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CHAPTER 1

INTRODUCTION

1.1 Problem Statement

Highway contractors in the State of Florida
occasionally encounter soils, which are troublesome or
problematic during construction. Common problems include
excessive expansion, difficulty in compaction, and slowness
in drying. The Florida Department of Transportation (FDOT)
- has attempted to avoid such problems by limiting the type of
soils, which can be used in highway embankment.

According to the FDOT Design Standards (FDOT, 1992),
three types of soils, based on the AASHTO Classification
System, are selected for embankment use, namely, A-1, A-3,
and A-2-4. A-1 soils consist of stone fragment, gravel and
sand. A-3 soils are mostly fine sand. Both of these soils
are generally rated as excellent to good for roadbed use.
However, A-2-4 soils have a maximum of 35% passing No. 200
sieve and a maximum Plasticity Index (PI) of 10. Some types
of A-2-4 soils may contain a certain percentage of clay. The

clay soils retain excess moisture easily and can
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cause problems of expansion and slow drying. Therefore, FDOT
tries to establish identification methods for screening out
those problematic soils before construction.

The FDOT had chosen six potentially problematic soils
around the State of Florida to examine their properties. A
series of laboratory tests were performed to evaluate the
engineering properties of six soils during Phase I study
{(McDonald, 1995) . The laboratory tests consisted of
Atterberg 1limits, grain-size analysis, compaction test,
bearing ratio, expansion index, permeability, X-ray
diffraction and scanning electron microscope (SEM). The
results of the tests showed no significant indication of
expansion or swelling and all soils were classified as “Very
Low” and “Inactive” in regards to expansion potential. It
was found that without the presence of Montmorillonite clay,
the soils can also experience the same problem and therefore
should not be used as an indicator.

Apparently the previous study could not identify the
causes of these problematic soils. It was recommended to
study the problem through the approach of environmental
effect (i.e., temperature and humidity) and the influence of

soil suction on the drying rate.
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1.2 Scope of Study

The objective of this study was to find the effects of
the soil suction and the environmental condition on the soil
drying rate. The goal was to establish a guideline or
specification to 1limit the A-2-4 soils for embankment use
through the findings of the test results. Two types of
laboratory tests were conducted to correlate the suction and
the drying fate of a soil. First, a series of soil suction
tests were conducted by using the thermocouple psychrometer
method. Second, thé soils were subjected to a range of
temperature and humidity levels in an environmental chamber
to investigate the effect on the drying rate. The soils
used in this study were the same as those for the previous
(Phase I) study, which were selected by the FDOT yin
conjunction with the researchers. The test results would

allow - further correlation of drying rate with suction.

1.3 Report Organization

This report summarizes the laboratory experimental
program of suction and drying rate measurements to evaluate
the effects of the so0il suction and the environmental
condition on the drying rate of the soil. This report is
the second phase sequential to the previous (Ehase I) study

(McDonald, 1995).



4

The problem statement, background, and the objective of
this study are presented in Chapter 1. A literature review
of soil suction is presented in detail in Chapter 2. The
previous (Phase I) work, which evaluated the engineering
properties of six troublesome soils, is reviewed in Chapter
3. Two types of experimental program for evaluating the
effects of the soil suction and the environmental condition
on the soil drying rate are described in Chapter 4. The
soil suction test results are presented and analyzed in
Chapter 5. The drying rate test results are presented and
analyzed in Chapter 6. Corfelation and analysis of suction
and drying rate experimental results are presented in
Chapter 7. The conclusions along with the recommendations
are stated in Chapter 8. Some test results from Phase I are
included in Appendix A. The raw data and individual test
results are summarized in the sequence of the calibration,
suction, and drying rate tests in Appendices B, C, and D,

respectively.



