic regions. A study of daily and
seasonal moisture content variations to check this assumption for local
conditions is still in progress. Even if this is not the case, the models
developed here may be used to estimate probsble maximum and minimun values
as explained later in Chapter 9.

4.4.2 Rhodesian data

The Mina.
moisture investigations. An investigation into moisture and density

vz of Roads and Road Traffic in Rhodesia had also conducted

conditions under pavements in Rhodesia was started in the early 1960's.
oOnly one report was available on the findings of this investigation and it
includes very valuable information similar to that of the Transvaal Roads
Department. Unfortunately only five sites were sampled, which was probably
sufficient for the specific needs at the time, but they would have little
influence when analysed together with Tramsvaal's 1 102 sites.

Van per Merve (1967) also reported on the equilibrium moisture content
of subgrales in a pager to the dth Regional Soil Mechanics Conference for
africa. The effects of various factors on the equilibrium moisture content
were discussed, but no information was given o the physical state or
routine tests of the site. The ragression equation he developed on that
data performed disappointingly with local data, as discussed in the next
chapter.
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Investigations {(Van der Merws, 1967; Russel and Patel, 1976;
Mitchell and Ventexr, 1974; Mitchell and Northrop, 1973) were also carried
out at the Salisbury and Victoria Falls ailrports. The aims were to
determine why the base wetted up, to monitor the water and temperature
regime bureath asphweltic seals and to check for hydrogemesis. This data
could algo not be used, because it was not as complete as the Transvaal
data, which formed the data base.

4.4.3 South West Africa, Orange Pree State, Natal and Cape data

No data apart from as-built construction records and seil suxvey

sheets were avajlable from these authorities.

4,4.4 NITRR data

After various useful prediction techniques had been developed from the
Transvaal data, it was felt that they cound not summarily be applied to any
climatic region in southern Africa. It was then deciced to carry out two
small-scale molsture studies in two areas which represest climatic extremes,
viz. the Keetmanshoop area in Namibia an@ the Storms River area in the
Cape. From the analyses of the Transvaal data it could be established
that, for the proposed sites to be representative of importast predicting
parameters, they would have to include:

{a} ten &iff 501l types a xange of optimum

moisture content values from . 4 to + 50 per cent;

(b) three diffexent road conditions for each soil type abovs‘, i.e, cut,
£i1l and flat areas.

This investigation was carried out early in 1978 and 31 dififerent
sites vwere sampled near Storms River while 29 different sites were sampled
in Namibia, The information obtained from each site was identical in
format to that of the Transvaal investigation. The physical conditions at
each site were fully described and samples taken to be tested in the
laboratory as explained in Section 4.4.1. Some resu.
summarized in table 4.2.

of this study are
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4.5 Conclusions

The following conclusicns moy be drawn fxom this chapter.
The recent developments in electrical psychrometer probes have made
these instruments reliable enough for the monitoring of suction on a
routine basis in the field.

If suctions below pF 2 are expected, then tensiometers vhould be used

for field and 1 v as psy are 4

in this range.

The useful life of a psychrometer depends primarily ou the moisture
zégime in which it is used. In a relatively dry environment the
probes easily last longer than 12 months. In a contimuously wet

climate they may only last 2 or 3 months,

It is recommended that for more detailed investigation into the
dinrnal suction variation in the respective pavement layers and the
assopiated variation in pavement response, multi-depth deflectometers

should be used.

Gypsum blocks, nylon probes and resistivity probes were found not to

be suitable for accurate routine field suction measurements.

A large number of samples, covering a wide range of material and
climatic conditions, had been used in this analysis, rendering the
conclusions drawn reliable and applicable to a wide varlety of
conditions.
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CHAPTER 5

EVALUATION OF EXISTING MODELS AND GENERAL LOCAL TRENDS

5.1 Introduction

Rlthough it was concluded at the end of Chapter 3 that no single
empirical - del had won widespread acceptance and that the prediction
accuracies of very few models were known, 1t was nevertheless decided to
test these models for local condition~ before Geveloping other models.
The fixst part of this chaptex ¢ i this testing procedure, which was
carried out as follows:

(2) Firstly, each umodel was applied to local data to detexmine how
applicable it was.

(b) Secondly, a regression analysis was carried out on the local data
using the same soll parameters as those used in the original model in
an attemp® %o modify it to suit local conditions best. The original
model is  ways denoted by PEMC for "predicted equilibrium moisture
content® \ (otted as solid lines in figures) and the modified model by
ENC for “equillbrium moisture content® (plotted as broken lines in
figures) .

The used in equa’s a1} fignres are explained in
Appendix A.
The second part of this chapter sum:

\~es the subgrade moisture

trends in southern Africa as they emerues .. m & thorough statistical
analysis of all available data to date. i uivestigation was carried out
because it was concluded in Chapter 3 thul r.way conflicting obsexrvations
had in the past been made by various regs 18, It should be remembered

that these are general trends and shoulé ‘it :dindly be applied to any

situation. i

5.2 Evaluation of existing models

The results of the evaluation exexcise are veported in this chapter,
and more detalled information is contained in Appendix B.
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5.2.1 Thornthwaits woisture index method (Thornthwaite, 1948; Russam,
1962)

This method is really a combination of the empirical and ratiopal
methods and because the soil moistuxe characteristic ouxves need to Le known,
this method could not easlly be tested for looal conditions without a fair
amount of laboratory work to establish these curves,

5.2.2 and Hansen wodel and Bansen, 1946; OECD, 1973)

The model. proposed by these researchers was as follows:
PEMC = 1,16 (PL)= 754 vvvnervoancusracicronnnsssnnnsisnsaas (5013

where PEMC = predicted equilibrium molsture content as proposed by Swanberg
and Hansen.

When tested for local conditions, this model yislded a standard exror
of estimate of 4,804 which makes it poorly applicable. Figure 5.1 indi-
cates the wide scatter of the predicted values around the actual valuas.
The best model, using PL for local conditions, is:

BMC = 0,7762{BL} = 1,383 .. 5.2)
Figure 5.2 shows the of don (5.2) over
[ERTH

Because the majority of samples used for this original investigation )
had plastic limits between 15 and 30, this model was also tested for local
conditions for these Limits and a standard error of estimate of 5,465 was '
found, Although the statistios given in Figure 5.3 are not directly : ‘
comparable with the previous statistics, because of a diffierent range, it ,
can be deduced that no significant improvement has resulted. .

5.2,3 Haliburton model (1971) H

Haliburton found that the equilibriun woisturs content usually reaches
a value between 1,1 and 1,3 times the plastic limit, Only five par cent
of local values ever excesd this upper 1imit, as can be seen in Figure 5.4,
which means that this model may be used as =i upper limit. i
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{Thornthwaite, 1948; Russam,

This method is really # combination of the empirical and rational
methals und because the soil soisture chavacteristic curves need to be known,
this metaod could not zasily ke tested for local conditions without a fair

amount of laboratory work to establishk these curves.

5.2.2 Swoberg and Hansen model {Swanbery and Hansem, 1946; OBCD, 1973)

The model proposed by these ressarchers was as follows:
PEMC = 1,46{PL)~ 74  ..icitnviceninneviasiriniaeinianinesas (5,03

where PEMC = predicted equilibrium moisture content as proposed by Swanberg
and Hansen.

When tested for local conditions, this modsl yielded a standard error
of estimate of 4,804 which makes it poorly applicable, Figura 5.1 indi-
cates the wide scatter of the predicted values axcund the actual values.
The best model, using PL for local conditions, is:

F O - 1t

EMC = 0,7762{PL) -~ 1,383 ,...

Figure 5.2 shows the improved accuracy of equation {5.2) over equation
(5.1).

Becausa the majority of samples used for this original investigation
had plastic limits between 15 and 30, this model was also tested for local
conditions for these limits and a standaxd error of estimate of 5,465 was
found, Although the statistics given in Figure 5.3 are not directly
comparable with the previous statistiocs, because of a different range, it
can be deduced that no gsigificant improvement hay resulted. .

5.2,3 Haliburton madel (197%)

Halibarton flound that the equilibrium moisture content usually reaches
« value between £,1 and {,3 times the plagtic limit, only £ive per cent
of local values wvor exceed this upper limit, as can be seen in Figure 5.4,
whil

homeans that. thiz model may be used as an upper limit.
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5.2.4 Livneh and Tshai model (1975)

They proposed that the equilibriun moisture content may be estimated
as follows:

BMC _ g,86 + 0,14(P) ..

B, (5.3)

where % ranges between 0,9 and 1,5,

If this model is applied to local conditions huge errors result. The
standard érror of estimate 1s nearly 7. If it is applied between the
limits they suggested, however, it is very acouxate. The standard

error Gf estimate is only 1,43, but then it is only applicable to 14 per
cent of the local cases, which clearly renders it unfit for general use.

5.2.5 Madrid 't and Soil ics Laborakory model (OECD, 1973)

This investigation reported intervals in which the equilibwrium
moisture content of subgrade usually fell, in terms of various parameters
such as PL, IL and the percentage material fiper than 0,075 mm {% - 0,075).

(a) Plastic Limit:
0,87(PL) < PEMC < 1,11  vivrsvrvvnnunacoconnnnnnaees  (5.4)
oniy 15 per cent of local subgrades fall in this region and 85 per
cent outside, as can be seen from Figuxe 5.4.
{b) Liguid Limits

0,38(nn) < PEMC < 0,49(nL)

P TR - B-H

only 29 per cent of local data fall in this region and 71 per cent
outside, as can be seen on Figure 5.5.

0,33(% - 0,075} & PEMC § 0,60(% - 0,075} srsesasess (5.6}
Only, 35 per cent of local data fall in this region and 65 per cent

outside, as can be seen in Figure 5.6.

Regression apalyses on local data with the above parameters as pre-
dictors, resulted in the following:
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{a}) biguid Limit:
BUC = 0,3B(LL) ~ 0,07  .ivieneranrnesrassesnssnensnnans (3.7
The correlation coefficient was 0,771 and the standard error of es-
timate 3,558 which indicates a good correlation petween equilibrium
moisture content and LL. The relationship between PL and equilibrium
moisture content is xeported under Section 5.2.2.
{b} Percentage material Einexr than 0,075 mm (% -~ 0,075):
EMC = 0,216(% - 0,075) + 2,795  iieversesninvesrninan. (5.3)
The correlation coefficient was 0,678 and the standard error of es-
timate 4,078 vhich indicates that there is not a very strong rela-
tionship between the percentage material finex than 0,075 mm and
equilibrium moisture content.

5.2.6 The USh Navy model (U § NAVY, 1953; OECD, 1973)

This investigation reported an upper limit below which the equilibrium
wmalature content vswally €alls:

BEMC € PL + 2 tiesersnsnarorcinscrsesarsanisascasasssnsrires {59}

Ninety £ive per cent of all local subgrade solls falls in this cate-
gory, as can be seen in Pigure 5.7.

This means that this is certainly a rough guide applicable to lecal
conditions, which can be used to give a consexvative estimate of equili~
brium meisture content.

5.2.7 The Kersten model (1944,1945)

Kersten presented the following limits between which equilibriawm
moisture content usually falls:
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0,8(PL) < PEMC < 1,2(FL) . {5.10)

only 24 per cent of local gihgrade soils falls into this category as
can be seen in Figure 5.8.

5.2.8 The Wooltorton model {1958)

This investigation proposed the following relationship:
PEMC = 1, A7(BL) - &  evevvavrrennuesensniensnenarsaeeseans  (5u11}
This model has a standard error of estimate of 6,167 when applied to

local gonditions. The relationship between PL and equilibrium moisture

content has been checked and is reported on under Section 5.2.2.

Figure 5.9 shows the soatter xesulting when the actual values are
plotted against the predicted ones.

5.2.9 o isation of ic C ion and 1 {1973)

This method could not be easily tested for local conditions because
comprehensive local data pertaining to this model are not readily available.

5.2.10 The Roag Rese model  (RRL, 1977)

This 1 y also
equilibrivm moisture content, which was found not true for local solls.
Sea Section 5.2.2.

a strong correlation between PL and

5,2,11 Brodi

model {1970}

Brodie developed the following relationship after analysing 330
samples statistically:

PEMC = 0,825 ({0MC) - 2,7

erdeascesaiaiiiiattsrssassciiaanaanes  {5.12)
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He found a regression coefficient 0,78 when including material from
all pavement layers and 0,75 when considering subgrade soils only. This
model was tested against the local ghta and a standard erzor of estimate of
4,175 was found, but it must be pointed out here that the optimum molsture

content for the local data was at Proctor while

Brodie's samples were at British The change
of compaction effort should only result in a relatively small change in
regression equation.

When Brodie's predicted values are plotted against the actual veldaes,
the scatter in Pigure 5.10 results.

It can be seen that the correlation coefficient is significantly
higher for local data than that reported by Brodie. The best model using
optimun moisture content for local data is:

BMC = 1,086(OMC) = 3,39  ..iciaieeniennn PP ¢- 8 &)

Figure 5.1 shows that the modified equation (5.13) £its the local
data far better than ton (5,12). The that Ohould be

applied if the Mod. AASHTO compaction had been used for the detexmination
op=d in Chapter 7, section 7.5.2.2.

of the optimum moisture content is de:

It is discouraging to see that a predictor that works so well for
local conditions is less applicable to New Scuth Wales conditions. It is
possible that the lack of for the di in

effort may cause this phenomenon.

5.2.12 Gawith's model (1948)

Gawith developed the following two prediction equations for Avstialian

conditions:

PEMC = 0,5278(PFL) + C,1183(LL) + 0,2359(s -~ 0,075) -
0,0006864 (% ~ 17,075)2 + 0396 (MAR) ~ 14,29 siveicaacenen. (5.24)

PEMC = 0,6776(PL) + Q,07875(LL) + 0,2073(% - 0,075} -

0,000498(%—0,075)2 ~ 10,881  i.cireceenacanan (5.15)

Testing these equations for local conditions, it was found that
equation (5.15) is significantly wore applicable, despite the extra

climatic in (5.14} . i {5.14) had a
exror of estimate of 5,959 and (5.15) a error of
of 3,957.
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The best regression equation using above parameters for lacal condi-
tiens is:

ENMC = 0,019 (PL) + 0,3085 (L) + 0,2163 (% - C,075) -~

0,00041 (& = 0,0751% + 0,198 (MAR) = 5,13  eeuerevrnanr.. (5,160

EMC = 0,0507 (PL) + 0,293 (L) + Q,2278 (% - 0,075) -

0,00148 (% - 0,075)2 - 4,284 ... (5.17)

Figues 5.12 indicates the scatter of the predicted values of equation
{5.14) with the actual values as well as the statistics for the best
equation for local conditions with the same paremeters. Figure 5,13 shows
the same information related to equation (5.15).

From these figures, the expected increase in accuracy with the
addition of a climatic variable can be observed, although the increase in

accuracy is not large.
5,2.13 Arylunandan’'s model (1957}

This investigation resulted in the following relationship:

rov = ERL 2 0,070 e (5.18)

This model was tested for local conditions and a Standard exxor of
estimate of 3,828 was found.

The best relationship between above parameters and the equilibrium
moisture content for local data i as Eollows:

. (5.19)

EMC = 0,i86(% ~ 0,075) + 0,548 (PL}) -~ 4 ,..ceivuns

Figure 5.14 shows a plot of the predicted values from equation (5.18}
versus the actual values. The statistics of equation (5.19).are also pre-

seuted on this figure.

5.2.14 Van Der Merwe's model (1967)

An investlgation in Rhodesia produced the following relationship:
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o et (5.20)
PEMC = 5,001 (o) * 0,17)

This model has a standard error of estimate of 4,990 when applied to
local conditions. Pigure 5.15 gives an indication of how this model per-
formed against the actual values. The best regression formula for local
conditions using these parameters is also showl.

In oxder to improve or optimise this relati for local .

the followlng coefficients were obtained

PL
BHC = e sy T GTg6 teeeat s e e s e s st (5.20)

Figure 5,15 shows that this equation fits local data better, O
alternatively, using the same predictors:

BMC = 0,288(FL) - 0,0232 (MDD} + 50 i.onuenvnviranancnsaes  (5.22)

5.2.15 Summaxy

Before summarizing all the available empirical methods and ranking
them actording to acouracy, it is interesting to note that less five per cent
of all subgrade soils in Transvaal ever reach saturatfon. This is not an
accurate figure, because the saturated moisture contents were calculated
assuming the specific gravity to be constant at 2,65. It nevertheless
indicates how conservative the design assumption has besen to date.

table 5.1 summarizes all the tested available models and the modi~
fleations to suit local conditions best.

Table 5.2 gives the various tested models in ryder of accuracy.

From this table it is cleax that, of sll the paramoter combinations so far
suggested by researchexs, a simple optimum moisture content function is the
most accurate predictor of the equilibrium molsture content.

Although a coxvelation coefficient of 0,836 will be acceptable for
most engineering applications, it is not the case in this instance because
the standard erxxov of estimate is relatively high. If the Brodie model is
used for example, and predicts the eguilibrium moisture content to be 20
per cent, it means that there is a 15 per cent chance that the actual
moisture content is larger than 20 % x 1,38 = 27,6 % and the strength
properties of problem subgrades will vary significently in this interval.
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TABLE 5.2: ORDER OF ACCURACY OF EXT! .ING MODULS

Multiple Standard error
coxrelation of vstimate
Name used cosfficient
of modified [ (a] Original model
model {b) Modified model
3
Brodia. oMC 0,83504 {a) 4,175 {38 %)
0,83604 | (b} 3,02815 (28 %)
Gawith PL, LL, MAR, (%-0,075) (a) 5,959 (54 %)
0,80177 [ {b) 3,35802 (31 %)
Gawith BL, LL, (%-0,075) {a) 3,957 (36 %)
0,79128 | (p) 23,43675 (31 %)
rid 1L (a) -
0,77147 {b} 3,55859 (32 %)
Arulunandan PL, {%-0,075) (a) 3,828 {35 %)
0,76782 | (b) 3.50089 (32 %)
Van Der Merwe FPL, MDD (a) 4,990 {45 %)
0,76304 | (b) 3,16735 (33 %)
Madrid (%-0,075) (&) -
0,6780% {b) 4,07765 (37 %)
Swanberg and  BL (a) 4,804 (44 %)
Bansen 0,60064 | (b} 4,47746 (41 %)

* The prediction accuracies at the 85 per cent level are given in orackets.
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Because of the inadequacy of the above models for the purpose in
mind, it was decided to include other soil parameters in the local data in
an attempt to improve the acouracy of the above models. It was felt
that if the new regression analysis on the - . - comprehensive data base

does not yield satisfactory answers, the more theoretical techniques would

be persued.
It can be concluded that although these models are not sufficiently
to be i into a sophi; d design they are

very valuable for use under circumstances where the known error involved is
acceptable.

5.3 General local trends

It was concluded in Chapter 3 that many conflicting observations about
the subgrade moisture regime have been reported in the literature, and it
is mainly for this reason that a comprehensive analysis of existing data
was carried out in order to establish trends applicable to local con-
ditions. This was done by breaking the criterion (moisture content} down
by various different parameters in turn. Trends or the absence of trends
could be detected in this way by examining the means and variances of the
criterion among the various subgroups. Tables showing this information are
presented in the text, while figures deplcting the variation of moisture
content with the various parsmeters are shovn in Appendix C. This analysis
will also serve as a useful source of reference.

A brief summary of the descriptive statistics used to establish these
trends is given below. Purther details may be found in most standsrd texts
on statistics (Blalock, 1972; Downle and Heath, 1970; Ostle, 1969).

{2} Levels of measurement

The level of of a variable 1 the ordering and

distarce properties inherent to the measurement of that variable.

{1) Fruinal-level measurement
Here no assumption is made about the values beiny assigned to the
data. Bach value is a @rstinct category and the value itself
serves merely as a name, for example the city where a person was

born.
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{1i) Ordinal-level measurements

When it is possible to rank order all the categories according to
some criterion, then the oxdinal level of measurement has been
achieved, for example the classification of surface drainage in

categories good, fair and poor.
(111) Interval-level measurements

In addition to ordering, the interval level of measuxement has
the property that the distance between the categuries are defined
in terms of f£ixed and equal units, for example the measurement of
temperature in degrees C or degrees F. The important thing to
note is that the interval scale does not have an inherently
determined zero point. Zero OC does not itply the absence of
heat.

(iv) BRatio-level measurements
The ratio level of measurement has all tre properties of an in-
terval scale with the additional property that the zerp point is
inherently defined by the measurement system, for example the
measurement of length.

{v!

Special case of dichotomics
3 dichotemy e a variable with only two possible categories,
such as sex. Table 5.3 shows « o level of measurement of
variables used in tnis analysis.

Minimun, maximum and range

The minimum and maximam, of course, denote the smallest and largest
value of variable encountered among all cases, while the range is
the minimum subtracted from the maximmm. These ara suitable for use
with variables measured at any level.

Mode

The mode is the variable that occurs most often and can be used with
variables measured at any level.