CHAPTER 2

LITERATURE REVIEW

2.1 Socoil Suction Concept

2.1.1 Water in Soil

Two forms of moisture can occur in soil. One 1is the
adsorbed water surrounding the grains in the form of a
viscous film. Moisture attracted by a soil particle and
accumulated either at its surface or even in its interior is
termed “ adsorbed moisture”, though in the latter case the
term “disrobed” would be more correct. The other form of
moisture is free water, filling partially or completeiy, the
voids between the grains. Ground water is termed “ffee” or
“gravitational” because the action of gravity is prevailing
in this case, whereas in other kinds of moisture the action
of gravity 1s negligible in comparison with that of
molecular forces and surface tension. They can be further
classified into. four <catalogues as described in the
following:

Combined water is the water held in chemical
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combination. It will not evaporate and can only be driven
off by heating the soil.

Hygroscopic water is the water attracted from the air
by soil particles, as common salt attracts water. It 1is
held as a thin film around grains of soil and the finer the
texture, the more the surface area to hold hygroscopic
water. However, on exposure to variations of temperature
and pressure, some evaporates, and may condense on another
part of the soil.

Capillary water is the water attracted by particles
from the level of a liquid and held by internal attraction
against gravity. This water moves from areas of higher
tension to lower tension, which may be upward, downward, or
sideward. The water discussed in this study falls into this
category.

Gravitational water is the water that drains away from
a soil through large pores and cracks. Gravitaticnal water
is termed “free” or "“gravitational” because the action of
gravity is prevailing in this case, whereas in other kinds
of moisture the action of gravity is negligible 1in
comparison with that of molecular forces and surface
tension.

Figures 2.1 and 2.2 systematically illustrate the water

classification.
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2.1.2 Establishment of Soil Suction Theory

Two approaches of analysis of soil water have been

developed:

(1) The static equilibrium method, also known as the
capillary rise method, based on the principleé of static
equilibrium in capillary tubes.

(2) The energy method, also known as the fluid potential
method, based on the water potential of the soil.

Surface tension. In a mass of water, forces of
attraction exist between the molecules. Below the surface
forces tend to balance out resulting in a constant ffee
molecular movement. The molecular attraction between
molecules at the surface of the liquid differs from those in
the interior of the mass of>the liquid. At the surface, the
reduced attraction between the liquid and air resulting in
increased attractions along the surface of the 1liquid.
These molecular forces pull and hold the water molecules
together in a permanent state of tension so that the surface
of the water permanently attempts to contract into a minimum
area; hence, a drop of water is spherical. The effects of
the surface tension can be easily understood by imagining
that the surface of water is covered by a thin molecular
membrane that is capable of carrying tensile stress. Such a

surface cannot possibly exist but the idea is a useful
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concept to explain surface tension phenomena. Surface
tension increases as temperature decreases.

Capillary rise{ The earliest approach to the analysis
of water retained between soil particles is based on the
model representing the soil pores as a system of capillary
tubes. A capillary tube is a glass tube of fine diameter.
When such a tube is placed into a basin of water, the water
inside the tube will be lifted up to a maximum height, h.,
above the surface of the water in the basin and come to
equilibrium. In capillary water consideration it is
customary to take the free water surface as a datum of zero
pressure. So as in soils, we consider pressure above and
below atmospheric preésure and simplify readings by taking
the value of the atmospheric pressure, P,, as equal to 0.
As shown in Figure 2.3, the forces acting at the top of the
water column can be derived from their vertical equilibrium

as in equation 2.1:

2nrTcos(a) + nrfu = 0 (2.1)
Where

T = surface tension

o = contact angle

u = suction caused by surface tension

r = Radius of glass tube



From which

_ —2Tcos(a)
r

The height of rise can be obtained by substituting -yh.

for u,

h, = 2T cos(@) ) (2.3)
1474

Both u and h. depend on the value of r. They increase
as r decreases. For water in a glass tube, a = 0, y, =1

g/cm® and T = 0.074 g/cm at 20°C.

In soils, there are no regular capillary tubes as such.
The channels connecting the voids between soil particles are
irregular in shape, size, and distribution. Therefore using
the capillary tube model to simulate water in soils is
unrealistic.

Energy concept. Due to the limitations of the static
equilibrium method, previous researchers tried to explain
the soil-water problem by wusing the potential energy

concept. The introduction of the energy concept in soil



10

mechanics dates back to 1907 when E. Buckingham formulated
the capillafy potential as the work per unit volume of water
required pulling water away from soil. In classical
studies, the soil water was described in terms of the
“forms” of water, such as “gravitational water”, “capillary
water” and “hygroscopic water”. Hillel [1971] argued that
soil-water potential should replace the arbitrary
categorization of these “forms” of water. Water differs
from time to time and place to place not in form, but in its
potential energy condition. In unsaturated soil, water is
constrained by the capillary and absorptive forces. The
"water within the soil will exhibit suction of tension, which
is at a pressure of less than one atmosphere. This kind of
energy condition is generally called the soil tension or
soil suction.

The theoretical relationship between water potential
and relative humidity is given by Kelvin’s equation, as

follows:

¥ = (RT / V,)log. e/eo (2.5)
Where:
,‘F = water potential [Pa]
R = universal gas constant [8.3143 J mol ! K 7!]

e/e, = relative humidity expressed as a fraction
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T = absolute Temperature [K]

V, = molar volume of water [1.8*10°m® mol™']

Soil suction is a measure of the affinity of the soil
for water, and is determined from the relative humidity at
which there is no movement of water into or out of the soil.
Soil suction can vary with season and depth. It 1is
important to have knowledge of the soil suction both at the
time of construction and vlong—term equilibrium has been

achieved.

2.1.3 Historical Review of Energy Concept

In 1907, Buckingham first introduced the energy concept
to describe the stress state of the soil water. He
considered that the soil exerts an attraction sufficient to
hold water against the action of gravity, and that this

attraction decreases as the amount of water held by the soil
increases; He proposed the term “capillary potential,” vy,
to describe this attraction. v (8) has been defined as the
work fequired to pull a unit mass of water away from the
large mass of soil whose water content is #. He introduced

the equation as follows:

v = £(x) (2.06)
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Where x is the height above water surface in a column
of soil standing in water at equilibrium.

Before that time, only “water content” had been used to
express the state of water in soil. But 1if the water
contents of two soils are equal, the state of water in soil
need not be the same. The concept of capillary potential
enabled scientists to compare, with the same scale, the
state of water in various moist soils quantitatively.

The concept of capillary potential proposed by
Buckingham is in the basis of assuming that the water in
soil is in contact with a free water surface. But in most
cases, water in soil is subjected to certain pressure. It
is not always realistic to measure the value of capillary
potential of such water with Buckingham’s concept.

Gardner et al [1922] solved the problem by proposing an
equation that shows the relationship between the pressure of

water in soil and its capillary potential as follows:

Where
p = density of water in soil

P =  pressure of water in soil relative to
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atmospheric pressure

In the general case, p is a function of pressure;
however, assuming that water is incompressible, ¥ becomes
equal to P/p. The introduction of this relationship between

¥ and p led to the development of apparatus for measuring

capillary potential of water in soil which was not in
contact with a free water surface. Tensiometer and suction
plate methods were developed bn the basis of‘ the above
equation. Gardner also pointed out the sign of the f(x) in
equation 2.6 should be negative.

The existence of solutes in soil solution can not be
ignored in the studies of soil water potential. Various
concepts were proposed in the decade after 1935 in an
attempt to satisfy this demand. They included pF by
Schofield [1935], water potential by Veihmeyer & Edlefsen
[19371, osmotic potential. and pressure potential by Day
[1947], and soil moisture stress, the sum of water suction
and osmotic pressure, by Wadleigh & Ayers ([1945]. They are
all expressions of total potential of water in soil relative
to free water at the same temperature.

The concept of pF was introduced by Schofield [1935].
It is defined as the logarithm of the tension (expressed in

cm. of water) under which the water 1s held in the soil.

~r
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Schofield has shown that this tension is equal to the
decrease in the free energy of the water in the soil
relative to a free water surface at the same temperature.
It is theréfore equal to the work that must be done to
remove one gram of water from the soil.

In 1943, Edlefsen and Anderson published a highly
valuable report entitled “ Thermodynamics of Soil Moisture”.
It was the first systematic study of thermodynamics of water
in soil, and it emphasized the importance of the use of

chemical potential which is the water potential in soil.