Medlan

The median is the mmerical value of the middle case or the case
lying exactly on the £iftieth percentile, once all the cases have
been ordered from highest to lowest.
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TABLE 5.3: LEVEL OF MEASUREMENT OF VARIOUS PARAMETERS

parameter abbreviation | Level of measurement

Elevation Elev, Nominal
surface drainage Surdrarn. Ordinal
Road condition Reon. orainal
crack condition Creon, Dichotomics
Type crack 1 (crocodile) Typer 1 Nominal
Type crack 2 (block) Typer 2 Nominal
Type crack 3 (longitudinal) typer 3 Nominal
Type crack 4 (transverse) Typer 4 Nominal
Rut condition Rutcon. Dichotomics
Thickness of bitumen surface Bitsur, Ratio
Thickness of total cover Totcaver Ratio
Equilibrium moisture content =MC Ratio
Grading modulus o Ratioc
Lignid limit > Ratio
Plasticity index PI Ratio
Linear shr.i.ikage LS Ratio

Send equivalent s Ratio
Maximum density MDD Ratio
Optimum moisture content ome Rutio
Maximum CER CBR Ratio
Percentage materiel passing 0,425 | % - 0,425 Ratio
Percentage material passing 0,075} % - 0,075 Ratio

Mean annual rainfall MAR Ratio
Climstic N-value N Intexval
cidmatic I-value 1 Interval
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Mean

The mean is the most common of ventral y fox
variables measured at the interval level. It is calculated as:

01t

where EN equals the score of each case and N represents the total

number of valid cases.
variance

variance, denoted by S2, is a measurement of the dispersion of the
Qata about the mean of an interval level variable. Mathematically,
{t 15 the average squved deviation from the mean.

» 22
=1t - B

W1

5% =

Squaring the deviations from the mean takes account of all differences

from the mean, g ai and it gives additional

weight to the extreme cases. It is a very important statistic, as
one of the main aims of research is to “explain® variance.

Standard daviation

The standard deviation is another measure of the dispersion about the
mean of an interval level variable. It is simply the square root

of the vari The of the deviation is that it

has a more intuitive interpretation, being of the same units as the
original variable.

Standard erxor

If one were to draw an infinite number of equal-sized samples from a
given population, the mean of each sample would be an estimate of the
true population mean, but not all of them would be identical. The
pattern of these means would actually constitute a noxmal distribution
208 would have a standard deviation. The standard deviation of this
distribution 45 the standard exror. Thus, the standasd erzor helps
us to the potential degres of i between the
sample mean and the unknown population mean. It cannot be computed
exactly, but it can be estimated by dividing the standaxd qeviation
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by the square root of the mumber of cases. It regiires interval level
neasurements and @ifferent kinds of standard erroxs are used, e.g. stan~
8ard exror of mesn, standsrd error of estimate, ekc. The latter gives
an indication of the prediction aceuracy of the yegression equation. 2
gives the amount of variation explained and (l-r’) the unexplained va-
riation. The standard error of estimate is simply the standard deviation
of the actual criterion values around the predicted criterion values.

{1) skewness
Skewness is the statistic needed to determine the degree to whish a
distribution of cases approximates a normal curve, since it measures
deviations from symmetry. It will take a value of zexo when the
aistribution is a completely symmetric bell-shaped curve. A positive
vAalue indicates that the cases are clustexed more to the left of the
mean with most of the extreme values to the right and vice versa.
It requires interval level measurements.

{j) Kurtosis

Kartosis is a measure of the relative paakedness or flatness of the
curve defined by the distribution of cases. A norwal distribation
will have a kurtosis of zero, If the kurtosis is positive, then the
distribution 1s move peaked than a true normal Aistribution and vice
versa. It requires interval level data.

5.3.1 Blevation

Pable 5.4 shows th? equilforium moisture content broken down by
elevation. It can be seen from this taple that the elevation of the xoad
surface above the surrounding topagraphy does not influence the equili-
briuu moisture regime markedly. On the basis of a knowledge sbout the
topography of the Site alone, ona can in general say nothing about the
moisture regime in the The oply 15 that sidefill

sppear to be drier than average. A reason for this apperent insignifi-
cance of elevation may be the fact that a £1l) sltuation does hot neces~
sarily dmply good drainage, which means that relatively wet layers near
the top of the £ill may exist. The fact that different subgrade materials
will be encountered in cut, fill and flat areas is also not takan into ;
aceount.
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TABLE 5.4: DESCRIPTION OF EQUILIBRIUM MOISTURE CONTENT BROKEN
BY ELBVATION

Variable | Coda [ Value label { Mean | Std. dev.| Variance |
For entire 10,5028 | 5,5326 | 30,6093 | (1072}
population

3 Elev kY Flat 10,5954 | 5,6978 32,4648 | { 778)
Elev 2 Fill 10,9177 | 5,1444 26,4649 [ ( 130)
‘[ Blev 3 side £111 | 9,0602 | 4,2711 | 18,2420 |( 95)
Elev 4 cut 10,6163 { 4,9893 24,8931 ( 49)
Elev 5 Viei 6,9000 [} o3t
Elev 12 Flat £il1 |12,5000 | 8,5418 72,9620 | ( L1}
Blev 13 Flat side | 7,0500 2,8758 8,2700 |( 4
£411
Elev 15 Flat vlei | 19,6000 [ o 1
Elev 25 Fill viel {10,2000| 3,1113 9,680 [( 2
Elev 34 sige £ill | 3,1000 [ o ¢ L
cut

5.3.2 surface Drainage

From Table 5.5 it may be seen that although the quality of the surface
drainege is not strongly related to the subgrade equilibrium moisture
content, there is a significant trend for the moisture countent to increase
as the . xface drainage provided gets worse. It is not at all surprising
that the quality of surface drainage does not correlate better with the
subgrade molsture conditions, for the following reasons:

(a) It has been found (Scala, 1967) that the evaluation of drainage
facilities, even by a team of experienced engineers, 1s extremely
difficult.

{b) The influence of sub-surface drains which are known to be effective
in removing excess watex £rom the pavement layers (Cedexgren, 1373)

is not included in this assessment.

It can, however, on the basis of this information, be stated with
confidence that the provision of good surface drainaje facilities will
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assist in the improvemen* of the subgrade moisture regime. This means
that provision must be made for the water to run off the pavement and
away into the fleld. It should not be allowed to pond on the pavement ox
next to it.

IABLE B,5: LESCRIPTION OF EQUILIBRIUM MOISTURE CONTENT
BROKEN DOWN BY SURFACE DRAINAGE

Variable | Code | Value label | Mean |&5td. dev. |Variance | N
For entire 10,5029 | 5,5326 30,6092  |{1072)
population

Surdran b Goodt 10,1595 | 5,2252 | 27,3025 |( 236)
Suxdran 2 Falxr 10,3373 | 5.3530 | 28,6543 |( 520}
Surdran 3 Poor 13,0320 | 6,0084 |36,0771 [{( 316)

$.2.3 Road Condition

in order to classify the condition of the road, the investigators
scrutinized the immediate vicinity of the boxehole. If the area was
potholed and patched, the road was classified as failed. 7his method of
random sampling is usually employed with success, but in this case biased
sampling should have been done, i.e. the exact spot where the hole was to
be drilled should have been examined, because the pavement might be falled
in one spot and be unfailed at a spot two meters away. This means that
somwe of the sites drilled in "failed" pavements could in fact have been in
unfailed sections. Anotbex GLEfioulty which arises with an investigation
Like this &s that it 1s extremely difficuit to ascribe failure o the
subgrade specifically. Jn this case the road as a whole was judged to he
either failed or not. No information {axcept rat depth) is availble to

the conkribution of the to the failure observed on the

surface.,

From the information pregented in Table 5.6 it can, however, be seen
that the equilibriws molsture content in the subgrade increases as the
pavement falls, This suggests that the method of wetting up of a subgrade
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TABLE 5.6: DESCRIPTION OF EQUILIBRIUM MOISTURE CONTENT

BROKEN DOWN BY ROAD CONDITION

vVariable | Code {Value label | Mean |sStd. dev.|Variance | N
For entire 10,5029 | 5,5326 | 30,6083 | (1072}
population
Reon 2 Not fallea | 9,9362( 5,2231 27,2805 | ( 784)
Reon 2 Border line | 11,3177 | 5,4845 30,0800 | ( 124)
Reon 3 Failed 12,5963 | 6,3965 | 40,9151 | ( 164)

in Transvaal under these conditions is generally through the pavemant
layers, from the atmosphers, and not from the groundwater. This is in
conflict with the observation that drainage does not affect the equili-
brium moisture content significantly, because if equilibrium moisture
content was dependent on the atmosphere, drainage would in fact have &
signifcent effect on it. This apparent incongruity can be explained by
the fact that the trends presented here are very genexal and that sites
where all kinds of mechanisms of wetting up are present, ave represented.
A warning should thavefore be sownded that these trends should not be

extended to other areas without careful congideration.

5.3.4 Crack Condition

This parameter shows no significant relation with equilibrium
molsture content. It does not influence the equilibrium moisture content
of the subgrade. This may be due to the fact that some Of the sites
wetted up from the groundwater and some from the atmosphexe. Thess are
two accepted mechanisms (£ wetting up, they both ocour in the Transvaal
and they therefore obscure the influence of the parameters discussed so
far because they normally cause opposite trends. Another factor that
will depress the influence of the factors discussed so far, is that some
sites were sampled in the dry and some in the wet season. What is
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significant, however, from this analysis, is that although the mean
equilibrium moisture content far the uncracked condition is slightly
higher than that of the cracked condil ion, the variance of the cracked
condition is higher, which means that a more stable equilibrium moisture
content i5 reached under an uncracked pavement. It should also be
remembered that if the surface is cracked, it does not necessarily mean
that the base and subbase are alsc cracked. It {s possible that a cracked
surface does nat increase the Ity significantly as far
as the is c (1973) found that the base and

subbase moisture content is sensitive to a cracked pavement. For this
whole analysis two assumptions have been made that axe prcbably not
strictly true for the Transvaal. Firstly it was assumed that an equili:
brium moisture content existed and that it was therefore immaterial
whether the sampling was done in winter or in summer. Secondly it was
implicitly assumed tha: the same method of wetting up existed at all sites.
Further work which would involve measuring the depth to the water table
should clarify exactly what the situation is. Table 5.7 shows how the

meisture content varies as the xcad condition deteriorates.

TABLE 5.7: DESCRIPTION OF EQUILIBRIUM MOISTURE CONTENT
EBROKEN DOWN BY CRACK CONDITION

Variable Code | Value labél | Mean Btd. dav. | Variance N

For entire 10,5029 5,5326 30,6093 (1072}
population

Cxcon 1 | Not cracked | 10,7526 | 5,3141 | 28,2398 | ( 630)
creon 2 | crackea 10,1473 | 58174 | 33,8423 | { 442)

5.3.5 Rut Condition

It can be seen from Table 5.8 that although the cracked pavements have
lower equiiibrium moistux: than the ones, the rutted

pavements have a hisher equilibrium molsturs content than those not
rutted. The relation between surface rutting and subgrade moisture con—
tent is also highly significant. This may be due to tha fact that rutting
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is usually caused by the subgrads distress and thus, if the subgrade is
weaker (wetter), one will expect more rutting. Cracks in the pavement
are usually due to the distress of the structural pavement layers and are
less dependent on the subgrade equilibrium moisture content. It can
thus with some coufidence be sald that one nf the most significant visual

surface indlecators of subgrade wetting is rutting.

TABLE 5 DESCRIPTICN OF FQUILIBRIUM MOISTURE CONTENT
BROKEN DOWN BY RUT CONDITICON

vVariable | Code | Value label | Mean |std. dev.| variance | w
For entire 10,5020 | 5,5326 30,6093 | (1072)
population

Ruteon 1 Not rutted |10,0707| 5,4137 29,3081 | { 782
Rutcon 2 Rutted 11,6686 | 5,6888 32,3623 | 290)
5.3.6 Thickness of bitumen surfacing

2 general tendency of equillbrium moisture content to increase as
the thickness of bitumen surfaclng increases is noted in Table 5.9. The
variation of eguilibrium moisture content under thin pavements is con-
sidezably higher than the variation under thicker pavemunts. This |
indicates that a less permesble surfacing results in more stable moisture
It must be pointed out heve that the fact that the subgrade

conditions.
under thicker pavements is wetter than the subgrade under thinner

pavements, suggests that the wetting up mechanism s from the

and not from the atmosphere, or olse it may be due to the fact thab
thicker pavements are required over wesker subgrades (higher plasticity),
which would result in higher equilibrium moisture content. It must be
concluded that both methods of wetting up ave present and it remains to
be seen which occurs where and how the above parameter influences each

case.
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TABLE 5.9: DESCRIPTION OF BOUILIBRIUM MOISTURE CONTENT

BROKEN DOWN BY THICKNESS OF BITUMEN SURFACING

varisble | Code | Va. . label (mm) Mean | Std. dev. |Variance| N
Fc. entire ! 10,5029 5,5326 30,6093 | {1072)
population
Bitsur 2 | From 5,01 to 10 7,5500 | 6,1518 | 37,8450 [ { 2)
Bitsur 3 | Fxom to 15 8,5824 | 3,3690 | 11,3503 | { 17)
Bitsur 4 |From 15,01 to 20 | 10,5413 | 5,0125 | 25,1251 | { 201}
Bitsur 5 | From 20,0l to 25 9,3743] 4,978 | 24,7180 | { 1B
Bitsur 6 From 25,01 to 30 10,3688 %, 5170 30,4372 { { 349)
Bitsur 7 |Prom 30,01 to 35 | 11,6545| 5,9999 | 35,9985 | ( 55
Bitsur 8 |Feom 35,01 to 40 | 10,9240 5,8746 | 34,5111 | ( 150)
Bitsur 9 |Frem 40,01 to 45 | 10,4074 6,9421 | 48,1930] ( 27
Bitsur 10 |Fxom 45,01 to 50 | 1c,4948 | 5,7082 2,5839{ { 69)
Bitsur 12 From 55,0l to €0 10,0053 3,5614 12,6838 [ { 19)
Bitsur 13 Fran 60,01 to 6. 2C.8000 2,4042 5,7800 [ (2}
Bitsur 14 | ¥zom 65,0l to 70 | 11,6500 4,9130 | 24,1374 | ( 20)
Bitsur i5 Frem 70,01 to 75 9,200~ [ of¢ 3
Bitsur 16 | From 75,0% to 80 | 10,2615| 4,848 | 23,4433 | { 28)
Bitsur 18 From 85,01 to 90 12,4091 8,2685 68,3689 | ( 11)
Bitsur 19 Fzom 90,01 to 9% 6,0500 0,4950 0.,24501 ({ 2}
Bitsur 20 | rrom 95,01 to 100 | 15,7333 | 12,3447  152,3%07| ( 6)
Bitsur 22 |From 105,01 to 110 16,6000 o ol v
Bi.tsur 24 From 115,01 to 120 16,3000 [+ of{

5.3.7 Thickness of total cover

‘here is a very significant trend for the equilibrium moisture content to
increase as the thickness of total cover over the subgrade increases,
2s can be seen in Table 5.10. This is undoubtedly dve to the necessity

fer thicker ts over weaker




TABLE 5,10: DESCRIPTION OF EQUILIBRIUM MOISTURE CONTENT

BROKEN DOWN BY THICKNESS OF TOTAL COVER

variable | Code | Value label (mm) Mean | Stad. dev. | Variance | N
For entire 10,5029 | 5,5326 | 30,5093 | (1072}
pepulation
Totcuver 1 | Frem 0 to 100 6,4000{ 13,1528 9,9400 | ¢ 5}
Totcover 2 | Fram 101 to 200 8,6711| 4,8246 | 23,2770 ( 96)
Totcovex 3 | Fram 201 to 300 9,2171| 4,1244° | 17,0107 | { 228)
Totcover 4 | Prem 301 to 400 ©,9683 | 4,4074 | 19,4249 ] ( 258)
Totcover 5 sxom 401 to 500 10,6496 5,3929 29,0831 ( 212)
Totcuver 6 From 501 to €70 11,5879 5,8005 33,6456 | ( 141}
Toteuver 7 | From 601 to 700 | 13,3368 7,4635 | 55,7039 | ( 68)
Dotrover 8 | From 701 tc 800 | 13,7105| 8,513 | 72,5280 { 38)
FoLLover g From 801 to 900 16,2000 8,3674 70,0129 | { 18)
otcover io From 903 to looo| 19,9500 9,4747 89,7700 [ { 4
Totcaver 11 | Frem 1001 to 1200| 6,9000| 3,8184 | 14,5800 ( 2)
Toteovex 13 | From 1101 to 1300 | 85000 o ol t 1
Wotearer 15 From 1301 to 1500 8,2000 2 ol t L

5.3.8 Grading moduius

¥Froa the data presented it is clear that as the grading modulus decreases,

80 the eguilibirium woisture content increases (Teble 5.11), This means

that the co#: er the material gets, the lower the equilibrium molsture

content bacewrs. The xelatlonship is not linear and it has to be trans-

formed b i+ can be wsed in any linear regression analysis. This is
to be expected. necause, as the material gets finer, so its ability to

hold water incresses with some power related to the particle surface area.
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TABLE 5.11: DESCRIPTION OF BQUILIBRIUM MOISTURE CONTENT
BROKEN DOWN BY GRADING MODULUS

variahle | Code Value label Mean |Std. dev. | Variance{ N
For entire 10,5029 5,5326 30,6093 (1072)
population
Gradmod 1 From O to 0,3 18,0568 9,5332 A 90,8810} ( 25)
Gradmod 2z From 0,31 to 0,6 | 16,8693 | 6,7243 | 45,2161 ( 114}
Gradmod 3 From 0,61 to 0,9 | 12,0839 | 4,9252 | 24,2578 ( 223)
Gradmod 4 From 0,91 to 1,2 9,4047 | 4,5691 | 20,8763} ( 214)
Gradmod 5 From 1,21 to 1,5 9,338 | 3,8415 | 14,7572] ( 137
Gradmod & Frem 1,51 to 1,8 8,5502 | 13,2099 | 10,8894) ( 140}
Gradmod 7 From 1,81 to 2,1 8,3350 | 14,0246 | 16,1977 ( 140}
Gradmod 8 From 2,1l to 2,4 €,8663 2,6577 7,0631} { 865}
Gradmod 9 From 2,41 to 2,7 6,2029{ 12,5901 6,7084( ¢ 14

5.3.9 %iquid limit

This parameter has a strong iinear relationship with equilibrium
moisture content and as liquid limit increases, so the equilibrium
moisture conkent increases linearly (Pable 5.12). This is not a surprising
cbservation, although the high coxrelation between equilibrium moisture
content and 1iquid 1imit is not apparent from the llterature (correlation
coefficient, r = 0,77). It is also interesting to note that the equill-
brium moisture content never reached the liquid limit in any of the

approximately 1 200 samples tested.

10 Plastic limit

The plastic limit also has a very significant relation with equili-
brium moisture content. As the plastic limit increases, so the equilibrium
moisture content increases linearly {Table 5.13). Only abo:ut five per
cent of local subgrades ever wet up to their plastic limits.
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TEBLE 5,12: DESCRIPTION OF EQUILIBRTUM MOISTURE CONTENT
BROKEN DOWN BY LIQUID LIMIT

Varisble |Coda value label Mean | Std. dev. | variance| N
Foxr entire 10,5029 | 5,5326 | 30.6093 | (1072}
population

L 1 {From 0 to S 6,7811( 3,0246 9,1481| ( 102)
in 3 |Frem 10.C. to 15 6,1450 |  2,7871 7,7679 [ ¢ 20
22 4 {rrom 15,01 to 20 6,9694 |  2,3639 5,5879 [ ( 206)
L 5 From 20,0L to 25 8,7305 2,7985 7,8204) ( 226)
i & |From 25,01 to 30 | 10,6266 | 3,5625 | 12,6915| ( 204)
in 7  |From 30,0. to 35 | 12,0814 | 4,0946 | 16,7660| ( 118)
IL i 8 |From 35,01 to 40 | 13,9158 | 4,4842 | 20,1078| ¢ 82)
LL 9 |From 40,01 to 45 | 15,6500 | 4,4345 [ 19,6647| ( 38)
LL 10 |From 45,0% to 50 | 18,4552 | 5,745z | 33,0068 ( 29)
iL 11 {From 50,0l to 55 | 19,4818 | 4,4759 | 20,0336( ( 11)
L 12 {rrom 55,0l to 60 | 23,0750 | 7,512¢ | 56,4307| { 8}
LI 13 From 60,01 to 65 25,3900 4,3460 18,8877 ( 1o}
1 14 From 65,01 to 70 31,5000 8,6073 74,085 ( (5
iL 15 From 70,0L to 75 27,7000 5,9672 35,6080 | { 6}
I 16 |Fxom 75,01 to Bo | 28,6800 | 2,8438 s, 0870( (5
L 17 From 80,01 to 85 25,000 o op¢
. 18 From 85,01 to 90 28,5000 ] oft 1)

TABLE 5.13: DESCRIPTION OF EQUILEBRIUM MOTSTURE CONTENT BROKEN DOWN BY
rasTIC Lnwe
Variable Code Value label Mean Std. 8ov. | Variance N

For entira

population 10,9020 5,5973 31,3297 [(967)
PL 1 From 0 te 12§ 7,9425 3,2641 10,6541 {(186)
PL 2 Frem 12,1 to 15} 8,863l 3,2814 10,7678 | (360}
PL 3 | From 15,1 to 17{10,9979 3,9939 15,9511 1(142)
PL 4 1rrom 17,1 to 22{13,8277 5,6624 32,0632 (196}
PL 5 From 22,1 to 42}19,3048 8,0101 64,1612 |( 83)
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TABLE 5.12: DESCRIPTION OF FOUILIBRTUM MOISTURE CONTENT
BROKEN DOWN BY LIQUID LIMIT

Variable | Code value label Mean |Std. dev. | Variance| N
For entire 10,5029 |  5,5326 | 30,6093 | (1072)
population

i 1 |From © to s 6,7811 | 3,0246 9,148 ( 102)
1 3 |Prom 10.0L to 35 6,1450| 2,7871 7,7679 | (20
L 4 From 15,01 to 20 6,9694 2,3639 5,5879 ( ( 206)
Lh 5 From 20,0 to 25 8,7308 2,7985 7.8204 | ( 226)
E23 6 |From 25,01 to 30 | 10,6266 | 3,5625 | 12,6015| ( 204}
L 7 |Prom 30,01 to 35 | 12,0814 | 4,0946 | 16,7660 ( 118)
53 : 8 |From 35,01 to 40 | 13,9159 | 4,4842 | 20,1078| ( 82)
L 9 |From 45,01 to 45 | 15,6500 | 4,4345 | 19,6647 | ( 38)
22 10 From 45,01 to 50 | 18,4552 | 5,7452 | 33,0068 ( 29)
I 11 [From 50,0l to 55 | 19,4818 | 4,4758 | 20,0336 t 11}
L 12 |From S5,01 to 60 | 23,0750 | 7,5120 | 56,4307 { 8)
L 13 |From 60,0l to 65 | 25,3%00| 4,3460 | 18,8877 ( 10}
LL 14 From 65,01 to 70 31,5000 8,6073 74,0850 ( 5
22 15 |From 70,0L to 75 | 27,7006} 15,9672 | 35,608c| { &)
in 16 From 75,01 to 80 28,680 2,8438 8,0870| ( 5)
Lt 17 Frem 80,01 to 85 25,000 [ (=} BE S )
n 18  [From 85,01 to 90 | 28,5000 o of ¢ 1)

PLASTIC LIMIT

PESCRIPTION OF EQUILIBRIUM MOISTURE CONTENT BROKEN DOWN BY

Variable Code Value label Mean StA. dev. | variarce] N

;‘:;\:::i: 10,8020 5,5973 31,3297 |(967)
PL 1 | From O to 12{ 7,9425 3,2641 10,6541 |(186)
PL 2 |From 12,1 to 15| 8,8631 3,2814 10,7678 |(360}
PL 3 | From 15,1 to 17{10,997% 3,9938 15,9811 1{142)
PL 4 | From 17,1 to 22]13,8277 5,6624 32,0632 (196)
PI 5 | From 22,1 to 42{15,3048 8,0101 64,1612 t( 83}
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5.3.11 Plasticity index

The plasticity index also has a significant linear relationship with
equilibriun moisture content and as the plasticity index increases, so
the equilibrium moistur. content increases.

It is interesting to note that of all the Atterherg Limits, liquid
linit shows the best relatic ship with the equilibrium moisture content,
as the table of correlation coefficients r below indlcates.

EMC
| 0,77
pry 0,73
PL| 0,60

Of all the Atterberg Limits, plastic limit correlates worst of all
with the moisture content. This s surprising in the light of the fact
that of all the existing models developed to predict moisture conditions,
the majority use plastic limit as the most important predictor.

TRBLE

DESCRIPITON OF FQUILIBRIUM MOISTURE CONTENT

BROKEN DOWN BY PLASTICITY INDEX

variable | Code Value label Mean | §td. dev. | Variance | N
For entire 10,5029 5,5326 30,6093 | {1072)
population . !
PI 1 From © to 5 6,9089 2,8428 80,813 | ( 238)
PI 2 | From 5,01 to 10 8,4103 [ 13,2141 | 10,3302} ( 201)
Pr 3 | Fram 10,0l to 15 | 10,6284 | 3,7551 | 14,1007 | ( 293)
PI 4 | From 15,01 to 20 | 12,6366 | 4,1926 | 17,5780 ( 134)
PI 5 | From 20,01 to 25 | 16,4113 | 4,4760 [ 20,0349 { { 53)
PI & | From 25,01 to 30 | 20,5826 | 5,8105 | 33,8660 | ( 23)
PI 7 | From 30,01 to 35 | 20,7813 | 4,7725 | 22,7670 | ( 16)
134 8 | Fxom 35,01 to 40 | 28,712¢| 5,348 | 28,5670 ( 8
PI 9 From 40,01 to 45 25,9429 5,0395 25,39623 ( 7}
PL 1o From 45,01 to 50 29,6600 5,7518 33,083 ( 5)
BT 11 | From 50,01 to 55 | 32,0667 6,6124 | 43,7233 | ( 3)
24 12 From 55,01 to 60 28,5000 <] 2 )
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5.3.12 Bar linear shrinkage

Bax linear shrinkage also has a strong linear relationship with
equilibrium moisture content and as linear shrinkage increases, so equi-

librium moisture content increases {Table 5.15).

TABLE DESCRIPTION OF EQUILIBRIUM MOISTURE CONTENT

BROKEN DOWN_BY LINEAR SHRINKAGE

variable | Code Value label Mean |s5td. dev. | Variance | N
For entire 10,5022 5,5326 30,6093 | (1072)
population .

LS b Fxom 6 to § 7,8646 |  3,0958 59,5846 | ¢ 570)
5§ 2 From 5,01 to 10 | 11,7177 4,2817 | 18,3329 ( 408)
s 3 From 10,01 to 15 18,9300 5,6195 31,5789 1 ( 70}
15 4 From 15,01 to 20 | 26,6650 | 5,5557 | 30,8656 | ( 20)
s 5 From 20,01 to 25 | 34,2750) 5,0507 | 25,5082 ] ( 4) J

5.3.13 Sand equivalent

This paxameter has a definite relationship with equilibrium moisture
content. As sand eguivalent decreases, so equilibrium moisture content
increases (Pable 5.16). This is not a linear relationship and this para-
meter will have to be transformed before it can be used in any regression

analysis,

5.3.14 Maximum density

This parameter is inversely I (tends to & hyperbola) to equi-
librium moisture content (Table 5.17) for the rangs of demsities considered.




TABLE 5.16:
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DESCRIETION OF FQUILIBRIUM MOTZTURE CONTENT
BROKEN DOWN BY SAND EQUIVALENT

Variable Code Value label Mean Std. dev, | Variance N
For entire 10,5029 5,5326 30,6093 | {1072)
population
=2 1 From © o 5 16,3231 7,8569 B1,7307 | { 13%)
BE 2 From 5,0l to 10 13,5914 5,0792 25,7978 | ( 187)
s2 3 From 10,01 to 15 10,5965 3,9177 15,3480 { ( 310}
SE 4 ¥From 15,01 to 20 7,9077 3,009 9,0542 | ( 273)
sE 5 From 1,01 to 25 6, 5509 2,9838 8,9032 | { 126}
SE [ » © 30 6,1333 2,8272 7,9933 { ( 30)
SE 7 N - 35 6,2375 4,2614 18,1598 | ( 8)
88 9 Froa to 45 4,8500 0,2121 0,0450 | { 2)
SE 10 From 45,01 to 50 1,2000 o of{ b
TABLE 5.17: DESCRIPTION OF EQUILIBRIUM MOIGTURE COI ISNT

LROKEN DOWN BY MAXIMUM DENSITY

Variable Code Value label Mean Std. dev. | Variance N
For entire 1C,5028 5,5326 30,6093 | (1072}
population N
Maxden 1 Fxon 0 to 1500 | 22,2005 | 10,4115 | 108,398 | { 40)
Maxden 2 From 1501 to 1550 | 19,2829 4,5021 20,2686 | { 82)
Maxden 3 From 1651 to 1700 | 14,6306 4,1717 17,4034 | ( 19)
Maxden 4 From 1701 to 1750 | 13,8462 2,8598 8,1783 { { 39)
Mexden 5 Prom 1751 to 1800 | 13,1840 3,5420 +12,5454 | ( 67}
Maxden [3 From 1801 to 18501 11,5128 3,4643 12,0014 | { 86}
Maxden 7 From 1851 to 1900 | 10,1450 3,0466 9,2619 { { 100)
Maxden 8 From 1801 to 1950 9,1812 2,5555 6,5304 | ( 151)
Maxden 9 . | From 1951 to 2000 7,7745 24,5792 6,6524 | { 196)
Maxden 1o From 2001 to 2100 6,7122 2,408 5,7988 | { 206)
Maxden 11 From 2301 to 2250 6,3827 2,0540 4,219 | ¢ 52
Maxden 12 From 2250 to 2400 6,0500 1,9157 3,6700 | { 4)
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5.3.15 Optimum moisture content

This parameter is directly proportional to equilibrium moisture
content and a strong relationship exists (Table 5.18).

,18: DBSCRIPRION OF BQUILIBRIUM MOTSTURE CONTANT
BFOKEN DOMN Y OPTINUM NOLSTURE CONTENT

vVariable | Code value label Mean |Std. dev.| variance | N
For entire 10,5029 5,5326 30,6093 | {1072)
population
OMC ’ 1 From O to 10 6,7122 2,7117 7,3833 | ( 313}
OMC 2 From 10,1 to 12 8,3402 2,;5090 68,2948 | { 296)
oMC 3 Frem 12,1 to 15 11,2459 3,2436 10,5210 ¢ { 236)
oM 4 From 15,1 +to 20 15,0582 3,5636 12,6993 | { 141)
aMe 5 From 20,1 to 25 20,5015 5,1589 26,6242 | ( 65)
oNe 6 From 25,1 to 35 27,6048 7.41°6 54,9365 ( 2L

5.3.16 CBR

T:is parameter has a definite relatlonship with requilibrium mois-
ture content. As the CBR increases, so equilibrium moistuxe content
decreases (Tahle 5,19). This is not a iinear relationship and as the
CBR dacreases below 20 per cenu, the equilibrium moisture content

increases fast,

5.3.17 material finer then ¢,425 mm

There does not exist a strong correlation between this
and equilibrinm moisture content (Table 5.20). Th. general trend is for

equilibrium moisture content to increase as percentage finer than 0,425 mm

increases, as expected.
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TABLE 5.19: DESCRIPTION OF EQUILISRIUM MOISTURE CONIENE
BROKEN DOWN BY MAXIMUM CBR
variable | Cole Value label Mean |5td. dev.| Variance | N

For entire 10,5029 | 5,5326 | 30,6093 | (1072)
population

MaxCBR 1| Prom O to 5[20,1468 | 18,1638 | 66,6473 | { 89)
MaxCBR 2 | From 5,0k to 10!13,7215 [ 4,1216 | 16,9872 | ( 209)
MaxCBR 3 From 10,01 to 151} 10,6449 3,6767 13,5181 § ( 210)
RaxCBR 4 | rxom 15,01 to 20| 9,1305{ 3,7840 | 14,3190 | ( 141)
MaxCBR s | Prom 20,01 to 25| 8,5466 | 3,0414 9,2502 | ( 146)
Maxc8R 6 | ¥xem 2501 to 30| 7,6324 | 3,1018 9,6211 ) { 74)
MaxcER 7 | From 30,01 to 35| 6,3903 [ 2,6168 65,8477 {1 ( 72)
MaxCBR ] From 35,01 to 40| 6,5094 2,4701 6,1015 } { 32)
MaxCBR 9 | From 40,01 to 45| 7,0455 | 12,4976 6,2382 | ( 33
MaxCBR 10 | Prom 45,01 to 50| 6,2667 | 1,5765 2,4853 | { 21)
MaxCBR 1L §| From 50,01 to 55| 5,7895 | 2,4882 6,1920 | { 19)
MaxCBR 12 Fram 55,01 to 60§ 5,4187 1,1514 1,3257 (@)
HaxCBR 13 | ¥rom 60,01 to 65| 4,7200 | 1,0402 1,0820 | ¢ 5)
MaxCBR 14 From 65,0l to 70| 5,6850 1,3466 1,8134 | (&)
MaxCBR 15 | From 70,01 to 75| 7,3000 [} ol
MaxCBR 16 Fram 75,01 to 80 3,9000 2,2627 5,3200 [ { 2)
MaxCBR 17 From 80,0% to 85 [ 4,5750 3,2827 10,7758 | (4
MaxCBR 18 From 85,01 to 90 [ 7,1000 ] ol 1
MaxCBR 19 From 90,01 to 95| 4,8000 [+ ol 1
MaxGBR 22 | From 105,01 to 110 | 5,0000 e} ol 1
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TABLE 5.20: DESCRIPTION OF EQUILIBRIUM MOLSTURE CONTEN. BROKEN DOWN
BY PERCENTAGE MATERIAL PINER THAN ©,425 mm

variable | Code value label Mean | std. dev, | Variance | N
For entire 10,5028 | 5,5326 | 30,6093 | (1072}
population

% - 0,425 1| From © to 5| 10,5100| 4,9374 | 24,3778 [ ( 20
% - 0,425 3 | From 10,01 to 15 5,9750 | 1,0813 L1602 (@
% - 0,425 4 | From 15,01 to 20 6,5250 | 2,9757 8,8548 | ( 12)
% - 0,425 5 | From 20,01 to 25 6,9250 | 13,3814 | 11,4342 ( 32}
% - 0,425 6 | From 25,01 to 30 7,4490 | 2,7824 7,746 1 (41}
% ~ 0,425 7 | From 30,01 to 35 7,763L| 4,7327 | 22,3983 | ( 51)
% - 0,425 8 | Fram 35,01 to 40 8,1444 | 3,3542 | 11,2507 | ( 72)
% - 0,425 9 | From 40,01 to 45 8,7908 | 3,5460 | 12,5743 | ( 65)
® - 0,425 10 | From 45,01 to 50 8.6666 | 13,1589 9,9783 | ( 53}
% - 0,425 11 | From 50,01 to 55 9,4794 | 3,0086 | 15,2769 | ( 68)
% - 0,425 12 | From 55,01 to €0 9,7¢52 | 5,142 | 26,1552 | ( 54)
% - 0,425 13 | From 80,01 to 65 9.3232 | 4,1020 | 16,8262 | ( 56}
% - 0,425 14 | From 65,01 to 70 | 11,0937{ 5,0795 | 25,8016 | ( 63}
% - 0,425 15 | rrom 70,01 to 75 | 10,3176 | 5,1621 | 26,6472} ( 85)
% - 0,425 16 From 75,0L to 80 11,1374 5,3207 28,3094 | ( 115)
% - 0,425 17 From 80,01 to 85 11,1816 5,1238 26,2532} ( 114)
% - 0,425 18 Pram 85,0L to 90 14,6855 7,0080 49,1127 | (76}
% - 0,425 18 From 90,01 to 95 15,7041 7,1049 50,4793 § ( 74)
& -~ 0,425 20 | From 95,0L to 100[ 17,1059 | 7,948L | 63,1731 ( 17)

5.3.18 Pexcentage matexrial finer than 0,075 wm

hs may be expected, the equilibrium moisture content increases as

the percentage finer than 0,075 mm increases, although a strong corre-
lation does not exist (Teble 5.21).
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TABLE 5.2i: DESCRIPTION OF EQUILIBRIUM MOISTURE COM™SNT BROKEN DOWN
BY PERCENTAGE MATERIAL PINER THAN 0,07 mm

Veriable | Code value label Mean |Std. dev.| Variance| N
For entire 10,5029 | 5,5326 | 30,6093 (1072}
population
% - 0,075 1| Prom O o 31 10,2005} 4,9164 1 24,1709) ( 21
2 - 0,075 2 | From 5,01 to 10 4,6847 | 1,9964 3,9858] ( 19)
% - 0,075 3 | From 10,01 to 15 6,6355 | 2,7702 7,674L1 {76}
%~ 0,075 4 | From 15,01 to 20 6,7393 |  2,5646 6,5772} ( 110}
% - 0,075 5 | From 20,01 to 25 7,914 | 3,5640 | 12,7024} ( 151)
% - 0,075 6 | From 25,01 to 20 8,9909 | 13,5009 | 12,2566 ( 132)
s - 0,075 7 | Prom 30,01 to 35 9,5162 | 13,3615 | 11,2996 ( 1085
% ~ 0,075 8 | rrom 35,01 to 40| 20,3719 13,2727 [ 10,7308 { 102}
%~ 0,075 9 | From 40,01 to 45 | 11,4203 | 13,8291 | 14,6618( ( 79)
2 - 0,075 10 | From 45,01 to 50 | 12,068L| 4,534 { 20,5337| ( 89}
% ~ 0,075 11 | From 50,01 to 55| 13,9864 | 5,1972 | 27,0108} ( 59)
% - 0,075 12 | Fzom 55,01 to 60 | 15,4923 | 15,4676 | 29,8970 ( 39
% - 0,075 13 | From 60,01 to 65 | 17,2031 | 5,5669 | 30,9306| { 32)
% - 0,078 14 | Pxom 65,01 to 70} 18,3042 6,3707 | 40,5836] ( 24}
8 - 0,U75 15 | From 70,01 0 75 | 20,7720 6,2699 | 39,3121[ ( 28
% - 0,075 16 | Prom 75,01 to 80 | 20,2267 [ 7,7070 | 59,3978 ( 15}

i % - 0,075 17 { Prom 80,01 o 85 | 24,1100 87822 77,32770 ¢ 10
3 % - 0,075 18 | From 85,01 to 90 | 13,7667 | 3,4962 | 12,2233 { 3)
% - 0,078 19 | From 90,01 to 95 | 19,0000 Q oj( 1

5.3.19 Meon snnual rainfall

i This parameter does not correlate well with equilibrium moisture
content, although there is a tendency for equilibrium moisture content
4 o increase as mesn annual rainfall increases (Table 5.22).
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TABLE 5,22: DESCRIPIION OF EOQUILIBRIUM MOLSTURE CONTENT
BROKEN DOWN BY MEAN ANNUAL RAINFALL

variable Code Valve label Mean Std. dev.| Variance ®

For entire 10,5029 5,5326 30,6093] {1072)
population

Max L Frxem O o 6dm | 9,3183 5,8990 34,7987 ( 282)
Mar 2 From 6,1 to 7 &m | 10,8763 5,3961 29,1182} ( 470)
Mar 3 From 7,L to ° dm (11,2060 5,2048 27,0835] ( 285)
Max a From 8,1 to X0 ém | 13,5632 5,4523 29,7280 ( 19)
Max 5 From 10,1 o 12 dm | 10,7000 o o 1
l:dax & From 12,1 to 15 dn | 13,2200 4,5639 20,8288 { 15)
f.2.20 Climatio N-ind.:

This parameter does not correlate well wath equilibrium moisture
contant, ik chers ig a tendency for eguillbrium moisture content to
devraare &% » alde increases (Table 5.23). This is not a linear trend,
becauge of the nature of the index.

TABLE 5.13: DESCRIPTION OF EQUILIBRIDM MOISTURE CONTENT

BROKKN DOWN BY CLIMATIC N-INDEX
Variable Cods Value label Mean 8td. dev.] Variance N

For entire 10,5029 5,5326 30,6093} {1072)
population

u 1 From 0 to 2 11,3824 4,4966 | .20,2198] ( 131)
» 2 From 2,1 to 2,5 11,0940 15,9310 35,1769 (117)
N 3 From 2,6 to 3 10,6853 5,8884 34,6735) ( 372)
N 4 ¥rom 3,1 to 3,5 10,3479 5,1950 26,9880] ( 138)
N 8 From 3,6 to 4 11,8462 5,909% 34,9228) ( €0)
L [ From 4,1 to 5 B,4424 5,0388 25,3877 ( 132)
N 7 From 5.1 to 6 10,1098 5,0839 25,6431 { 102)
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5.3.24 gQlimatic I-index

This parameter does not correlate well with equ:librium moisture
content, althcugh there is a tendency for equilibrium moisture content to
increase as I-value increases (Table 5.24). These trends or lack of
trends in the climatic parameters can again be explained in terms of lhe
method of wetting up. In areas where the water table is cloge to the
surface, climate will have only a minor effect on the subgrade molsture
vegime. Unfortunately the depth to the water table was not recorded and

50 the inflvence of climate cannot be studied in more detail.