2.1.4 Definition of Soil Suction

Precise definitions of total potential and its various
component potentials were provided by a committee of The

International Soil Science Society (ISSS) in 1963 and
slightly modified in 1976, The total potential (y.) of a

soil can be divided into three components:

Vi Yo © ¥ + Yo (2.8)

Where:

Ve total potential

¥, = pressure potential

y, = gravitational potential
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W, = osmotic potential

The pressure potential, y,, is defined as “the amount
of useful work that must be done per unit quantity of pure
water to transfer reversibly and isothermally to the soil
water an infinitesimal quantity of water from a pool at
standard atmospheric pressure that contains a solution
identical in composition to the soil water and is at the
elevation of the point wunder consideration” [Marshall,

1996]. Similar definitions have been given for
gravitational potential, 1y, and osmotic potential, .,

which refer to the effect of elevation and the effect of
solutes oh the energy status of soil water. ‘The sum of
gravitational and pressure potential is called hydraulic
potential, . For pressure potential, ISSS has further
defined it as follows:

(1) The positive hydraulic pressure that exists below a
water table.

(2) The potential difference experienced by soil that
is under a gas pressure different from that of
water in the reference state.

(3) The negative pressure or suction experienced by
soll water as a result of its affinity for the soil

matrix.
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Most researchers agree on the third equivalent

definition for matric potential which is a subcomponent of
pressure potential and is defined as the value of y, when
there is no difference between the pressure of air or gas in
‘the soil and the gas pressure on the water in the reference
state.

Matric potential can have only a zero or negative
value, the magnitude of which increases as water is held
more and tightly in the soil. Matric or soil water suction
or tension refers the same property but takes the opposite
sign (to matric potential)

The sum of matric and osmotic potential is referred to
as the water potential y, and is directly related to the
relative humidity of vapor in equilibrium with the 1liquid
phase in soils and in plants. ¥, is an important measure of
plant water status and is also important in saline soils,
where the osmotic potential of the so0il solution is of
sufficienﬁ magnitude to influence plant water uptake.

The definition for water potential in terms of suction

is summarized as follows and illustrated in Figure 2.4.
Total suction (1). The negative gage pressure,

relative to the external gas pressure on the soil water, to
which a pool of pure water must be subjected in order to be

in equilibrium through a semipermeable (permeable to water
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molecule only) membrane with the soil water. It is the sum
of the matric suction and osmotic suction.

Osmotic (solute) suction (t,). The negative gage
pressure to which a pool of pure water must be subjected in
order to be in equilibrium through a semipermeable membrane
with a pool containing a solution identical in composition
with the soil water. The value of osmotic suction depends on
the concentration of soluble salts in the soil weter. It is
alse termed solute suction or solute potential and 1is

independent of water content and surcharge pressure.
Matric (soil water) suction (t.). The negative gage

pressure, relative to the external gas pressure on the soil
water, to which a solution identical in composition with the
soil water must be subjected in order to be in equilibrium
through a porous permeable wall with.the soil water. It is
also termed matric potential or capillary potential and is
both water content and surcharge pressure dependent.

Matric potential refers to the tenacity with which
water is held by the soil matrix and, in the absence of high
concentrations of solutes, is the major factor that
determines the availability of water to plants in soil
science.

Krahn and Fredlund [1972] carried out tests to find the

relationship between total, matric and osmotic suction. The
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results showed that the difference between total suction and
matric' suction decreases with increasing water content as
anticipated since the concentration of salts in the pore

water increases with decreasing water content.

2.1.5 Units of Soil Suction

Potentials can be defined as energy per unit mass and
therefore they have units of joules per kilogram (J/Kg) in
the SI system. It is also possible to define potentials as
energy per unit volume or per unit weight. Thus, since the
dimensions of energy per unit volume are identical to those
of pressure, the appropriate S$I unit of pressure is the
pascal. Similarly, the dimensions of energy per unit weight
are‘identical to those of length, so the appropriate SI unit
is the meter. The terminology that is often used to describe
potential energy per unit weight is “pressure head”. The
parameters, y and g, are used to convert potentials from one
system of dimensions to another as in the following

equation:

v [J kg '] = yy [Pa] = ¥ [m] (2.9)
14

Where
y= density of water

g = acceleration due to gravity
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A logarithmic pF scale for expressing matric potential

proposed by Schofield is also in use, where
PF=logis (negative pressure head, in cm) (2.10)