TABLE 5.24: DESCRIPTION OF EQUILIBRIGM MOISTURE CONTENT
BROKEN DOWN BY CLIMATIC I-INDEX

Variable Code Mean 2td. dev.| Viriance N
For entire 10,5241 | 5,5525 | 30,8300 | (1057)
population
b4 3 From =45 to ~20 9,2579 | 5,6736 | 32,1901 | ( 247}
1 2 From ~19 to ~10 9,9461 | 5,6824 | 32,2892 | ( 170)
T 3 From -9 to  © 11,0294 | s,7018 | 32,5111 | { 477)
T 4 From 1to 10 10,8908 | 3,6212{ 13,1329 ( 87)
b4 5 From 11 to 20 11,6357 | 4,4783 | 20,0554 | { 56)
4 6 From 2l to 40 13,6800 | 6,850 | 46,8220 | { 5
T 7 From 4L to 105 14,5267 | 4,9391 | 24,3950 | ¢ 15

The relationship between the material properties and the equilibrium

molsture content may be summarised as in Table 5.25.
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TABLE 5.25: SUMMARY OF APPROXIMATE REIATIONSHIPS BETWEEN EQUILIBRIUM
MOISTURE CONTENT AND SOII, PARAMETERS

variable g:i;;i:i:’é Relationship Accuracy
ome 0,84 EMC < OMC 90 % of the time
MDD ~0,81 BMC 75 - 315 [ 90 % of the time
E>2 0,77 BMC S 0,300 + 1,5 95 % of the time
(EMC always < L)
s 276 BMC = LS + 5 Ten 2l 1y
PI 0,75 For PI < 10, EMC > PI Usually
For PI > 10, BMC < PI Usually
{8-0,075) 0,68 BMC < % (%-0,075) + 5 90 % of the time
24 0,60 Only about 5 % of local subgrades reach
thelr PL
CBR ~0,55 If CBR < 20 then EMC > 10} Usually
(8-0,425) 0,41 EMC <% ($-0,425) 90 &% of the time
5.3.22 Genera} conclusions

The conclusions listed in this paragraph may be divided into three

categories:
(a) conclusions d=-wn £rom the evaluation of existing models;

{p) oconclusions & the influence of non-ratio parameters on subgrade

moisture conditions;

{c} conclusions sbout the influence of ratic parameters on subgrade

moisture conditions.

5.7.22.1 EBvaluation of existing models

Table 5.1 sunmarizes the applicability of existing prediction tech~

nigues to local conditions and the following conclusions may be drawn:
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(a) The most prominent predictor of moisture conditions ln the past was
plastic limit (PL). The majority of researchers related plastic
limit to the equilibrium moisture condition, It is now clear that
plastic limit is not a good predictor of eguilibrium moisture content

except for certain ranges of plastic limit. The fact that the model
developed by Livrsh and Isbai (1975) correlates so well with equili-
brium moisture content, is solcly due to the fact that it is appli-
cable to only a very limited range of plastiu limit values. If
this formula is to be extended to cover the whole range of plastic
1limit values, the following formula results:

EMC = 0,83(RL) - 0,0009(P) % - 2,1

This model has a correlation coefficient of 0,61 and a prediction
accuracy of 41 per cent at the 85 per cent level. The fact that
plastic limit may only be applied successfully as a predictor for
. certain ranges of eguilibrium moisture content, seriously limits

its practical applicability.

[¢2)

None of the avallable models may be applied successfully to local
conditions without modifications, because of lack of accuracy. Al-
though the guoted accuracies in Table 5,1 for the existing models

may not be compared directly to the accuracies quoted for local

conditions because of possible capitalization of chance, the fact
that more than 1 100 sample points were considered means that it is
unlikely that the palrs of data are incomparable.

(c;  Proctor cptimum moisture content is the single best predictor of
equilibrium moisture content and it correlates significantly bettexr
with equilibrivm moisture content tian any other predictor. i

(d} Because none of these models could be used to predict moisture con-
ditions successfully in southern A rica, it was decided to Gevelop
more accurate models from a much l. ger data base including many

more parameters.

5.3.22.2 Influence of non-ratic parameters

Because the normal statistical parameters do not desecribe these

variables and their influence on equilibrium moisture content at all,
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they must be analysed by breaking them down into categories as dome in
this chapter, The average equilibrium moisture content of different cate—
gories may now be studied and compared with other categories and conclusions
drawn about the importance or influence of the categories. Alternatively
these parameters may be included in the regression analysis, which is
strictly theoretically not justified, but which gives acceptable results
if consistent coding is done. Thirdly, one can do separate regression
analyses on dlfferent categories and in this way establish prediction
models applicable to different situvations. This procedure is theoretically
more correct. AlL three of these methods have been investigated and
employed without meeting much Success. The reason for this was that a
key parameter, depth to the watexr table, was not measured.

In order to derive more specific trends (which should have been
done by correlation with the depth to the water table) it was decided to
divide the data into two categories according to climate (because data
about the depth to the water table were not avallable). Too little
information about Gifferent climatic regions is availsble for a move
elaborate classification. The following criteria were used to ¢ “ine a

wet and dry region:

Wet xeglon: MAR > 700 mm
N £ 2,6
Iz-2

Dry region: MAR < 700
N> 2,06
T <2

Comparing the data for these two ranges the following conclusions
could be drawn:

(a) fThe elevaticn of the road surface above the surzounding area does
not infiuence the equilibrium moisture content in the subgrade

significantly in any climatic region.

{b} It was found that as the quality of surface drainage improves, so
the equilibrium moisture content decreases in a wet climate. It
is felt instinctively that this should hold for all climatic regions,
but it was found that surface drainage does not play a significant
part in arid regions. This may be due to the fact that surface
drainage is only one companent of a drainage strategy; the subsurface
drainage may for example Be good while the surface drainage is poor
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and thus obscure the influence of surface drainage. It is felt that
a more detailed investigation of specific drainage situations

should be made befere conclusive remarks about the influence of
drainage on fatlure, for example, may be made. It rust also be
boxne in mind that the trends scr'bed here are very general
becavse they have been derived from general climatic and pavement

conditions.

Rlthough the quality of surface drainage does not influence the
subgrade equilibrium moisture content signifivantly tn all climatic
regions, it has a significant effect on the condition of the road.
There is a trend for the road condition to deteriorate as the quality

of surface drainage deteriorates.

In general the crack condition of the surfacing is not significantly
related to the subgrade equilibrium moisture content, but it was

found when considering different climatic regions that the condition
ox degree of cracking of the pavement does not influence the equili-
brium moisture centent of the subgrade significantly, although there
is a trend for the equilibrium moisture content to be lower in a

dry olimate if the pavement is cracked. This may be due to the time
of year sampling took place. It is also possible in some cases that
cracking is only related to the surfacing and that subsequent layers
may still be intact, so that as far as the subgrade is concerned,

the pavement is still relatively impervious.

In gemeral, the thickness of the bitumen surfacing does not in-~
fluence the subgrade eguilibrium moisture content significantly.

There is a definite relationship between the total thickness of the
cover and the subgrade equilibrium moisture content. As the equili-
brium moisture content increases, so the cover thickness increases,
which can probably be explained by the fact that thicker pavements

are required over weaker, wetter soils.

The general condition of the road appears to be a relizble indicator
of subgrade moisture accumalation, as such an accumilation usually
results in some form of distress. This trend is significant in all
climatic regions, but more so in a wet climate. It is also true
that the variation in eguilibrium moisture content under an unfailed

pavement is smaller than that under a failed pavement.
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The degree of surface rutting is also related to the subgrade
equilibriunm moisture content. If a pavement starts ruttlng, the
chances are good that tbe subgrade is wetting up. This trend was
cbserved in all climatis regions but was more pronounced in the dry
areas. This trend seeme logical, as ructing is related to subgrade

deformation.

There is a tread in the subgrade fox the material gradirg to become

coarser as the elevation changes from flat to f£ill.

There is a clear tendency to provide better quality surface drainage
to thicker pavements, which is sensible, because thick pavements
usually ocour over water-sensitive materials and the benefit of
good draihage in this case is both to reduce the subgrade equili-
brium matsture content and Go pravent the road conditics Erom
deteriorating. ood quality surface drainage also prevents thin
pavements from deteriorating, but it does not influence the equili~

brium moisture content.

It was found that the plastic Limit was related to the quality of
surface drainage. The trend is for the plastic limit to decrease

as the quality of surface drainage deterioxates. This may indicate
that where the plastic Limit is low, people do not give much atten~

tion to surface dralnage.

Fram the enalysis it is clear that firstly the condition of rutting
and secondly the degree of cracking is related to the condition of
the road. It appears that these are the two maln external features
indicating whether fallure is under way or not. Other factors
which are related to the incidence of failure are Atterberg Limits,
optimun mosture content, maximum dry density and CBR. By keeping
the optimum moisture content and Atterberg limits down and by
maximizing the meximum dry density and CBR, failure may largely be
prevented. !

A definite influence of climate on crack formation was cbserved, in
that cracks form more essily and are more abundant in dvy climates,
There is a trend for the degree of cracking to increase as the
rutting becomes worse.

It was found that the only soll parameter that influenced rutting
significantly, was plastic limit.

H
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There is a trend in South Africa to use thicker bitumen surfacings
in wet climates, which makes sense, because the analysis showed
that thick bitumen surfacings tend to rut and deteriorate more
easily in dry climates and tend to last longer in wet climates.

It was found that the climate only influenced the following subgrade
soil parameters:

(i) The subgrade equilibrium moisture content tends to increase
with iner. -ing mean annual rainfall.

(i1) Cracks in the surfacing are less likely to form in wet
climates,

(11i) Thicker bitumen surfaciigs are used in wet climates, so it
. may be that cracks 4o happen but do nct come through to the
surface.

(iv) Grading modulus tends to decrease with increasing mesn annuval
rainfall.

{v) The plastic limit tends to increase with increasing mean
annual rainfall.

(vi} The 1iguid limit tends to increase with increasing mean
annual rainfall.

The above are only txends and they are not significant enough to be
incorporated in prediction undels. It is interesting to note that
there is no trend for more failures to oceur in a wet climate than
in a dry climate,

It is important to note that for a Ary climate (mean ¢ 'nuas rainall
< 200 mm) there is no significant relationship betwec. equilibrium
moisture content and the best predictors for mild climates, with the
exception of CBR. One, for example, cannot for an arid climate

say (at the 1 per cent level) that as.the optimum moisture content
increases so the equilibrium moisture content will increase aceor-
ding to a certain foxmula, Por an arid climate thers is no signi-
ficant relation, even at the § per cent level, between the Atterbexg
limits and equilibrium molsture content.
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5.3.22.3 General conclusions from analysis about ratio parameters

It was found, when checking the interactlon between climate,
‘Atterberg limits and optimum meisture content, that although t'vire

(a

was no very strong interaction, there was & trend in the wetter

regions for equilibrium moisture content to be less sensitive to

Atterberg limit changes, wheveas in the dry climates the equilibrium
moisture content tends to change fast with changing Atterberg

limits and changing optimum moisture content.

{b} There is a general trend for the moisture content to increase with

increasing plasticity.

(¢} The moisture conditions are not very sensitive to climatic changes

except where the rainfall is below 200 mm.

(d) It is interesting to note that there is a trend for pavements to
become thicker, the wetter the climate. This se=ms to indicate that,
although not always consciously, designers in the past have to a
certain extent taken the effect of environment intc account when
designing pavements. Some may contend that because the influence of
climate on pivement behaviour s not very strong when the genexal
condition is considered, it is unnecessary to make spacial provision
for climate. This is not correct, because the provision made at
present is not based on research findings wholely applicable to
local conditions. The i tzend may also be due to the

fact that there is a trend for subgrade material to become weaker
(higher Atterberg limits and finer gradings) with increasing rain-
fall, thus necessitating thicker pavements. It is thus a material—

{entated and not a climatic one. Decause the climate

not only infiuences the material properties, hut also the moisture

conditions, it should be included in a »* “1 way in the design
procedure.

(e) It was found from the analysis that ascribe failure mainly
to saturation, as Table 5.2 indicates. fiolds for all climatic

regions. Similarly the occurrence of cracking and rutting cannot
primarily be ascribed to subgrade saturation. There is, however, a
marked trend for the subgrade to reach saturation if the surface
drainage is poor, except in dry regions where saturation was never

found to occur.
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TABLE 5.26: RELATION BETWEEN PAVEMENT CONDITION AND MEASURED
MOLSTURE CONDIPION

Road condition Not failed Borderline Fatled

BMC £ one T e | e [ s
OMC € EMC S SAT, 57,7 12,1 15,3 20,2 27,3 27,3
auC > sar. 65,5 e 14,6 e 22,9 -

The top figure in each block is the row percentage and the
bottom figure is the column percentage.

As the analysis it became in clear that it is

probably over-conservative to assume subgrade or pavement satu-
ration in most climatic reglons in southern Africa. Table 5.27
indicates the situation irrespective of whether the pavement is
cracked, failed or rutted, and irrespective of the drainage con-
ditions. It is clear from this table that less than § per cent of
all subgrades reached in the 1 at the time of the

Burrow survey (March to September 1973). Lecause of the small
nunber of samples from the Cape ar-* South West Africa, the results
are not as highly significant as th. ransvaal ones.

TABLE 5.27: SURGRADE EQUILIBRIUM MOISTURE CONTENTS (EMC) IN
RELATION TO PROCTOR OPTIMI™ MOISTURE CONTENTS (OMC)

BT ALL STTES

Region Tvi | Cape | S WA
Samples (no.} 1102 20 28
EMC > Saturation (%) 4,5 25 o
Saturation 2 EMC > oMC (%)} 15,5 40 o
EMC S OMC (%) 20 65 0
EMC  OMC (%) B0 35 100

If only sound pavements with qood drainage conditions are selected,
Table 5.28 results.
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TABLE 5.28: SUBGRADE HQUILIBRIUM MOISTURE CONTENTS IN RELATION TO
PROCTOR OPTIMUM MOISTURR CONTENTS AT UNFATLED WELL-~

DRAINED SITES

Region vl | cape | SWa
Samples (no.) w7 | o 8
BHC >-Saturation w | 6 0 0
Saturation 2 EMC > OMC (%) 5,5 50 0
EMC 2 OMC () | 11,5 50 0
EMC < OMC % | 88,5 | s0 100

although the samples from the Cape

it seems that cne can improve t

ith West Africa are few,

re conditions (at least in

the Transvaal and Cape) by providing good drainage and proper main-

of

tenance. Also, while the

does not decrease in the Transvaal, the percentage exceeding optimum |

moisture content is about halved.
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CHAPTER 6

DIURNAL AND SEASONAL VARIATIONS

Iy MOTISTURE CONDITIONS IN PAVEMENTS
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CHAPTER 6

DIURNAL VARTATION IN MOISTURE CONDITIONS IN PAVEMENTS

6.1 Introduction

In Chapter 5 several general moisture trends in pavements were dis-
cussed. Another very important moisture trend in pavements will be dis-
cussed in this chapter, namely the daily and seasonal sucticn variation.
2 substantial amount of experimental work has been done to determine, in
the first instance, the diurnal and seasonal variation in suction in
pavement layers and, secondly, the associsted variation in pavement

response for certain types rf pavement. Much work zemains to be done

before definite may be but such impor
observations have been made to date that the interim findings warrant a sepazate
chapter. It is the aim of this chapter to summerize the work done thus far

ana to list the conclusions that may be made at this stage.

6.2 Location of experimental sites

Although more sites were instrumented in the Transvaal, on three of them
24-hour experiments were conducted (as explained Lu the next paragraph) .

These sites include

(a) the Computer Centre access rcad on the CSIR campus

(b) the 0ld.Military Road 300 m north of the Menlyn Road intersection on
the south-bound lane.

{e} the BVS site on P6-1 between and *
42,6 km from on the d lane.

The results from the CSIR campus site especlally were so encouraging
that it was decided to instrument two sites in regions of climatic

Te a continuously wet region, a location on the

national road N2 from Plettenberg Bay to Humansdorp 53,4 ka from Pletten-
berg Bay was selected and, to represent a dry region, chainage 1665 of
road 1/2 betveen Keetmanshoop and Grunau was selected. Both these latter

sites vere monitored seasonally.
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" Three sites in Botswana have alse racently been instyumented, on the

road between Kanya and Jvaneng near Jwaneng diamond mine, but results from

these sites are not available as yet.

6.3 Nature of measurements taken

In order to measure the diurnal varlation is suction and pavement

response it was necessary to take two hourly relevant readings for a period
of at least 26 hours. The following readings had to be taken:

{a)

(]

{c

@)

[©)

{£)

temperature readings in the inner and outer wheel tracke at the
swface, at £ centre of base, At + Centte of subbase, at r centre

of selected subgrade and at + 1000 mm depth (by weans of electrical
thermo~couples) ;

suction readings at the same locations as (a), excepting the surface,
using psychhrometers in the dew point as well as psychrometric modes;
Tesistivity measurements at the same locations as {a}, excepting

the surface, using the NITRR resistivity probes;

redivs of curvature xeadings at five stations, one meter spart
longitudinally along both the inner and outer wheel tracks.
Triplicate zeadings were taken at each station and the centre station
was as close as possible to the instrument stack, The NITRR radius of
curvature meter and method of taking measurements were used;

surface deflection measurements in triplicate at the five statlons

used for curvature measurements, using the Benkelman beam;

air temperatice and relative humidity readings.

6.4 Experimental results
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6.4.1 CSIR Computer Centre Access Road

The first site instyumented and monitored was the Computer Centre
access road on the CSIR cappus. Fifive 6.1 ig a plot of an eyperiment
carried out on October 3 and 4, 1977 and also shows the profils of the
pavement layers. The surface tempsrature varied between 18 and 46 °C while
the sensors at depths 9 and 170 mm had smaller temperature fluctuations.
The suction as measured by the psychrometers varied from near zero to aver
{ 500 kPa. The resistivity probes also showed substantial variation in
sympathy with the temperature cycle. The resistivity results are closely
related to moisture content, but unfortunately they wers not individually
calibrated so that no guantitative conclusions conld be drawn about actual
moisture content changes. The average of the triplicate deflection
resdings taken at each of the five stations (i.e. averajye of 15 readings)

was plotted hourly and a 14 per cent change ove ™ - 24 hours pexiod was

Similar showed “ant variation over
the same period.
This experiment was repeated on two other ¢ . —.ons and the results
are summarized in Table 6.1. On each occasion similar trends to those shown

in Figure 6.1 were produced.

6.4.2 Old Military Road

The second site instrumented was the 0ld Military Road, approximately
200 m north of the Menlyn Road on the lane. Only
psychrometers were installed at this site in both whesl tracks. The

surface wids not » but the varjation at {50

mm depth was 33 per cent. Figure 6.2 shows the results of ar. experiment
carried out on December 20 and 21, 1977, as well as a profile of the
pavement layers, The suction at 150 mm depth varied from about 300 kPa,
to approximately 3 800 kPa while the radius of curvatuze varied from 95 m
to 165 m, but inversely to the temperature variation. The deflection
showed no significant variation. Table 6.2 summarizes the ranges of
different variables measured.
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UABLE 6.2: SUMMARY OF DAILY RANGES OF SURFACE TEMPERATURE, DEFLEQTION,
RADIUS OF CURVATURE AND SUCTION AT OLD MILITARY ROAD

site 0l@ Military Road
Date 20-12-77/21-12-77
Wheeltrack outer
Surfacing thickness (mm) 125
Bitumen temperature °C at 150 mm 3046

* change 53
Deflection (mm} 180-190

% change 6
Radius of curvature 95-165

% change 74
Suction in base kPa {150 mmj 300-3825

% change 1175
suction in subgrade kPa (375 mm) 1000~ 1800

% change 60

6.4.3 P6-1 near Bronkhorstsprult

The third site instrumented in the Pretoria region was road PG-1 near
Bronkhorstspruit. This site was very wet during the experiment on December
11 and 12, 1979, The water table was only 2,2 m from the suxface and

positive as well as water were using

tensicneters, as the psychrometers oould not detect such low suctions.
Figure 6.3 shows the results of the experiment as well as a profile to a
depth of 2 m. The psychrometers and resistivity probes indicated littie
daily variation and continuously wet conditions. The curvature and de-
flection results show that pavement response did not change mach aver the
24-hours period. Table 6.3 summarizes the ranges of the various variables

monitored.
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SUMMARY OF DAILY RANGES OF SURPACE TEMPRRATURE, DEFLECTION,

RADIUS OF CURVATURE AND SUCTION AT P6=-! NEAR BRONKHORSTSPRULT

Date 11~12-79/12-12-79
Wheeltrack Innexr Outer
Surfacing thickneer (mm) 50 50
Surface temperature °C - 20-52
3 change 160

Deflection (ym) 155165  185-195
4 change 3 5

Radius of curvature 54-60 66-61
. % change 1 23

6.4.4 Storms River

As stated before, it was decided to instrument sites which wepresent
xegions of climatic To a it ly wet area, a site

on the road N2 near Storms River was chosen. Foth wheel tracks at this
site were fully with , resistivity probes and
thermocouples. The site has been visited four times to conduct a full

24 hours experiment, ance in each season. Plgure 6.4 shows the results
of a typical test in the outher wheel track, while Figure 6.5 shows a
typlcal result for the inner wheel track. 'he figures also show a profile
of the local pavement layexs as well as a description of the climate.
Table 6.4 stmmarizes the ranges of variables measured at this site.

6.4.5 Keetmanshoop

was a to a Gry area. This site was
instrumented initially with psychromaters, resistlvity probes and
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thermocouples. The site was subsequently visite@ four times in order to
monitor the influence of season on the suction regive., Both the inner
and outer wheel tracks were instrumented comprehensively., During each
visit measurements were taken as described in paragraph 6.3. Figure 6.6
shox

a typical result for the outer wheel track, while Figure 6.7 shows
a typical result for the inner wheel track. The figures also show a profile
of the local pavement layers as well as a description of the climate.

Table €.5 summarizes the ranges of variables measuved at this site.

6.5 Conclusions

6.5.1 CSIR Computer Centxe Access Road

As it is clear from Figure 6.!,there is a substantial daily temperature-
induced variation in suction, espouially in the top pavement layers. This
is accompanied by a similar change im pavement response. The minimun
curvature roughly coincides with the maximum deflaction at around 06h00.

It is apparent that the deflection curve is slightly displaced zelative

to the temperature and curvature curves. This is because deflection is

a measure of the Geeper pi layer's while is
more ralated to the top p layex's if a
curve for a depth of + 400 mm had been drawn, it would relate batter with
the deflection results, as it would also be displaced because of the time
taken for the heat front to influence that depth.

From Table 6.1 it can be seen that the deflection during the first
experiment was about 0,3 mm while it was about half that during the last
visit, A similar trend is present in the radius of curvature. These

ignificant i in trength cannot be explained in terms
of the enviromment. It is y due to a 4 of the stabilized
sub-base and subgrade with time.

It is a well-known fact that asphaltic pavements become softer the
higher their temperatures. The direct opposite tx:nd iz seen here where '
the maximum temperature in a layer causes the maximum suction, which results i

in a maximum curvature and a minimum deflection. This specific pavement
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thus gets stiffer with increasing temperature. It is expested that the
trend will be even more pronounced if the opposite influence of the thin
asphaltic concrete layer could be eliminated.

This cbservation is obviously highly significant and merits moxe in-
vestigation, as it may have extremely important practical implications.

For instance, the life of a road is 1y inversely proportional
to the fourth power of the deflection and approximately proportional to the

fourth power of the and this is commonly used as

a critexion for pavement evaluation with the view to possible maintenance.
This means serinus erxors in the prediction of pavement life may ocour if
cognizance of the diurnal performance variation is not taken. Another
potential practical benefit includes the prohibition of heavy traffic on
sensitive roads during certain hours of the day. It is clear that these
pavements are capable of carrylng much more traffic, provided the bulk of
this traffic is experienced during the "strong” hours of the pavement.

6.5.2 0ld Military Road

Seeing that such important observations have been made at the Computer
Centre access road, the 0l Military Road, which has a totally diffexent :
construction, was ipstrumented to beax out the initial observations,
From inspection of Flgure 6.2 there appears to be some serious discrepancles,
The surface deflection, for instance, does not change significantly as
the suction and temperature changes.
As surface deflaction is a measure of the vertical strain in the sub~
grade, it is used as a measure to evaluate the deeper pavement layers as
explained before. In these layers the change in suction, although signi-
Ficant, is not very great and it is thus not entirely surprising that no
daily change in deflection could be detected. It is also pnseible, for
this type of pavement, that the total surface deflection measured at the :

surface is made up of deformations of more than one layer. It may not be

solely attributable to the The
is known to soften with 1 while the will
with » and total deflection of the surface

may thus stay constant. In order to explain this phenomenon more accurately,
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a structural analysis of the pavement should be done using elastic para~
meters derived from DCP tests and comparing the caloulated deflections
with the measured deflections. In this way one should be able to assign
a percentage of the total deflection to each layer and relate that to
suction changes in that layer. It is worthwhile to polnt out here that
the installation of multi-depth deflectometers at psychrometer sites will

be of great assistance in i ng the pi results.

The radius of » which is an indication of the radial strain

at the bottom of the surfacing, is used to evaluate the top pavement
layers where the temperature and suction changes are more significant.
one may therefore expect that this parameter should show a better rela—
tionship with suction changes, as these are more pronounced in the top
layers, ' From Figure 6.2 it is clear that there is a large variation in
radius of curvature (twice the variation on the CSIR campus) but that it
follows a trend opposite to that of suction. The variation in radius of
curvature can thus not be explained in terms of the suction variation.

This variation is caused by the variation in elasticity properties of

bitumen with temperature. The influence of this thick temperature-sensitive

bitumen surfacing completely obscures the influence of suction changes on
the elastic properties of the base. The temperature variation at a depth
of 150 mn is very similar to that obeserved at 170 mm depth before, with
peaks occurring slightly later because of the season change. another
similarity is the suction variation in the base at a depth of 150 mm,
which with the variati at 170 mm before. This may

be regarded as confirmation that large suction variations do occur in
pavement. layers on a daily basis, but that the influence of this variation
on pavement response depends on the type of pavement under consideration.

Bnother interesting obsexvation that may be made frem Figure 6.2 is
that there is a marked reduction in temperature and suction variations at
depths exceeding 400 mm. Other data also indicated that the temperature
in the centre of the pavement is fractionally higher than that in the
outer wheel track, It is also true that the cuter wheel track heats up
more slowly and to a lesser extent that the inner wheel track, although
both positions cool down to about the same level.

It is also observed that the variation in suction in the centre of
the pavement is larger than that in the outer wheel track, which ties in

with the that the varies mare in the centre line
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than in the outer wheel track. The magnitude of the variation is also of
extreme significance, because the moisture condition in the base in the
centre of the road varies from near saturation to a falrly dry state in

24 hours. This clearly indicates that for this type of pavement the in—
fluece of temperature on suction in the base is so important that no
equilibrium conditions can be achieved in the base. It also indicates that
for this type of the hase tion in the early
morning hours, It should, however, be noted that more stable conditions

are achieved at deeper levels.
At deeper levels in the pavement the magnitude of the suction variation

is again larger in the centre than in the outexr wheel track, but the

general level of suction is lower, which means that the pavement is general-

1y wetter in the centre. This does not tie in with the temperature variations,

because the centre of the pavement is at a higher temperature and should

therefore be at a higher suction. The phencmenon may, however, be explained

by the classic wetting up mechanism of materials undex covered areas.

6.5.3 P61 neax Bronkhorstspruit

Only one twenty four hour experiment was conducted at this site, in
December 1979, which happened to be an above normal wet summer and the
water table rose t: within about two meters of the xoad surface. These

wet conditions the i . as they cannot

measure suctions below + 50 kPa ly. The water
plotted on Figure 6.3 wexe thus measured with the use of tensiometers.
It is interesting in this case to note the accuracy and reliability of
the tensiomsters, as they monitored a positive pressure of about 13 kPa
at a Gepth of 3 m, which corresponds to a depth of about 1,3 m beneath the
water table, where it in fact was. A negative pressure (i.e. suction)
of about 5 kPa was monitored at & depth of { m, which corresponds to a
height of about 0,5 m above the water table, which again was in fact
the case.

What is clear from this exercise is that under such conditions of
high degrees of saturation, a significant temperature change will not

produce associated suctlon changes. This means that if a pavement layer
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has a high degree of saturation, its strength will not fluctuate signifi-
cantly on a dally basis, as can be seen from the curvature and deflection
variations in Figure 6.3.

Although this pavement constzuction is agaln different i.om the two
reported before and therefore not directly comparable, it is clear that
in this wet state the deflections exceed 1,5 mm and the curvatures are
exceedingly small, which indicates that the pavement is relatively weak

and close to failure.

6.5.4 Storms River

As may be seen from Pigures 6.4 and 6.5 the main feature is that the
suction does not changa much; in fact, it remains below about 50 kPa in
the outer wheel track. It should be pointed out that it is not correct
to assume that the suction remains gonstant if the psychrometers contin-
ually read zero, because they are insensitive to the low suction ranges.
One may only deduce that any variation, if it takes place, never exceeds
& peak of about 50 kPa, The rise in suction during the night in the inner
wheel txack may not be explained in terms of a temperature change, &s
there was virtually no temperature variation at that depth. The fact

that it was the only prychrometer operative in the inner wheel track
means that it could not be checked against trends monitered by other
instruments.

What is, however, confirmed by every experiment carried out near
Storms River 1s that in a continuously wet pavement, large surface tempe-
rature variations (more that 100 per cent) will not result in large suction
or moisture changes in any pavement layer. It is also not accompanied by

large variations in The seasonal variations in curvatuxe

in the inner wheel track is of the same order as the daily variation, while
that variation in the outer wheel track is about double the daily variation.
The Gaily curvature varlatlon is between 10 and 15 per cent, while the
seasonal variation may be a8 high as 30 per cent, with the lowest deflections
and highest curvatures during the cold months. Dally deflection variations

betueen 5 and 12 per cent were while the 1 vari
ranged betwaen 25 and 30 per cent, which is more than double the daily
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variation. It is also signif.cant that the deflection in the outer wheel
track is about 30 per cent higher than that in the inner wheel track
throughout the year, probably because of water ingress through the shoulders
and side drains.

6.5.5 Keetmanshoop

From inspection of Figures 6.6 and 6.7 and Table 6.5 it is clear that
although quite large variations in suction, specifically in the sub-base
occur, all pavement layers generally remain fairly dry throughout the
year. These variations are also random and not attributable to temperatura
changes. It is also clear that for this type of pavement in this very dry
climate no temperature-related daily variation in pavement response is
detected, This means that if the climate is continuously dry, large
temperature variations will not cause large suction or pavement response
variations in this type of pavement. The seasonal variation in radius of
curvature in the innexr wheel track is of the same magnitude as the daily
variation (12 - 20 per cent), while the seasonal variation in the outer
vheel track is about twice the daily variatlon. Seasonal deflection
variations in both wheel tracks are abont twice the deily deflection varia-
tion. It is also interesting to note that the daily deflection and curva-
ture varations in are larger than the corresponding

variations in a wet axea like Storms River.

6.5.6 Summary of conclusions

Although specific conclusions have been drawn whan consideting each
experimental site, it will serve a useful purpose to summarize them here.

{a) It has been shown in four different experiemnts that substantial
induced pi iations aecur on a daily

basls, Thess variations may be directly related to suction variations.
The maximum suction is reached when the temperature in that layer
rsaches o maximem, usvally aound 14000, The losd-carzying capacity
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of the pavement is highest during this time. A minimum suction is
reached at around 06hOC, when the upper + 400 mm of pavement reaches
a minimum temparature. Heavy loads applied during this time cause

most damage.

The top pavement layers (+ 400 mm) are subjected to large temperature
fluctuatlons and therefore larger suction changes. This explains
why the curvature variation iz larger than the deflection variation,
as the curvatuxe is a measure of the radial strain a* the bottom of
the surfacing while the deflection is a measure of the vertical

strain in the subgrade.

Paily temperature changes of more than 50 pex cent in certain pave-
ment layers are sufficlent to cause substantial suction changes.

The softening of a thin bitumen surfacing with increasing temperature
is more than compensated for by the stiffening of a granular base
with increasing temperature in cases where the surfacing is about

20 mn thick. When the asphaltic layer is more than 100 mm thick,
this is no longer true.

The influence of different pavement constructions is not known at
this stage, as individual pavement layers and their specific contri~
bution to total surface deflection have not been studied. It is,
however, known that an unsaturated granular base, subjected to a 50
per cent dally temperature variation, will undergo substantial suction
changes, which will cause al vasiations in

This is so because the suction acts as a confining pressure and in-
creases the load-caxrylng capacity of the base by several ordexs of
magnitude daily.

The term “equilibrium moisture content" may not be applied to the top
pavement layers, as large daily changeu happen. It is more applic-
able to subgrade moisture conditions.

This datly lation is not in 1
wet pavements. Ne fixed cuiteria have been developed so fax, but ;
where the water table is close to *
rainfall exceeds i 000 mm, this variation has not been detected.

suxface and the mean annual

This daily pavement response variation is also not apparent in
continuously dry pavements. Although no speclfic criteria have been

- A - P B
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developed so far, this variation could not be detected in the Keetmanshoop
area where the rainfall was less than 300 mm, This may be due to the
extremely hard subgrade at the experimental site, as large response
varlations have been found in other areas in Namibia.

It was found that the dally curvature variation was about half the
seasonal variation, while the seasonal deflection variation may be
substantially more than the dally variation. This is related to the
daily and seasonal temperature variations.

It is recommended that hecause of the possible practical application
of these observations. mors work should be done in oxder to quantify
some trends. For example, actual moisture content changes should be
measured daily using non-destructive methods. A laboratory study
should be undertaken to determine the influece of varying temperature
and temperature gradients on psychremet The

that the psy £l as a l0ad passes over it,
should be investigated. Multi-depth deflectometers should be in-
stalled to quantify the influence of various pavement layers more
accurately, The pavement should be ar .lysed using some non-linear
clastic analysis method, so that the iations in p

may be pred theoretically from elastic
paremevers, This should be done in conjunction with a laboratory
study to determine the influence of temperatuze on suction and thus

the tess of certain pi materials.
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CHAPTER 7

DEVELOPMENT OF EMPIRICAL PREDICTION

TRECHNIQUES FOR SOUIHERN AFRICA
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CEAPTER 7
THE DEVELOPMENT OF EMPIRICAL PREDICTION
TECHNIQUES FOR SQUIHERN AFRICA

7.1 Introeduction

The main aim of this chapter is to report on the development of
empirical moisture prediction for Africa. Tt was

concluded in Chapter 5 that no existing model is ideally sulted to local
conditions and because such a vealth of information is available losally,
1t was fairly easy to develop unique prediction models for local con-
ditions. various techniques were employed in order to optimize the
prediction models and this chapter has as its Eirst aim to report on this
development.

The secondary aim is to xeport on an i igation inte the predicti
possibilities of other soll parameters that have been carried out for

completeness' sake. Preliminary analyses were carried cut to establish
models for the prediction of the California Bearing Ratio, the compaction
tics and the limits.

7.2 Statistical background

The computer program used in these analyses was the latest version of
"gtatistical Package for the Social Sciences” (SPSS) which is ideally
suited for this kind cf analysis and which includes such sophisticated
facilities as non-kinear regression options.

An important fact that should be highlighted at this stage is that
many of the predictors used in this analysis are not accurately repro-
duoeable and thus include implicit errors of measurement. This means that
the classical regression theory may not be applied strictly to these
predictors, because it is based on the assumption that predictors are known
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fairly accurately and with a normal error @istribution. Although this
assumption does not hold true for some predictors used in this analysis,
there is at present no readily available alternative statistical tleory to
treat uncertaintios in both the predictor and the pradicted. Experience
has, however, shown that if the noxmal regression theary is used in this
case, the resultant error is not unacceptably large (De Jager, 1978). This
approach has been used in similar situstions in the past with much success

in other disciplines, for example logy. It is < onsid
reasonable to use it here.

¥ormally the £irst task of Qata analysis is to determine the basic
Aistributional characteristics of each of the variables to be used in the
subsequent statistical analysis. information of the Aistribution,
variabflity and central tendencies of the variabl ides the
with v on required for selection of tatistical

techniques. For this reason descriptive statistics were firstly calculated,
as reported in Chapter 5.

The next step is to do a multiple stepwise linear regression, which
requires that variables be measured on the interval or ratio level and that
the relatjonships among the variables are linear and additive, These
restrictions are not absolute, however, and nominal variables can be
i into the through the use of various techniques

{Markham, 1978). fThey have been incorporated in this analysis and although
they do not strictly satisfy the assumptions made about regression, the
tech has been 1ly applied elsewhere (De Jager, 1978). 'The
nature of the data, on the other hand, made it difficult to carry out a
statistical test for linearity, hut the plots reproduced in Appendix C
clearly show that 1ot all have Linear relationships with the

molgture content. Various diffe-ent were used to the
variables and ta optimise the transformations. fThe following trans-

formations were eventually included in the amalysis:
~0,5
~0,7

Grading modulus transformed te (Gradlng Modulus)
Sand equivalent transformed. to (Sand Bquivalent)
Meximum CBR transformed to (Maximun CBR) O’

Climatic N-value transformed to (N-valus) ™l

ALl other parameters had Linear relationships with moistuce content and &id |
s0t have to be transformed.
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7.3 The prediction of subgrade moisture conditions

7.3.1 General linear regression

Fox easy of i in the following
equations, the reader is referred to abbreviations summarized in Appendix
AL

As a First step it was decided to do a multivariate stepwise linear
regression on all the data. Appendix D shows those results of the analysis
of 914 horsholes. The correlation coefficients between all variables are
given in tabular form and from this it is immediately apparent that the
paremeters that correlate highly with equilibrium moisture content also
correlate highly with each other. This implies that if one of these is
used in a little imp: in 'y will result

from adding another, since they explain the same variance.
Table 7.1 clearly indicates this tremd of high inter-parameter

correlation coefficients,

TABLE 7.1: INTER-PARAMETER CORRELATION COEFFICIENTS

BMC oMe MDD L Ls
ane 0,84
MoD -0,82 ~0,92
™ 0,77 0,88 -0,78 ;
s 0,76 0,95 -0,76 0,95
3 0,76 0,95 -0,76 0,95 0,98

This shows clearly that, although five parameters correlate highly
{r 20,8) with equilibrium moisture content, little improvement will result
£rom combining the variables because of the very high interparameter
correlations. This s obviously a serions drawback. As stated ahove,
these analysas were done in a stepwise manner and the parameters were
inserted into the ion iu order of In the summary Table D5
in Appendix D, the order in which the parameters appear in the prediction

equation is shown. From Table D5 it is clear that any refinement beyond
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step 2 for model A is of academic significance only and does not materially
improve the prediction accuracy. Therefore the full regression details for
the first two steps only are given. The practical equation to be used in

this case is:
EMC = 0,79(ONC} + 15,92(CBR)~°'6 = 3,0 sieieriiiranrnaneens {7.1)
This model has a multiple correlaticn ccefficient of 0,86 and a

standard error of estimate of 2,89, yielding an exxor at the B5 per cent
level of only 26 per cent. Or alternatively, if CBR is not known:

EMC = 1,1{0MC) ~ 3,4 . (7.2}

This model has a multiple correlation coefficlent of 0,84 and a
standard error of estimate of 3,08, making the error at the 85 per cent
level 38 per cent. A regression analysis .sing only the ratio and intexval
parameters was also carrled out for completeness' sake. Because the first
two veriables in the analysis are of this type in any case, differences
only result in later steps, as shown in Appendix D for model B.

7.3.2 adjusted Atterberg limits

From past experience and intuition it was felt that there ought to be
some relationship between the Atterberg limits and the percentage material
finer than 0,425 mm,as these tests are only done on this size fraction. To
determine whether this in fact is true, it is necessary to deterninc
whether there is an interaction betwsen liguid limit and the percentage
material finer than 0,425 mm, i.e. to whether the relationghip

between equilibriuvm moisture content and liquid limit stays constant as the
percentage material finer than 0,425 mm changes. Fiqure 7.1 shows that
there is in fact an interaction, wich means that one should combine liquid
Limit with the percentage material £iner than 0,425 mm in some manner to
create an extra parameter which will improve the accuracy of prediction.
In the process of developing the optimum combination between the

percentage material finer than 0,425 mm and liquid limit, different modeis
were tested and finally the following model emerged:

= 11" 7485 - 0,425 007080 (7.3)
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where LLT = adjusted liguid limit
IT = liquid limit
(% = 0,425)= percentage material finer than 0,425 mm.

To ensure that this model Ls better than a simple combination of the
two thelr 1 1 correlation coefficients with moisture
content were tested in a t-test of significance, which showed that the
adjustment proposed in equaticn 7.3 is significantly better than a simple
combination on the 1 per cent lavel.

Other soil like linear and plasticity index were
also treated in ths way. Figures 7.2 and 7.3 indicate that interaction
takes place to a lesser extent for both plasticity index and linear
shrinkage and it was thus decided to combine them with the percentage
material finer than 0,425 mn.

The best ad; for these variables were found to be:
PIT=PI(\-0,425)0'5 P & 2%

e = (@8 (s - 0,426)%7  Loiiiiiiiiin et (18

i
!
i
i
i
i
i
!
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where PIT = adjusted plasticity index
LET = adjusted linear st -inkage
and the other vaiables have their normal meanings.
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where PIT = adjusted plasticity index

EQUILIBRIUM MOISTURE CONTENT

EQUILIBRIUM MOISTURE CONTENT

ST = adjusted Linear shrinkage
and the other valables have their normal meanings.
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Becauss it was not one of the main alms of this study to devplop
optimum adjustments for parameters other than the equilitrium moisture
content, more woxk should be done to prove that the adjustments given are
in Pact the best for other soil propsrties.

It was alsc i tuitively felt that the Atterberg limlts might change
with climatic conditions, but this was found not to be the case. Figures
7.4 to 7.7 show that there iy essentially no interaction between the
Atterberg limits and *he climatic indices.