The complete conversion relationship is shown in Table

2.1.6 Soil-Water Characteristic Curve

Mathematical models. The soil-water characteristic
curve for a soil is defined as the relationship between
water content and suction of the soil. It can be used to
estimate various parameters used to describe unsaturated
soil behavior such as volume change, shear strength, and
flow. Several mathematical models have been studied to
characterize the soil-water characteristic curve. Each
equation has its own limitation and only applies to éome
particular soils. The latest model proposed by Fredlund and
Xing in 1994 provides not only a theoretical basis for most
of the empirical equations but also proposes a new, more
general description of the soil-water characteristic curve.
The water-characteristic model proposed by Fredlund and Xing

[1993] is shown in Equation 2.11.
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(2.11)

Where
6; = saturation moisture content
e = constant 2.718
a = parameter related to air entry value of

suction head, Wsev, and dimensional consistent
n,m = independent model parameters

¥ = Matric suction

For loam, a = 0.834m, 8, = 0.43, n = 9.9, and m = 0.44.
For Yolo light clay, a = 2.7m, 6 = 0.375, n = 2.05, and m =

0.36

Hysteresis is introduced into the soil moisture due to
the geometric effects and variations in the wetting contact
angle, which is referred to as the ink bottle and raindrop
effect. Two types of water-characteristic curves formed due
to the hysteresis effect. A typical desorption and
adsorption characteristic curve for a silty soil is shown in
Figure 2.5 [Fredlund, 1993]. The relationship between
desorption and adsorption is highly hysteretic. The curve

covers the entire suction range from 0 to 10° kPa. Most
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soil-water characteristic curves apply in soil science in
which volumetric water content, 6§ is most commonly used.
In geotechnical engineering gravimetric water content, w, is

most commonly used. The degree of saturation S is another

common measure to be used in the mathematical model.

2;1.7 Factors Affecting Soil Suction

Many factors affect the soil suction value. From a
view of the entire environmental circumstance, rainfall,
vegetation and ground water play big roles in the variation
of so0il suction. Nevertheless, the micro mechanism
behaviors of the soil-water interaction are the major
factors affecting the soil suction value.

Climate. It has been recognized that, in the absence
of a shallow water table, soil suction at depth in a profile
is generally controlled by the regional climate. Nearer to
the exposed ground surfaée, moisture can be lost and gained
rapidly enough to be affected by seasonal weather and other
transient influences. At éxtreme climatic conditions, soil
suction could fal; to equal only the solute suction during
sustained wet weather, or rise beyond the wilting point of
trees during a hot dry period. The depth over which these
variations persist depends on the severity and duration of

the particular influence, and on the nature of the soil
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itself.

Research into the relationship between soil suction and
climate has predominantly used the Thornthwaite Index to
quantify the latter. Russam & coleman [1961], Aitchison s&
Richards [1965] studied the correlation between equilibrium
suction and climate.

Ground water table. A Shallow water table may present
low soil suction due to the short clearance. The clearance
of high water in the State of Florida has been studied
[Davidson, 1986]. A minimum height, the clearance, between
a groundwater level and a particular elevation within the
pavement system has been specified for different type of
pavement in Florida.

Vegetation. Vegetation on the ground surface has the
ability to apply a tension to the pore-water of up to 1-2
Mpa through the evapotranspiration process.
| Temperature.‘ Campbell & Gardner [1971] indicated that
change in soil water potential with temperature becomes
greater as soils become drier. When water potential falls
below about -20 bars, = temperature effects may become
significant, especially in fine textured soils. Also, a
decrease in temperature increase the surface tension and
thus increases the so0il suction (decreases soil water

potential) . In fall and winter, cooling of soil tends to



23

draw more moisture into soil subgrades under pavement,
whereas summer heating reduces soil affinity of water, the
decrease in surface tension T being about 1% per 5°C.