N = WEINERT's CLIMATIC N VALUE
4 .
& or
w
z
[=3
<
w
g
P 20
0 a
=
g H
: B
2
& o)
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3 ’
g =
1 - I
Q 25 5O -
LIGUID  LIMIT
FIGURE 7.4

Various other parameters were tested for interaction but none were
detected, 2n attempt was made to isolate a single optimum adjustment which
could be used for all Atterberg limits and linear shrinkages to increase
correlations with all other parameters. Thig could not be done entirely
successfully because different adjustments relate best to different soil
properties, as can be seen in Table 7.2 It can, however, be seen that any
adjustment results in a significant increase in correlation with any
specifio parameter. Analysing the table shows that the best general
adjustmen: for Atterherg limits and linear shrinkage is:
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N = WEINERT's CLIMATIC N VALUE .
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AAL:(AL)O'7(%»D,425)°'3 teererirreicaanreracierrrasaaans (7.8)

whese BAAL = adjusted Atterbexg limits or linear shrinkage
AL = Atterbergy limit or linear shrinkage

(% « 0,425)= percentage finer than 0,425 mn.

Using the adjustment developed, the best prediction equation for
egquilibrium wolsture content is:

BMC = 0,67(0mc) + 0,180 7 (v - 0,426 %% - 4,2 . (2D

This model has a correlation coefficient of 0,85 and a standard exxzor
of estimate of 2,98, which means the error at the 85 per cent level is 27

per cent,

7.3.3 Linear regression between certain limits

From Table 7.1 it is clear that optimum moisture content correlates
better than any other parameter with equilibrium molsinre content. The
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COEFFICIENTS OF ADJUSTED AITERBERG

LIMITS WITH VARIOUS PARAMETERS

Adjustments EMC MpD OMC CBR
23 T | -, 782 | 873 | 489
0,7 0,3
{1} L {% - 0,425) ,831 ~-,904 ,920 -,639
(2 (s - 0,425 %5 830 | -,897 | 915 | -,608
(3 LL{% - 0,425) ,806 ~-,898 (881 -,628
1 (756 | -,758 | 808 | -,523
0,7 0,3
{1) PI (% - 0,425) .787 ~,833 /841 -,631
{2) PI(% - 0,425)0'5 £ 792 ~,828 ,841 -,581
(3) PI(% - 0,425) +786 ~-,839 +834 -, 587
is 957 | -,785 | 823 | -,576
0,7 0,3
{1) Ls {% - 0,425} .781 ~,816 (846 -, 667
2y 1s(s - 0,425)%7 803 | -,845 | ,863 | -,619
3)  1s(s - 0,425 795 | -,852 | ,852 | ~-,607
(4)  L8(s - 0,425) ,800 | -,852 | ,e57 | -,613
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next logical step is to determine whether it is in fact true over the whole
range of optimum moisture content values. Figure 7.8 shows that at a value
of just over OMC = 12, the adjusted liquid limit becomes the most important
predictor and therefore it was decided to develop two different sets of
aquations.

(a}) Zfor the optimum moisture content values less than 13; and

(b) for optimum moisture content values greater than or egual o 13.

T

—

-—.\-—-\\x
TS T

X

0.5(— OMC ™,
~

wr =™ o 0425 ?

= ADJUSTED LiQUID LT

MULTIRLE CORRELATION COEFFICIENT

OMC =FROCTOR OPTIMUM MOISTURE CONTENT

o 1 I i I 1 {
8 o 12 14 is 18 20

OMC GREBTER THAN OR EQUAL TO

FIGURE 7.8
COMPARISON OF CORRELATION COEFFICIENTS

{a) Linear regrassion on optimim moisture conmtent values less than {3
A full linear regression analysis was done on all the data values
where the optimum moisture content was less than 13. As was expected,
optimum moisture content correlated best with equilibrium moisture
content, but the second best predictor in chis case was sand
equivalent,while I-value was the third best predictor, Little

i
i
{
i
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acouracy increase yesulted from including more parameters, and the
best empirical formula is as follows:

EMC = 0,78(OMC) - 0,156{SE) + 0,054(I) + 2.84 arraes (7.8)

This equation hag a multiple correlation coefficient of 0,63 and a
standard error of estimate of 2,24, The error at the 85 per cent
level is 28 per cent. Although the correlation coefficient is less
than 0,8, one must remsmber that only a fraction of the data is con-
sidered and therefore the multiple corvelation coefficlent calculated
from this is not directly with the correlati coefficient

caloulated for the whole range.
For an indication of the btained, one should rather laok at

the error at the 85 per cent level. Othex useful formulae that may be
used if all the best predictors are not available, include the
follewing:

EMC = 0,87(0oMC) ~ 0,17(SE) ~ 1,7 . - (7.9}

where the multiple correlation coefficient ie 0,53, the standard error
of estimate 35 2,34 and the error at the 85 per cent lavel is 29 per
cent. Alternstively, becanse the sand equivalent test is not a common
test in the Transvaal:

EMC = (,86(0MC) + 0,07(% - 0,075) - 3 cereverneaiees (7.20)

where the multiple correlation coefficlent is 0,55, the standard ervor
Of estimate 15 2,36 and the error at the 85 per went level is 28 per
cent. Por completeness' sake it was decided to do an analysis on all
boreholes with optimum moisture content values less than {3 but
excluding te nominal parameters. The fixst three parameters in the
resulting equation are maturally the same as the above opes, but
subsequent parameters differ. Because these latter chenges do not
affect the » it is not in Appendix D.

Linear regression on optimun moisture contsnt values greater than or
equal to 13

A full lineax regression analysis was caxried out mn all data where
optimun moisture content is equal to or greater than 13. In the first
analysis all puremeters were included and the following equation

TYegulted:
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HMC = 0,21(1&)0'7 (2 - 0,425)0'3 - 0,015(MDD) + 0,976 (RCON)
+ 30,91 eeaees (7.11)

where RCON = 1 fox not failed; 2 for border line and 3 for failed

pavements.

This equation has a multiple correlation coefficient of 0,79 and a
standard erzor of estimate of 3,54, 7The error at the 85 per Cent
level is 23,0 per cent. This equatinn obviously only takes the first
three parameters into account, as litile accuracy results from furthexr
refinement. Part of the analysis is reported in Appendix D. - For
completeness' sake it was also decided to do an analysis on all
boreholes with optimum moisture content values greater than or equal
o 13 but excluding the nominal and ordinal parameters. The resulting
equation is as £ollows:

e = 0,25020) %7 (5 - 0,425)%"% - 0,018000) - 0,06(s - 0,075)

+ 38,5 B T R % V3]

This equatlon has a multiple correlation coefficient of 0,79 and a
standard error of estimate of 3,55. The error at the 85 per cent
level is 23 per cent. Other useful formulae that may be used if all
the best parameters axe not available unclude:

e = 0,200 %7 (8 - 0,425 %% - 0, 008000) 33,3 ... (7.1

where the multiple correlation coefficient is 0,78, the stand error of
estimate is 3,62 and the erxor at the 85 per cent level is 23 per
cent. And:

Bc = 0,380y %7 (3 - 0,427 - 1,5 . (714 ,

where the maltiple correlation coefficinet is 0,76, the standard exror
of estimate is 3,76 and the error at the 85 per cant level L& "4 pex
cent.

7.3.4 Combining the for_the Gifferent ranges

Different equations have now been developed for the two jntervals the
data has been divided inte. It 18 intuitively felt that there should not
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be an abrupt change of formula at optimum moisture content equal to 13 but
rather a gradusl change. To achieve this gradual change of formula with
optimum molsture contant, the following two equations were merged:

OMC < 13: BMC = 0,78(OMC) - 0,156{SE) + 0,54(I} + 2,84 ..... (7.8)

one = 13: B = 0,202 %7 18 - 0,425/%3 - 0,015 oDy

+ 0,976 (RION} + 30,51 . (7,11}
The resulting eguation is as followa:
EMC = (~D,172({0MC} + 2,676) (OMC) + (0,034(OMC} ~ 0,535) (SE)
+ {-0,012(0MC) + 0,185) (I} + (0,046(0MC) - 01511(&70'7 & ~
0,42503 MC) + 0,036} (MOD) + 10,225(0MC) ~ 2,37)
{RCONY & | S5 veeeeneeeans ferrereeee. (7.15)
The following shows @ prediction accuracy of the two separate

equations 7,8 and 7,11 compared with that of the combined single equation
7.15 on identical data for the same range:

MULTIPLE CORRELATION COEFFICIENTS

Two_equations One equation
EMc 1,865 0,871

STANDARD ERROR OF ESTIMATE

Twe_equations One equation
M 2,79 2,78

It cin be seen that the mingle equation does in fact represent a
slight improvemeni but Lt does not warrant the added complexity and it is
recommended that the two equations be used separately, each for its
specific range.

7.3.5 Linear using only selacted

It is often necessary to predict the equilibrium moisture content if
only certain soil test xesults are available and it was thexefore decided
to develop models contalning only select paramcters.
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If only the Atterbexg limits are available, the following models could
be used:
EMC = 0,39(LL)  ciivreiinunnenaiieisinesicainiraaceriiaissss (7.16)

This formula has a correlation coefficient of 0,77 and a standa:d
srror of estimate of 3,58.

EMC = 0,8(PL) + 1,8  iiiiiiiiniiiienesisiiinisianinanaeneases {7,217}

This formula has a correlation coefficiunt of 0,61 and 1 standard

erxor of estimate of 4,51.
BMC = 0,5{PI} + 4,2  .ciricerrurscnritnvrsasicisrssonannsess  (7.18}

This formula has a correlation coefficient of 0,76 and a standard
errcr of estimate of 3,70.

BMC = 1,2(L5) + 3,9 ........ ceee (7.19)

This formula has a correlation coefficient of 0,76 and & standard
error of estimate of 3,71.

If only the percentage grading analysis results are known:
EMC = 0,22(% = 0,075) + 2,8  .ceiieeisaavensavorsisrenansenss (7,20

This formula has a correlation coefficient of 0,67 and & standard
error of estimate of 4,19,

If the grading analysis results and Atterberg limits are known, the
following models are useful:

muc = 0,427 - 0,425%3 - 2,8 tiiiiiii e, (.20

This formula has a corvelation coefficient of 0,83 and a standard

error of estimate of 3,13.
BMC = 0,053(28) (8 - 0,428 %7 4 5,1 seiiieiiieiee (7.22)

This formula has a correlation coeificient of (,80 and a gtandard
error of estimate of 3,38.

If the compaction characteristics are known:
BMC = 0,71 (0MC) = 0,011(MDD) *+ 21,6  1ereuersnsrvennrnioaanss (7.23)

This formula has a correlation coefficient of 0,85 end a standard
error of estimate of 3,00. or

EMC = 1,1(0MC) ~ 3,4
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This formula has a correlation coefflicient of 0,84 and a standard

error of estimate of 3,08.

7.3.6 Nop-linear regression analysis

From the models developed thus far it is clear that the moisture
content may wot be predicted sufficiently accurately for design purpeses.
In an attempt to improve the prediction accuracy, a non-linear regression
i lysis was carxied out, using the Marquardt method of minimizing the sum-—
of-squares Punction (Marguaxdt, 1963).

ich work was done for this analysls and various models were optimized
using this technique. Although tha prediction accuracies could be in-
ereased in some cases, these increases weve insignificant (Haupt, 1978} and
hecause the non-linear models are generally more complicated, it was
decided to present and recommend for use only the models developed thus far,

using conventional techniques.

7.3.7 of nomjnal and ordinal parameters

Although nominal and ordinal parameters were analysed in detail in
Chapter 5 by a breakdown analysis and although they have been included in
many of the equations presented in this chapter, this inclusion is not
stxictly statistically founded, as pointed out before. In a final effort
to try and improve the prediction avcuracies of the models, it was decided
to use the nominal pavameters purely ae class dividers and to do the
analysis only on the ratic parameters which is statistigally correct.

Firstly, analyses vere done on all data which were classed according
to elevation. It became clear that this parametex on its own does not
have 2 big influence on equilibrium moisture content. In order to de-
termine the combined effact of several parameters, it was decided to con-
sider all cases when elevation was flat and then vary the other pavameters.
Rlevation was thus kept constant and the guality of surface drainage was

varied from good tu poox, but again no significant effect was
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This process was repeatad for all nominal and ordinal perameters, but apart
from the conclusions drawn in Chapter 5. no parameters indicated clear
trends.

Because thls investigation, like the breakdown analysis, does not
yield trends it was Qecided to use the equations developed before,
regardless of the physical features of the site it is applied to, i.e. they
are generally applicable to any set of circumstarces and would therefore be
conservative in conditions whers, sey, drainage and geometric design is of
a high standard.

7.3.8 Influence of climate

One of the main aims of the moisture investigations undextaken for
this study in regions of climstic extremes wes to detexmine whether the
models developed for the Transvaal could be extended to other climatic
regions.

The £irst step in establishing whether this could be done was to
combine the best predictors with climatic data and to repeat the regrassion
analysis. Equation (7.7) had been developed for all regions but not
combining the predictors, while equation (7.24) was developed for all
regions but combining the mean annual rainfall with the variables:

EMC = 0,67(ome) + 0,180 78 - 0,428 = 4,2 .. @7.m

EMC = 0,73 (oMC) + 0,003 (MAR) (LS} (% ~ 0,425)0'7 -1 erreenes (7.24)

In order to cdetermine the prediction accuracies of these
models, the exxor of had to be calculated, as both the

correlation coefficient and the st.ndard deviation are influenced by the
amount of variation of the criteriun and cannot be compared across
situations where the criterion has different standard deviations. The i
standard error of estimate takes this into account and may thus be compared
across unequal amounts of variation in the criterion. The prediction
les for the di raglons are in mable 7.3 and it is :

clear that thers is no change in prediction accuracy when the predictors
were combined with elimatic indices, This simply means that one cannot
improve the acouracy of prediction by including climatic data, but it does ;
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not conclusively show that the same technigues can - used in all areas. g

TABLE 7.3: COMPARISON OF PREDICTTON ACCURACIES

Region x s, s, =s_ft1-r*) Accuracy at
¥ ¥y 5% level

(%)

1

TVl  Eq. 7.7 0,848 5,53 2,93 10,5 28
Eq. 7.24 0,846 5,53 2,95 10,s 28
Cape Egq. 7.7 0,906 10,76 4,55 16,8 27
Bq. 7.24 0,907 10,78 4,5¢ 16,8 27
SWA  Bg. 7.7 0,391 2,37 2,18 5,7 38
Eg. 7.24 0,444 2,37 2,42 5,7 37

It was next decided to check the best prediction equation for Trans—
vaal conditions, applied to the George and Ksetmanshoop areas. Equation
(7.1) was checked for all xeglons:
0,6

EMC = 0,79(0MC) + 13,92{CBR} "0 = 3,0 teeeriririsiraneanans (741}
The Jation coefficient as follows:
Transvaal: 0,86; Cape: 0,83; swA: 0,62.

The correlation cvefficients were tested for similarity using the
Fisher transformation (Downie and Heath, 1970} and it was found that the
Transvaal formula is not applicable te the SWA conditions. it could,
however, not conclusivaly be proven that the Transvaal model may be & ted
to Cape conditions unaltered hecause so few data points are avallable from
the Cape. Tn practical texms, because Lt ¢ould not be applied to tape
econditions, it is reagonable to assume, in the alsence of more informatlon,
that it is applicable, 1In oxde: to bear this out it was decided to do
independerx regression analyses on each region separately and to compare
the results. It was decided not to include more than two predictoxs in any
model, because sc few data are available for both the Cape and SWa.

The Cape data ylelded similar prediction models with nearly identical

1 and it ry the that the 1 models may be
used in wet areas of southern Africa. The best model for George is:

BMC = 1,4(0MC) - 4,1 . 27 % ACCUFECY  savernenn . (7.25)
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{cf BMC = 1, 1(0MC) - 3,4 wavee 28 % acvuracy for the Transvaal)

This regression equation (equation 7.25) had been developed from only
20 results beciuse too Little malerial had been sampled fxom the other
boreholes. In order to inerease the of the tion, the missing

values of OMC were estimated using relationships between OMC and avallable
test rasults. This could not be done successfully because too little
information is available ahout th best predictors of OMC and so the
missing values of OMC could not be predicted sufficiently accurately.

The best prediction medel developed for SWA was totally different from
the models developed in the Transvaal:

EMC = 1,1(RCON} - 0,08(CBR) + 6,6 ..... 253 acouwracy ..... (7.26)

More accurate prediction formulas cannot be daveloped for SWA because
too little informatinn is available. Equation (7,26) was based on only 28
results and is thus not zelisble or of much practical significence,
Geneval guidelines for dry regions (MAR < 200 mm) are:

(a}) The onlv parameter that correlates reasonably well with EMC is CBR.

(5) Paes’ i . witions such as the condition of the road, the dagree of
xutting and surface permeability are better velated to the moisture

conditions than are the material yroperties.

{c) & rough estimation of the equilibrium moisture content when the

physical conditions are favourable is:

EMC < 0,66 (0MC)

approximately ninety per cent of local values fall in this range.

Work is in progress to accumilate more information about SWA o that a
somplete separate analysis may be carried out in the dry regions to firstly
cstablish at what climstic conditions the trends of the mild and wet
olimates cease to be applicable snd, secondly, to establish relevant
relationships for the dry regions. :

To summarize, it can be sald that the models developes hexe arxe
applicable whexe the mean annual rainfall lies between 400 - t 500 mm,
Thornthwaite's Index betwaen -45 and +100 and Weinert's N-value between 1
and 7,6. Thesa models have been shown to be over-congervative in dr ar
regions but too few data are available to develope separate models for the
drier regions at presiat, For the climatic regions given above, the
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moisture condition in the subgrade of a covesed area is relatively insen-
sitive to the climate although there is a trend for the models to ovexr-
predict the moisture content in the drier regions and to under-predict

in the wetter regions. but this trend is not significant.

7.3.9 3Infiuence of compactive effort

Because it is customary in the Tramsvaal to test the subgrade
material at Proctor and not Mod. AASHTO compaction, it was decided te
use the former compaction effort for this investigation. Subsequently a
laktoratory investigation was carrizd out to determine the relationship
between Proctor and Mod. AASHTO compaction because Mod. AASHTO is the
standard used in the rest of South Africs. Tt is outside the scope of
this dissertation te report in detail about this analysis, which is still
in progress, but the initial results are summarized in Table 7.4, It
must be pointed out that the results of 783 samples were analysed, which
means that (a) a wide veriety of material types was covered, angd (b)
the results are statistically significant.

TABLE 7.4: SUMMARY OF EELATIONSHIPS SETWEEN PROCTOR AND MOD. MASHTO
COMPBACTION
Proctor characteristics r | Error at 85% level
ome =~ 1,25 (OMCM) - 0,5 0,92 108
MDD = 1,2 (¥DD,) - 533 0,95 2%

It is clear from the Table that the Proctor and Mod. AASHTQ com—
paction chazacteristics correlate highly and that one may be deduced
£rom the sther with o falx amount of accuraay.

These relationships make it possible to use the moisture prediction
equations if only the Mod. AASHIO compaction characteristics are avail-
able, by simple substitution. The accuracy of the moisture prediction
equations will obviously be slightly reduced 1f these conversions are
used.
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7.3.10 Point of Diminishing Returns

From all the data presented iy the text and in the appendices, it
was concluded that the point of diminishing returns had been reached in
this analysis. Most applicable statistical procedures had been tried
and little extra accuracy was llkely to result except with much extra

effort. The reasons Jurdeviding that this was the point of diminishing

returns, may be summarized as 4.

(aj AlL available parameters have been apalyses and trapsirimed into

linear relationships.

(b} Linear regressions have been on all the availeble data.

(¢) Linear regressions have been on certain ranges of data.

(d) Equations resulting from these linear regressions on certain ranges

have been combined.

(e} Non-linear regressions have been performed on certain samples of

data.

(£

Some of the parameters used in the anaiysis have inheremt errors in
their method of measurement, as stated before, and some of the
seatter reported here as due to the lack of prediction accuracy is
in fact due to these errors. Ope could get an idea of how good the
prediction equations are and whether more predictors are required
or whether the available ones should be determined more accurately,
if infor:tion about the reliability of the predictors weve avail-
able.
use@ in this investigation bat Mitchell and Smith (1974) have analysed
four of the parameters, viz. LL, PI, percentage matexial finer tham
0,075 mm (% ~ 0,075) and percentage material finer than 0,425 mm

(% - 0,425). Various statistical parameters are reported in their

« - rlnd of data is not avallable for all the parameters

paper and from these, correlation cosfficients required to check

this can be calewlated.

The way to check whethexr new predictors nead to be involved in the
prediction model is to adjust the muitiple correlation coefficient to
exclude the errors in the estimators. This is, however, only a rough

adjustment:




-222~

T

oB
o=
ad
© Ve ST/ (v-0,075) / Teue
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where r,q = adjvated multiple correlation cosfficient
%, = miltiple correlation coefficient of prediction
equation
1,y = correlation cosfficient of PI determinations
rLL = correlation coefficient of LL Qeterminations
% (au0,075 = correlation coefficient of (8-0,075) deterninations
rm = rrelation coefficient of EMC ons.

Assuming that the repeatsbility of testing in this case had bean
the same as that of the reported case, the adjusted coefficlent becomes
greater than unity which means that firstly our material testing was
done with a higher measure of repeatability than those in the reported
case and secondly that the prediction equations cannot be improved sig-
nificantly with this kind of data.

It was therefore decided not to continue with sophisticated statis-
tical analyses because it was apparent at this stage that the nature of
the predictors would render this exercise futile. It is concluded that
no better prediction equation cam be developed empirically and that for
better accuracy, theoretical methods should be pursued. It must be
noted that if the prediction are more refully ined

in practice, these equations will yield answers with accuracies superior

to those reported here.
7.3.11 Summary of Practical Prediction Formulae

The most important moisture prediction formulae may be sumnarized
as in Table 7.5.
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TABLE 7.5: PRACTICAL PREDICTION FORMULABE

0,7 0,3

0,75(OMCy) + 0,2(LL) "' (3 - 0,425) - 4,5

Other useful relations (95 % C,I, upper limits)
emic < 0,470% (s - 0,425)073 - 2,9
PEMC § 0,52{LL} + 1,5
PEMC § 1,36(QMC} - 2,3
PEMC ¥ 1,7(0MCy) - 3,0

% error at level (%)
Predicted equilibrium moisture content
85 % 95
For oMC < 10, PRMC =
1,09(8 - 0,078) + 3,8 3t 38 49
For oMC < 13, PEMC =
*1,1(080) - 3,4 3t 38 49
1,3800H0) - 3,9
0,86(0NC) + 0,07(% ~ 0,075) - 3 29 36 46
1,08(08C,) + 0,07( - 0,075) - 3,4
0,87(0MC) - 0,17(s8) + 1,7 29 36 16
1,08(0MCy,) - 0,17(SE) - 2,1
For OMC > 13, PEMC =
0,38(20%" (s - 0,429%% — 1,5 2 2r )
0,20 23% 7 (s - 0,429 < 0,0160mD) « 33,3 | 23 . 36
0,21 2% 718 - 0,420%% - 0,0190umm,) + 41,8
A1l values of OMC, PBHC =
0,083(8) (% - 0,4260%"7 4 5,1 30 37 47
0,42 %7 (v , 0,.9°%3 - 3,9 28 34 44
1,1(0HC) - 3,4 2 3 4
0,71 (ONC) ~0,01% (MDD) + 21,6 27 33 43
o,ea(cMcM) - 0,0130(:41;1)“) + 27,1 o3
0,60m0) + 0,202 7 (% ~ 0,425 3 - 4,2 27 33 4

% This formula is slightly less accurate when applied to the range

<
one,, < 10
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7.4 The prediction of CBR
7.4.1 Earlier woxk

It has for many years been tried to predict the CBER of soils from
the plasticity characteristics.

Evans (1951) related the CBR to the Vicksburg penetrometer readings.
Nascimento and Simoes {1957) found that for soft materials the elastic
modulus is 10 to 20 times the CBR value and the modulus of subgrade
reaction is 1/8 to 1/4 of the CBR value, and for hard materials these are
10 to 30 and 1/8 to 1/3 respectively, Hobinson (1958) developed the
following relation, on the basis of Load on a 3 inch diameter plate at
f£ailure of the soils:

log CBR = 0,76837 log (Plate load in 1lbs) - 1,64420... (7.28)

In 1961 Wiseman and Zeitlen tried to correlate the in~situ CBR with
in-gitu shear strength by a static penetration test. In the same year
Black published his first papers on work he was doing to predict the CBR
from plasticity data. This led to the publication of a practical method
in 1962 for Qoing just this, The method proposes that a first approximate
of the CBR may be deduced from estimating the bearing capacity of the soil,
which can be deduced from a knowledge of its suction and true angle:of
friction. It also shows how the suction and true angle of friction may
be inferred from a kmowledge of the liguid and plastic limits and mois-
ture content of the soil. This means that the CBR and its variation
with moisture content may be estimated from the results of various
placticity tests. The method is only applicable to cohesive soils.
Although this method is valusble, practical and complete, it is based on
relationships between suction, moisture content and Atterberg limits
which are not validated for local soils. A need was therefors felt to
develop general relationshipe between CBR and Atterberg limits for local
conditions. For completeness’ sake the three figures Black used in khis
method are included as they may be helpful under cextain circumstances.
Figure 7.9 depicts a general relationship between moisture content and
suction for different soils. Figure 7.10 shows how the consistency
index (LLP—;W) may be determined from a knowledge of suction and plasticity
(W = sample moisture content). Finally Figure 7.11 shows how the CBR may

be determined from the consistency index and plasticity index.
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In 1970 Agarwal and Ghanekar developed a model with which the CBR
could be predicted from the OMC and LL, viz. (compaction effort not

known assumed British 2,5 kg rammer method):
CBR = 21,2786 ~ 16,2921 log (OMC) + 0,0696 (LL) ...... {7.29)

The multiple correlation coefficient of this model is 0,58 and the stan-
dard error of estimate is 1,8, They also reported the following less
accurate models:
CBR = 20,2809 ~ 14,31281 log (0MC} + C,0745(PI) ..... {7.30)
CBR = 18,735 ~ 12,861 log (OMC) + 0,052(PL} ......... (7.31)
These models clearly are only of limited practical value because

(a) they were developed from only 48 samples;
(b} the CBR of samples used only varied between ) and 9; and
(c) the prediction accuracy is very low.

In 1975 Livneh and Ishai alsc proposed a method to predict the CBR
f£rom a knowledge of PL, moisture content and degree of saturation. From
Figure 7,12 an estimate of the suction in the sample at the measured
moisture content may be obtained. This Lethod estimates the CER at this
moisture content and ngt saturat:om. This suction is corrected for

partial saturation by applying eq: “ion {7.32)¢

- 2

Bom 98T e (7.32)
where § = effective suction

¢ = suction cobtained fxor Figure 7.12

8, = degree of saturation.

Prom Figure 7,13 an estimate of the in-gitu CBR for cohesive mate-
rials may now be made,

Gawith and Pexrin (1962) suggest the following equations for the
evaluation of the CBR values:

log CBR = 1,886 - 0,0143D ~ 0,000452 + 0,00515% -
B, 2
0,0000455(3) = 0,0037E .ieiviciaeniiianneenaes  (7.33)

where = percentage finer than 0,425 mm

= plasticity index

A
B = percentage finer than 0,075 mm
b
E = percentage finer than 2,36 m
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2

CER = 4,5 + 1 & X219

(20 - 8)
18

whera G = group index according to the AASHTO soil classification
system,

There are numerous more empirical models available to predict CBR
(Wermaxs, 1963) but most of them are limited to certain sofl types and
none of them has won general acceptance. See also U § Army Corps of
Engineers (1958), Packard (1973}, Gawith and Perrin (1962), Road Note 29,
Sharma and Sharma (1964), Livneh and Greenstein (1975).

7.4.2 The enalysis of local éaka .

It should be borne in mind that local prediction models are based
on subgrade and subbase materials only and may not indiscriminately be
applied to better quality materials. It is also very important to xemem-
ber that the CBR values predlcted with these models will be slightly
higher than a soaked CBR value for Proctor compaction because they were
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pengtrated dry of optimum. More work in at present being done to relate
CBR quantitatively to compactive effort and molsture content during
testing.

When apalysing the local 4ata it is immediately clear why most of
the existing models are ren-linear. fThis is bacause the CBR dues not
correlate with the soil parameters in a lincar model. Non-linear log-
arithmic or exponential models explaln significantly move variation. It
is also very interesting to note thau the CBR coryxelates significantly
better with grading parameters (specifically %-0,075 mm) than with plas—
tisity or compaction parametexs (with the exception of bar linear
snrinkage) .

Tshle 7.6 indicates the correlation coefficients between CBR and

various other parameters.

TABLE 7,6: QORRELATION COEFFICIENTS BETWEEN CBR AND OTHER PARAMETERS

Tinear Non-linear
CBR CBR
0,075 -0,69 | log(Lsm) ~0,78
BE +0,69 log(%~0,075) ~0,76
e 0,64 log (PIT) ~0,73
LLY -G,64 log (LLT) ~0,72
MDD 40,62 ESE 40,69
ST ~0,62 uon? +0,65
s -0,58 | log(ts) 0,64
20 -0,58 | oM +0,64
%-0,425 0,58 log(oMC} ~0,61
oM 0,58 Log (PT) -Q,60
21 -0,52 | loy(a-0,425) -0,58
w ~0,47 | log(rz) 0,51 .

From this table it can be geen that the logaritbm of the transformed
linear shrinkage is the best predictor of CBR for subgrade solls (i.e.
relatively low CBR materials), and the following formula should be used:

07y o (7.35)

CBR = 80,5 ~ 32,0log{ (LS} (8-0,425)
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The correlation coefficient of this model is 0,77 and the standard
error of estimate is 8,68. The prediction accuracy at the 85 per cent
level is 48 per cent.

& linear and non-linear regression analysis wes carried out and
Table 7,7 summarizes the resulting prediction models.

TABLE 7.7: SUMMARY OF USEFUL CBR PREDICTION MODELS

CBR = Accuracy at 85 & leVEli
12,106 « 23 log {15 (3-0,426)°"7) + 54 418 r = 0,83 o = 7,6]
96,3 ~ 17,8 log {(18) (3-0,425°"7} -

25,7 oy {$-0,075) 4%} x = 0,83 0 = B,5

Q0,8
57,7 - 17,1 1og {(2X) (3-0,425) %%} - N R
30,7 Loy (8-0,075) Mz =06)e =B

e,7 0,3
115,6 - 33 log {1 %7 (sw0,425) %3} - . _
33,2 log (8-0,075) Bl = 0,790 = 84
30,5 ~ 32,3 log {(LS) (8-0,425)°7} |z =0,77]0 = 8,7

90 ~ 47,4 log {%-0,075) 4% xr = 0,77 ¢ = 8,7

It should be borne in mind that these formalse were developed for
subgrade materials and signiflcantly wnderestimate the CBR values of
materials with CBR values of morc thsn 50. Secondly it must be remem~
bered that this comstitutes a preliminary investigation and more work

should be dona if more accurate prediction technigues are requized.

7.5 Prediction of compaction characteristics

7.5.1 EBarlier work

In 1938 Woods and Litchimer, after analysing 1 367 Ohio soils, showed
the general interrelation of plastic iimdt, plasticity index, ligmad limit,
optimum moisture content and maximum dry depsity. In 1955 Rollins and

vids related limits to it . Figuwe 7.1¢ {Croney, 1977)

shows the relationship between dry density, moisture content and air voids.
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In 1959 Yoder published a linear relationship betwesn dry density
and the log of energy input, He also presented a relationship between
Std. AASHTO and Mod. AASHTO dry densities. Iivmeh and Ishal (1977) do
not agree with his line put fomd a similar trend, as shown in Figure
7.15. Yoder {1959) also indicated a relationship between maximm dry
density and compactive energy as shown in Pigure 7.16, while Livneh and
n (1978 a generalised relationship between optimum

moisture content and maximum dry density for any effort, as shown in
Figure 7.17.

Spangler {1951) sugyested the following relationship between Std.
Proctor density and OMC:

6250K

. Mop = TAIEE I . (7.36)
0,425
- (3 - 0,425)

oMe = S ey TRy e ereraeen (7237

whexre 8, = shrinkage limit

r = shrinkage ratlo
%-4,67 = percentage finer than 4,67 mm
#-0,425 = percentage finer than 0,425 mm

104 - 0,67°1

]
#

06,3371 - 4
PI = plasticity index

Jumikis (1958) presented a chart. relating optimum moisture content
obtatned from "standard soil compaction tests” with liquid limit and
plasticity index from various New Jersey glaclal coils. .

In 1948 Rowan and Graham presented the following formulae for
estimating the maximum dry density and optimim moisture content for Proctor
compaction:

Maximum dry demsity = (kg/n%)  rreeereenn . 17.38)

Optimum moisture
content e
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OPTIMUM MOISTURE CONTENT OMC (%)
=

10
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FIGURE 7.17

RELATIONSHIP BETWEEN OPTIMUM MOISTURE
CONTENT AND MAX!MUM DRY DENSITY FOR ANY
' COMPACTIVE EFFORT(LIVNEH & GREENSTEIN,/978)
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- 2
where D B
A = percentage finer than 4,67 mm
B = percentage finer than {0,425 mm
© = 1000 x shrinkage ratio (kg/m’)

Davidson and Gardiner (1949) adjusted these formulae to fit the data
from 210 soils from il states bettex:

x, . 10°
Maxinum dry density = ——im————prem iiiceeienseies (7.40)
5, (B~ 1) ¢ 12
LA R
Optimum moisture content = & (%) F Ky erennenia e (7.41)
. 312 - 2(pn)
wnere X, oo
PI = plasticity index
R = shrinkage ratio
= EL_
x, = -4

Turnbull {(1948) presented a metnod using the soil gradation to
estimate the optimum moisture content.

In 1958 the Bureau of Public Roads (Yemington) correlated optimum
moisture content and maximum dry density with classification data of
972 soil samples from 31 states. The compaction effort for this study
was according to AASHTO Designation T99-43, which is uncommon in South
africa, and the results of this study is thus not represented here.

In 1961 the Buxeaw of Public Roads (Ring et al, 1862) carried out &
second study to improve the prediction methods developed from the £irst
one. Ring et al reported several prediction models that resulted from
the analysis together with thelr associated acouracies. They did, how-

ever, not suggest generalized equations but developed different formulae
for different regions.

7.5.2 The analysis of jocal data

The aim of this investigation is to develop relationships between
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the A limits and 1 stics. If only the Atter-

berg limits and the grading of a material is known, a very good appro-

of the can be made, using the equations
developed below. It must be remembered that the models have been
developed largely from subgrade quality materials and they may not be
extrapnlated to better quality matexials without some loss in prediction
accuracy. It is also important to bear in mind that these relationships
were developed using only Froctor energy. The same relationships may not
be applicable to other energy levels.

7.5.2.1 Prediction of Proctor maxtmum dry density

If only the Atterbery lirits and the percentage finer than 0,425 om
s known, a fairly good approximation of the Proctor maximum dry demsity
may be made:

Moo = 10,30y - 20,5707 (4-0,425 %% 4 2477 .. (7.4

This model has a standard error of estimate of 66 and a multiple corre~
lation coefflcient of 0,93 and the error at the 85 per cent level is
3,5 pex cent.

In orxder to produce a curve relating Atterberg limits to compaction
characteristics, the following formula was developed:

wo = 0,83 ~ 1441% 7 (30,4253 4 2364 ......... (7.43)

This model has a multiple correlation coefficient of 0,91 and a standard
error of estimate of 74. The error at the 85 per cent level iz 3,94.

7.5.2.2 Prediction of Proctor optimum moisture content

The following equation may be used to predict the Froctor optimum
woisture content from Atterbarg limits and grading information:

ome = 0,30 %7 (5-0,42603 4 0,2(0) ~ 1 sevuiirnirs (7.44)

St eI oy
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This formuls has a multipie correlation coefficient of 0,93 and a standard
erzor of estimate of 1,59, The error at the 85 per cent level is 11,9
per cent.

It is alsc interesting to note that there is a falrly good relation-
ship between Proctor OMC and maximum density:

OMC = 57,5 = 0,024(MDD)  ..ivvirnennnraninrarscesscasnes (7:45)

This model has a standaxd error of estimate of 1,73 and a correlation
coefflcient of 0,92. The error at the 85 per cent level is 13 per cent.

Figure 7.18 shows the relationship between consistency indices and
compaction paramsters for local soils. It is also useful to know how
the compaction paraueters at different emergies relate to esch other.
The fdilewing relationships exist for local subgrade soils, Preliminary
work regarding similar relationships for other pavement layers has been
started, but qualitative results are not availsble yet:

OMC = 1,25(0MC) = 0,5 ..oiviiviiscviiicniiaiiienes (7.46)

MDD = 1,2(MDDM) =533 tiiiiiienens etrniereaenaaes {7.47)

where OMC = Proctor optimum moisture content
oMC, = modified AASHTO optimum molsture content
MDD = Proctor maximum dry density
MDD, = modified ARSHIO maximum dry density.

Equation {7.46) has a correlation coefficient of 0,92 and the error
i at the 85 per cent level is 10 per cent, while equation (7.47) has a
coryelation coefficient of 0,93 and the exror at the 85 per cent level
is 2 per cent. Sevan hundred and elghty-three samples were used in

;\ developing these equations.
As can be ssen from Figure 7,15, there doms not exist a definite
relationship between the ratio of the compactive efforts and. the density.

This is also the case for local soils. Other factors influence the

3 relationship and there is no way any of the lines drawa in Figure 7.15
may be applied to local conditions. More vork has to be done in this

¢ regaxd. Flgure 7.19 shows the situation for local conditions.
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7.6 Relationships between various Atterberg limits

The aim of this mection is not to predict the Atterberyg limits from
other soil constants, but to show how the Atterberg limits are inter-
related.

7.6.% Barlier work

In 1967 Van Rocyen suggested the folliwng imterparameter corre-
latioag:

LS = 0,46(PI) {xr = 0,90) cvievas (7.48)

PI = 0,58(LD) - 4,46 (x = Q,85) reaarrerrassaaeass (7.49)

In 1978 Livneh and Greenstein found that for Israeli loess and silty
clays PI could be predicted from a knowledge of LL alone:

BE = 0,75{LL) = 9,26 euirrnruciniarinirenienenasoses {7,50)

They also found that the ONC {for any energy effort) is related to
the maximum dry density as follows:

OMICA = 55 - 0,022(MDDA) - (7.51)
Ramiah et al (1970) proposed that the &td, AASHTO maximum dry
density may be estimated as follows:
M.DDS = 2125 =~ 10(LL)  t.inincerreretecaaasienacnrannaaens (7.52)

The Std. ARSHTO optimumn moisture content may be estimated as follows:

= 4
OMCy = 5 (LL + 18) tieeeviiitiiiiiniiiiniiieninaaaes (7.53)
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7.6.2 Bnalysis of local data

7.6.2.1 Liquid limit as independent variable

The best predictor of liquid limit is linear shrinkage:
L o= 2,88(L8) + 11,4 tiiiiiiieniiinreririarareeiinnines (7,54

This formula -.'s a correlation coefficient of 0,94 and a standard
arror of estimate of 3,82. The arror at the 85 per cert level is 13 per
cent.

To increase the prediction acouracy the following equation may be

uaed:
LL = 2,23(18) + 0,97{PL} ..evvvrsierercaversarnanonnns (7,55}

In this case the correlation coefficient is 0,99 and the standard
error of estimate is 1,69. The error at the 85 per cent level is 5 per

cent.

7.6.2.2 Plastic limit is independent variable

Iiquid limit is the best predictor of plastic limit:
PL = 0,3iL) + 6,8 .......e D 217

This formula has a correlation coefficlent of 0,82 and the standard
errur of estimate s 2,5. The error at the 85 per cent level is 15 per
cent, If the bar linear shrinkage is also known, the following model may
be vied:

FL = 0,83{LL) - 1,69{IS)} + 2,2 (7,57

k3
In this case the correlation coefficient is 0,94 and the standard error

of estimate is 1,5, The exxor at the 85 per cent level is 9 per cent.
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7.6.2 Analysis of local data

7.6.2.1 Liguid limit as independent variable

The best predictor of liquid limit is linear shrinkage:

LL, = 2,98(LS) + 11,4 ....... ..e {7,54)

This formula has a correlation coefficient of 0,94 and a standard
error of estimate of 3,82, The error at the 85 per cent lavel is 13 par
cent,

To increase the prediction accuracy the following equation may be
used:

L = 2,23(L8) + 0,97(BL) ervvureeeereennereionnnn e (7,55

In this case the correlation coefficient is 0,99 and the standard
error of estimete is 1,69, The error at the 85 per cent level is 5 per

cent.

7.6.2.2 Elastic limit as independent variable

Liquid limit is the best predictor of plastic limit:
PL = 0,3{LL} + 6B <.uivnirrenincaairianiiorisiscinss (7,56)

This formula has a correlation coefficient of 0,82 and the standaxd
exxor of estimate iz 2,5. fThe error at the 85 pex cent level ls IF per
cent. If the bar linear shrinkage is also known, the following model may
be used:

PL = 0,83{LL) - 1,69(L8) + 2,2 Crevesiesansaniisasns {7,57)

In this case the correlation coefficient is 0,94 and the standard error

of estimate is 1,5. The error at the 85 per cent level is 9 per cent,
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7.6.2.3 Plasticity index as dindependent variable

Bar linear shrinkage is the best predictor of PI:
PT = 2,2{L8) = 0,2 ceveiiiniciiiiiinanciniiainavansess (7,58)

This formula has & correlstion gosfficient of 0,98 and a standard error
of estimate of 1,69. The erroy at the 8BS per cent level is 13 per cent.
1 If LL is alsoc known, the following sguation may be used:

PL = 1,7(LS) + 0,17(LL) - 2,2 . crvevenseeaan. (7,59

where the correlation coefficient is 0,98 and the standard error of

esﬁmﬁ-te ig 1,55, The exvor at che 85 per cent level is 11,5 per cent.

7.6.2.4 Bax linear shrinkage as independent variable

Bs indicated in sectlon 7.6.2.3 the bar linear shrinkage is closely

A related to PI and little change in prediction acouracy will result from

including more predictors.

7.7 Cenclusions

The main conclusions drawn from this chapter may be surmarized as
follows:

{a)

Although some statistical were emp.

in this analysis, they had all been used suc.essfully previously.
{b;

It has conclusively been shown that the Attexberg limits adjusted
for the percentage materidal finer than 0,425 mm correlates signifi-
cantly better with the subgrade moisture conditions than the un—
agjusted Atterberg Limits. Indlcations ave that the adjusted
lmits also lake better with other soil parameters

such as heave potential and CBR. More work needs to be dane to
develop more detailed adjustments regarding ‘specific properties hut
the provisional general adjustment proposed is:




()

{a)

(e}

(£)

{g]

(h,

[£3

(&)
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aan o« a7 (8-0,425) %7

where

AL = agdjusted Atterberg limit or linear shrinkage

AL = Atterberg limit or linear shrinkage
#-0,425 = percentage finer tham 0,425 mm.
It has conclusively been shown that the htterberg limits do not
change significantlyw.th climate.
The optimum molsture content is the best predictor of moisture
conditions where the optimum moisture content is less than {3, but
the adjusted liquid limit is the best predictor where optimum moisture

content ls greater than 13.

It is that two prediction equations be used

depending on whether the optimum moisture content is above or below
13, seeing that a combination of the equations does not produce
significantly higher accuracles. @

A e non-lineaxr 4 analysis was carried out

without much success, chiefly because the hest predictors have in
fact linear relstionships with the subgrade moisture content.

Climate was found not to have & significant influence on the subgrade
molsture conditions as long as the mean annual rainfall lies between
400-1 500 mm. In dry climates (MAR<200 mm) the prediction eguations
developed in this chapter are not applicable as they over-predict
the molsture conditions. More work should be done in this regard.

Although the compactive characteristics used in this analysis had
been done at Proctor compaction, aceurate relationships between
Proctor and Mod. AASETO characteristics have also been developed
making the prediction equations applicable to the latter compaction
effort by using the relevant substitutes.

It is felt that more accurate empirical prediction techniques cannot
be developed for local conditions because of the size of the sample
analysed and the nature of the data. )

Relationeliips between cheap soil tests and soil engineering proper-
ties like CBR and compaction characteristics have also been developed
50 that less testing may be necessary under cartain circumstances.
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Problem materials may also easily be identified in this way. This
was a preliminary study on mostly subgrade quality material, and
more work should be Gone in order o increase the practical appli-
cability to all pavement layers. The proposed formulde may be used
for (i) determining the amount of water to use in the compaction
test for the first moisture density point, (ii} rapidly appraising
compaction test results, (iii) reducing the number of compaction
tests reguired, and (iv) denoting unusual soils that are different
from those generally encountezed and which may cause construction
difficulties.

2
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CHAPTER 8

DEVELOPMENT OF A RATIONAL MOISTURE PREDICTION TECHNIQUE FOR SOUTHERN AFRICA

8.1 Introduction 0

Fairly reliable empirical moisture prediction techniques have been
developed in Chapter 7. The best accuracy that could be achieved at the
85 per cent level is approximately 78 per cent.

This would usually be very helpful in most engineering situations, but
because some problem soils ars so sensitive to small moisture changes, a
need was felt for even more accurate models. A great deal of effort was
put into refining the empirical models, but the veliability could not be
improved significantly. The OEOD (1973), aftez a thorough literature sur-
vey, found that rational prediction techniques may result in better prediction
accuracies. Theoretical models also showed promise with the rapid develop-
ment of digital computers, but seeing that the input parameters are so
variable, it was decided to saxry out a pilot study to establish the merits
of a rational approach.

No attempt had been made in this country to use suction as & basis for
predicting a de iign moisture content, although this approach was well
established overseas (Russam and Coleman, 1961). B2s a first approximation

it was decided to vallidate the reported relation between climate and
equilibrium suction for southexn African conditions and to produce a mep
showing equilibrium suction contours for the subcontinent. If this could
bLe done successtully, it would virtually establish a basis for a xaticnal
prediction technique, because such a map used in conjunction with a soil
molsture characteristic curve provides a method for establishing a design
moisture content. :

It is realised that very few laboratories in South Africa are at
Present in a position to determine soil moisture characteristic curves as
a matter of routine. It is also true that much work has to be dane to

properly contour equilibrium suction lines for southern Africa, to establish

limits of applicability and to determine the accuracy of prediction. For :
these reasons a proper investigation was excluded, as time was limited, i

and it was therefore decided to do a thorough literature survey to extract

t
;
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typleal characteristic curves for representative pavement materials and
to draw a dlagram depicting the generalized charactsristic relationships
between suction and moisture content for these soils.

The use of these curves in conjunction with the equilibrium suction
values will glve a first estimate of a design molsture content and will
also sexve as a check on the prediction value resulting from the emplri-
cal techniques. It is emphasized that this is a pilot study and heavy

reliance is placed on experience from abroad.

6.2 Background

For many years now the British and specifically the Australians
{Aitchison and Richards, 1965) have attempted to test the subgrade mate-
rial in a representative unsaturated stata, Various techniques have
been developed which are described elsewhere (Haupt, 1978). Some of these
techniques are based on the observation that there is a relationship
between climate and the equilibrium suction under sealed pavements, Bs
pointed out before, highly refined empirical models for moisture predic-
tior ave available for local conditions, but it was decided to develop
a rational technique based on suction in an attempt to increase the
prediction accuracy.

Flgure 8.1 shows the data and relationships developed for conditions
in Australia.

A few Observations may be made From Figure 8.1:

(a) The obsexved points are in general agreement with the mean line.

) Serious di between 1 and gypsum block readings
are apparent.

{c) fThe measured matric suction usually lies below the design line

{i.e. wore weight is given to total suction measurements).

(4} Appreciable amounts of soluble salts are present in most of the
samples.,

The main reasons why this relationship could not be used directly

for local conditions are:

{a} no readily availahle local Information is avallable to support it;
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(b) matric suction is the main component affecting stxength in a sample,
and the osmotic vomponent can only be incorporated in a membrane-
like situation; and

() loval subgrade soils generally do not contain apprecisble amounts of
soluble salts.
For these reasons it was decided to collect as much local information
on suetion under cavered areas as possible, and to establish a velation-
ship applicable o local conditions.
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8.3 Relationship between suction and climate in southern Africa

8.3.1 Climatic parameters

It was decided to relate suction to more than one climatic parameter

sc that the best relation gould be selected. Those had co be

chosen which would be readily available to prospective users and so mean
annual ratnfall {MAR), Thornthwaite's I-index {I) and Weinert's N-index
(N) were chosen. Figure 8.2 shovs the mean annual rainfall contour map
for South Africa, Figure 8.3 the Weinert N-index contour map and Figure
8.4 the Thornthwaite's I-index contour map.

The msan annual rainkall map was compiled from data for the 30 years
period from 1921 to 1950.

The N-index contour map is available from NITRR and is based on a
climatic index defined by Weinert (1974).

fThe I-index contour map was compiled from data given by Schulze (1938;
1947) .

8.3.2 Available local information

Prior to this investigation, only the NBRL had reported amy work
done on in-situ suction measurements in southern Afriea, De Bruljin (1963,
1965, 1965a, 1973, 1973a, 1975) caxried out the majority of work done
locally between 1963 and 1975, when he measnred suctions and suction
changes under various types of covering, e.g. pastic, sand, etc., using
mainly gypsum-blocks. Simona and Williams (1963) also xepoxted on
molsture studies they carried out near Pretoria. All these reports,
togethexr with all the suction measurements under covered areas ever
taken by NBRI, wera carefully sieved in order to build up a data base,
an taken under or under plagtio or rubber cover-

ings were used. Although many more sites wexe measursd, only 17 sites,
scatterad throughout South Africa and South West Africa-Namihia, were
measvred regularly and undex the right type of covering. Many sites were

located cloge to Pretoria, but the average of thesa values was used here.
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Five sitiu were also instrumented by NITRR with psychrometers, viz. three
near Pretoria, one near Storms River in the Cape and one near Keetmans-

hoop in § W A, The three Pretoria sites were included in the NBRI sites
for Pretoria, which means that effectively there was relisble information
uthern Africa {cf. 17 sites for

availsble on 19 different locations in
Australia) .

It must be noted at this juncture that all local suction measurements
are total suction measurements because they were dome with gypsum blocks
and psychrometers. At none of the sites instrumented were there any obvious
signs of salts present, at least not in its crystallized form. It is
therefore reasonable ti assume that less than 0,2 pex cent (by weight)
salts were present in any one sample (Netterberg, et al, 1974). Although
moisture content measurements were not available for all samples, it is
veasonable to assume that all the samples used in areas wetter than pF 3,5
had moisture contents in excess of at least 10 per cent. With 10 pex
cent moisture and 0,2 per cent salt in the soil, the salt concentration
in the s0il water is 2 pex cent. The molality of the solution is 0,34
which causes an msmotic potential of ¥ 1 500 kPa (pF 4,2). This is a
higher suction than the total suction meastred in these regions, which is
indicative of less salts and higher moisture contents. The fact that the
samples used have shown good correlation with matric suction results from
abroad, makes it reasonable to assume that negligible amounts of salts
were present in most samples, in which case the term “total suction® on
each graph is interchangeable with "matric suction”. The results of salt
content measurements and the associated osmotic suction components for
the samples, where this could be determined, are summarized In TYable B.1.

No written records of any work done at NBRI on salt contents could
be found, but De Bruijn reported (15/2/80} that he had carxied out tests
on his sites and that less than 0,1 per cent salts had been present in
all cases. He also said that the percentage soluble salts had been sa
low that they had no infiuence on the gypsum block readings.

It is for these reasons that it was decided that matric suotion could
be used in this investivation instead of total suction.

Table 8.2 summarizes the climatic and suction informatien for the
19 sites investigated.
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TABLE 8.1: OSMOTIC SUCTION FOR TESTED SUBGRADE SOILS

Location Keetmanshoop Sterms River| Pretoria
Salt type Chloride and .
traces of carbonate | Cnioride Chloride

Conductivity 3,1 1,0 1,0
{mSea™ ™) at 25 SC
Soluble salts (%) 0,12% 0,02 0,02
Molsture content 5 30 20
Molality 0,41 0,01 0,02
Osmotic suction (kPa) 2300 10 40
Osmotic suction (pF) 4,36 2,00 - 2,68

®Reduced by 50 per cent because (a) the sample was prepared wet
and the vater boiled off so that no salts were lost. All the
salts vere thus washed off the coarse aggregate into the fine
fraction {25 per cent over-estimate), and (b) the tests were
done on the 0,425 mn fraction and not the 6,7 mm, which also
causes an over-estimate of 25 per cent.

From the literature it is clear that the crevtion of buildings and
roads does not affect the soil moisture regime significantly in very
humid regions {Magosbaskloof) and very arid regio:. (Mariental) (De
Bruijn, 1973a), In more climates (O and Vereeni-

ging), there appears to be a marked increase in moisture content (decrease
in suction} when the soil is covered. Although the soil under the covered
areas is generally somewhat wetter than that in the open veld, 1t is not
stbject to large changes. Changes do, however, occur and foxr this reason
it was decided to use the term "characterlstic suction" instead of
“equilibrium suction”. The characteristic suction of a location means

a suction value such that there is only a specified chance that the
actual suction {in pF) at that location will be less than thé charac—
teristic value. ¥or this investigation, insufficient data were avallable
on all holes to do a proper statistical analysis and to define a reliable
confidence interval for the characteristic suction, but Table 8.3 shows
the sites where sufficient information was avallable to dofine the 85 per
cent confidence interval. {This means that there is only a 15 per cent
chance that the actual suction will be less than the characteristic
suction.)
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TABLE B.¥: CHARACTERISTIC SUCTION VALUES WITH CORRESPOMDING CLIMATIC

VALUES I, N AND MAR FOR EACH LOCATION USED

motal E;:g::ed Climate
you Socation suetdon | PAEHLE T T
PF oF | weimert| we | Thomnchwatte
fl Keetmenshoop (5.W.h,) X | 4,6 4,3 0,2 125 50
2 Marigntal (5.W.A.) X 3,7 3,7 33,0 190 -48
3 Britgtowm X 3,9 3,7 19,0 260 -42
4 Righmond (Cape) v 1 3,6 3,6 13,5 322 33
5 Welkom X 3,2 3,2 4,7 570 15
6 Ondexrstepoozt + 3,3 3,3 2,4 T -9
7 Vereeniging X 3,0 1,0 2,4 670 -8
8 Bapsfontein X 3,0 3,0 2,4 750 -8
e Pretoria X 3,0 2,8 2,4 750 -4
10 CSIR X 3,0 2,8 2,4 750 -3
i Barkly East + 2,9 2,8 3,9 622 -3
12 | Jchannesburg + | 3,2 3,2 2,3 750 3
13 | taneen + 1 s ns | s Lo 15
14| oeorge x| z0 - 1,2 [1o40 50
15 | Magoebaskicof + 2,0 2,0 4,0 1250 [
16 | Rondsbosch (Cape) + | 30 20 |37 | e -10
17 | st. melens (0.r.5.) x| 30 3,0 4,7 570 15
18 | Fredate South (B.F.8.) X | 3,0 3,0 4,7 570 -15
19 | Bloemtontein x| 3,7 1,7 5,3 560 -4

+ %

values underneath pavemont
values urdermeath covered areas

The nature of the data mekes it very difficult to select exactly

the B85 per cent confidence interval valve for suction.

that for 9 of the 19 sites, the tabulated values for suction in Table 8.2

Table B.3 shows

lie close to the 85 per cent confidence imterval. For the other 10

aites, insufficient information is avallable to give actual values, but
it is resonable to assume that they will be very similar in all regpects.
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TABLE 8.3¢ THE CONFIDENCE INTERVALS OF SYCTION READINGS FOR SOME LOCAL SITES

locatton | secten | Confidence
(pF)
Reetmanshoop 4,3 20
Magoebaskloof 2,0 20
Pretoria 2,8 90
 Bloemfontein 3,7 a5
Traneen 3,6 BS
Vereeniging 3,0 83
Mariental 3,7 a3
Richmond 3,6 82
Barkley East- 2,9 80

The Gata in Table 8.2 were then used to establish the best relation-
ships between suction and the diffevent climatic parameters. As pointed
out before, total suction measurements were made, but seslng that there
is not sufficient evidence of apprecisble amsunts of salt present, this
will be the same ss the matric suction.

Figure 8.5 shows the relationship becwsen rainfail and the charace
teristic matric suction for southern Airican conditions. It is clear
that thexe is general sgreement betwesn rainfall and suotion, the carre-
lation coofficient hitween the two parameters being 0,79, The best Eit
exponential equation is:

e = 45268 % 3o BRI

Figure 8.6 shows the relaticnship between Welnert-s climatic N-index
and suction. The correlation cosfficient between the two parameters is
0,76 and the best fit logavithm.c egeation is:

oF = 2,56 + 0,99 lcqm(u)

Figure 8.7 may be compared with Figure 8.1, Figure 8.1 gives tHe
data for Rustralian conditions, while Pigure 8.7 gives those for local
conditions, Curve 1 on Figure 8.7 shows the best exponential cuxve that
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could be fitted to the data with a correlatien coefficient of -0,84.
Cuxve 2 shows the propased local curve, which was developed by giving
more welght to the move reliable local data, i.e. the points where both
the matric and osmotic suction components were known and where the
measurements were taken under the road.

Table 8.4 summarises the correlaticnu between suction and the
various climatic parameters. It is clear that the climatic paramster

which correlates best with suction is the Thoxnthwaite index,

TABLE §.4: CORRELLATIONS BETWEEN CLIMATE AND SUCTION

curve fitting
Exponential [ Loy power in
AR 0,79 0,3 | 0,75 0,73
N 0,65 0,78 | 0,74 -0,73
1 0,88 a,88 | 0,73 0,84

8,3.3 Local suction contour map

Using curve 2 in Figure 8.7, a suction contour map of the RSA could
be compiled. Figure B.B shows this map, which can be used to determine
the characteristic matric suction at a depth of 0,3 to 1,0 m below the
surface of a covered area anywhere in the RSA. There is approximately a
15 per cent chance that the suction (PF) is lower than the characteris-
tic valuo and an 85 per cent chance that it {s higher and the material
thus drier.

8.4 The characteristic relationship between suction and moisture

convent for local representative subgrade materials

The approach adopted to establish this relationship was identical to
that used to develop a relationship betwesn climate and suction. An
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extengive literature gurvey was carried out in order to couwpile a data
base of published characteristic curves. Figure 8.9 results from this
liverature survev. Local irformation that was included in the compilation
of Figure 8,9 com, » ses mostly work done by De Bruijn (1963, 1973, 1875}
ané Brackley (1976). Information from abroad foxmed the basis for

Figure 8.9 and the bulk of the work was done by Biack (1962), Croney,
Coleman and Russam (1973}, Croney and Coleman (1948, 1954), Cromey, Coleman
and Bridge (1952}, { - et al (1972) abd Livneb and Ishai (1975).

The information vetrieved from the literature resulted in the dotted
lines in Figure B.9. A distinction between sand, silt and clay is made.
These curves were siightly adjusted after a laboratory investigation
into the suction-moisture content relaticaship of some loca. subgrade
soils. The parameter "adjusted liguid limit" was used to divide the
range, because this paramefer gave much better correlations with material
properties than the simple liquid limit. The solid lir s represent the
areas verified for local solls. This is @ very general diagram, but it
may be very useful in provid..g a first estimate of the moisture Content
to be expected under the pavement.

‘%, should be noted that all suctic- measurements taken for this
investigation were dome with purchrometexs. This means that total suction
was .easured, but, as pointed out before, in this case it may be equated
to the matric suction because of the small amount of soluble salts
present.

Figure 8,10 shows a simplified diagram relating matric suction to
wolsture content for different local soils.

8.5 P method fo a stic moisture
content for design

The following procedure should be followed to arrive at & fizst

of the tual moisture content under a sealed suxface:
{a) Tund the location of the site on Pigure 8.8 and interpolate the
characteristic matric suction for that site.
(b) petermine the liguid lim:t and grading properties of the =oil

present on the site.
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With the known suction and adjusted liguid limit, Figure B8.10 may

be used to read off the relevant molsture content.

8.6 Conclusions

The following conclus!»ns may be drawn from this chaptexr:

In oxder to improve on the prediction ancuracies attainable with
the empirical models, a preliminary investigation into a rational
prediction technique for local conditions was carried out.

This constitutes a preliminary study only and heavy xeliance is

placed on experience from abroad.

Although measurements of thr in-situ moisture content and the per-
centage soluble salts present in the material tested were not

available in all cases, indications are that negligible amounts of
salts were present, which means that the osmotic component would be

very small. More work is required in this vegard.

Because of the uncertainty as to whether equilibrium conditions do
in fact ocour, and because of the many factors influencing the
suction, the term characteristic suction {(matric potential) is
defined so that the statistical scatter around the mean value may be

i for design The istic sucticn is b

defined as that suction value such that there is only & specified
chance that the actual suction (in pF) will be less than the F

characteristic value.

It was found that Thornthwaite's climatic index corxelates better
with the suction than any of the other ciimatic parameters tried

for local conditions.

Using the relationship between suction and Thornthwaite's I-index,
a characteristic suction gontour map could be drawn for local
conditions.

after a limited laboratory study and a Comprehensive literature
survey, curves showing the generalized relationship between suction

and moistire content for i fewvent soils could be drawn up. P
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This chapter provides a rational method for determining a charac-
teristic moisture content For design purposes. It is suggested
that 1t be used in conjunction with the empirical methods developed
in chapter 7 to serve as a check.
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CHAPTER 9

PROPOSALS FOR PAVEMENT DESIGN

9.1 Iatroduction

In the previous 2 chapters empirical and provisionai rational tech-

nigues for the prediction of an equilibrium moisture content were develcpad.

It is the aim of this charter to show how these techniques, in particular

the empiriusl meths used in pavement design. Although it was
uot one of the mat is investigation to show how the design CBR
will be affected by « 1ge of a design moisture content, this note
will report on a preliminary study carried out to show how the standard
soaked CBR may be adjusted to provide for 1 ice condition
Thiu chapter is logically divided into 3 categordes. Firstly, the
development of the CBR p design will be to

highlight the initial aims and thelr change with time., Secondly, some

will be on the .esign prosedures in
other coun.ries at present and how thesd relate to the practice in South
Africa, Pinally, after the need for modifications to the local procedure

has been , 2 method is 5 whereby moisture may be raticnally
incorporated in the design progedure. Guidelines will alsc be given as

to how tne soaked CBR and the NITER metiod of prodicting heave may be
adjusted for unscurated conditions.

9.2 The devel t of the CBR p design mechod
In designing flexible p s, the of the is &
principle factor ing tha thick of the p , a8 the pave-

ment must be designed to withstand successive applications of anticipated
wheel loads without undue distress to any iayer, including the subgrade.
It should be clear that it may be very rewarding to devote a fair amount
Of effort to establish the true strength properties of the subgrade, as


























































































































































































































































































































