Bulk density. The studies from Campbell & Gardner
[1971] also showed, in most  cases, that negligible
differences will arise from the use of disturbed field
samples with altered bulk density rather than undisturbed
field soil. Little change was noted except on a clay
subsoil sample. Most test results indicate that the
variation of matric suction with dry density appears to be
of a secondary interest.

Dissolved salts. An increase in the amount of dissolved
salts in the soil water slightly increases 1its surface
tension and lowers the capillary potential of the soil.
Theoretically, coastal areas or the regions where the soil
has high alkaline content should attract more capillary
water than similar subgrades do in fresh water areas. In
fact, the effect of dissolved salts is relatively minor
because of the insignificant evidence.

Moisture content. A decrease in moisture content
results 1in an increase 1in surface tension and therefore
increases soil suction. This is due to the influence on the
radii of curvature of the water-wedge surfaces.

Grain size. With the same water content, the fine-
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grained soils, which have more contact areas, will have less
water collected at each of the contact points, and thereby
increase the curvature on the air-water interface. The
increases of curvature on the air-water interface results in
an increase in soil suction.

State of packing of soil. During the process of
compressing the soil, the curvature of the air-water
interface gradually decreases and the matric potential
increases from a negative value to zero. That is why
“undisturbed” soil is preferred when the soil suction test
is undertaken.

Angle of contact. An increase in the angle of contact
will tend to decrease the curvature of the air-water
interface and thereby increase the capillary potential of
the soil at given water content. A soil treated with oil
has less attraction to water than the one in which the
particles are completely wetted.

Clay Mineralogy. This 1is the strongest factor that
influences the matric potential. Clay particles adsorb and
are surrounded by a diffuse double layer of ions and water
molecules. 1In the last drying stage, the adsorbed water is
held by a potential of thousands of bars. Therefore, the
higher the active <clay content, the 1lower (the more

negative) the matric potential.
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Permeability. When a soil is not saturated, the pore
size effect contributes little to the permeability. The
suction gradient results in the flow of water along particle
surfaces and through the finer pores. An increase in soil
suction decreases the hydraulic permeability and will

increase the time required to obtain static equilibrium.

2.1.8 Values of in-situ soil suction

Henderson [1991] summarized measurements of maximum
(dry) and minimum (wet) near-surface suction, and depth to
the limit of seasonal influence, extracted from the data
collected from a literature review. Apparently, there were
no consistent patterns. The extreme dry values may have
been affected by unreported or unobserved vegetation, and
the wet limit may include values reflecting a shallow water
table or a local water surplus. The range of values for
each parameter argues in favor of obtaining site-specific
suction daté. Also it 1is not wise to rely on one

measurement for a particular area.

2.2 Methods for Soil Suction Measurement

There are several ways to classify the methods of
measuring soil suction. According to Smith [1991], with

different measurement principles involved, the measuring
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methods can be categorized into five groups. They are High
air entry disk method, Porous material method, Psychrometer
method, Filter paper method, and squeezing technique. Some
methods can only measure matric suction if the measurements
are made through the liquid phase. Field and laboratory
methods for measuring matric suction are based on the same
principles, only the apparatus and procedure are designed
for different test environmental conditions. Many of these
instruments are available in versions that may be attached
to a data logger or some kind of continuous recording
device.

There are several problems with many of the techniques
due to lack of range, length of time required to reach
equilibrium, and their ability to measure only matric
suction. Usually, no single method can be used to cover the
entire range of moisture tension. Thus, researchers may use
more than one measurement method to cover the suction range
according to theilr test purpose and test results. However,
evaluating soil suction using the thermocouple psychrometer
is one of  the most simple and accurate methods, which
provides a valuable tool in determining the water potential
of solutions, tissues and soils. Table 2.2 modified from

Smith [1991] compares the above methods in detail.
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2.2.1 High Air Entry Disk

Direct measurement of soil matric suction is operated
based on the use of high air entry disk. A high air entry
disk has small pores of relatively uniform size. The disk
acts as a membrane between air and water. The. difference
between the air pressure above the contractile skin and the
water below the contractile skin is defined as matric
suction. The maximum matric suction that can be maintained
across the surface of the disk is called its air entry
value, (ua - Uy)4- It is the function of surface tension,
Ts,  and radius of curvature, Rs, as illustrated in Kelvin’s

equation:

2T,
R

s

(Ua - Uy)a = (2.12)

Where
(Uua-uw)a = alr entry value of the high air entry disk
Ts = surface tension of the contractile skin or‘
the air-water interface
Rs= radius of the curvature of the contractile

skin or the radius of the maximum pore size

The ability of the high air entry disk to withstand a

difference between air and water pressures makes the disk
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suitable for the direct measurement of negative pore-water
pressures 1in an unsaturated soil. More details were
described by Fredlund [1995]. Two common devices are used
for the direct measurement of matric suction: tensiometer
and axis-translation apparatus.

Tensiometer method. For measuring matric and hydraulic
potential under wet conditions, there is no substitute for
the accuracy of tensiometer, especially as they function
'equally well below the water table. Two limitations are
presented here: trapped-air and response time. Several
measuring systems for a tensiometer are available to
overcome the problems as pressure transducers and hydraulic
seléctor switches are employed.

Axis-translation technique. Hilf [1956] proposed a
technique to measure the negative pore-water pressures that
can be performed on either undisturbed or compacted
specimens. The major device included a soil chamber with a
measuring probe, which was made of a needle with a saturated
high air entry ceramic tip. The difference between the air
pressure in the chamber and the measured negative water
pressure at equilibrium was taken to be the matric suction
of the soil, (u, - u,). Several types of pressure plate
apparatus utilizing the axis-translation technique were

studied by Olson and Langfelder [1965].
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2.2.2 Porous Material Method

The indirect measurement of soil matric suction can be
made using a standard porous block as a measuring sensor.
Sensors of this type consist of a porous material whose
water content varies with matric potential in a reproducible
manner. A physical property of the material that varies with
water content is measured and related to the matric
potential using a calibration curve. Wide range of porous .
materials has been examined for their soil-water
chafacteristic relationship in order to selectv the most
appropriate material for making the sensor. These materials
include nylon, fiberglass, gypsum plaster, clay ceramics,
sintered glass, and metal. The porous block sensors must be
brought into equilibrium. At equilibrium, the matric
suction in the porous block and the soil are equal. The
measurement is made utilizing the electrical or thermal
properties of the porous block.

Electrical conductivity sensors. A standard matrix is
equilibrated with the so0il solution. The measurement 1is
made when the matric potential of the standard matrix in the
sensor equals the potential of the soil solution. The
matric potential of the sensor 1is . inferred from a
measurement of electrical resistance of the sensor and a

previously determined relationship between the electrical
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resistance and the water potential of the matrix. The
étandard matrix can be any material that desaturated over
the water potential range of interest to the investigator.
Materials in common use are gypsum, nylon, and fiberglass.
The electrical resistance of the sensor will be determined
primarily by the water content of the sensor.

Thermal conductivity sensors. A standard matrix 1is
equilibrated with the soil solution. The measurement is
made when the matric potential of the standard matrix in the
sensor equals the potential of the soil solution. At
equilibrium, the water content of the standard matrix is
determined by measuring the heat dissipation characteristics
of the matrix. The standard matrix is typically a porous
ceramic but other porous materials have been used. Heat
dissipation is determined by applying a heat pulse to a
heater within the ceramic and monitoring the temperature at
the center of the ceramic before and after heating. The
temperature difference 1is a function of the thermal
diffusivity, and therefore of the water content of the
ceramic. Because the thermal conductivity of the
surrounding soil may differ substantially from that of the
reference matrix, it is important that the reference matrix
should be large enough to contain the entire heat pulse over

the period of measurement



31

2.2.3 Psychrometer Method

In 1951, Spanner began the development of an instrument
to measure relative humidity in equilibrium with a plant or
soil sample within the narrow range between 0.99 and 1.00.
Afterward the major developments were focused on'improving
the accuracy and reliability of measurements, as well as
simplifying psychrometer construction and measurement
techniques. This method can measure soil total suction
because the processing is made through the vapor phase.

Thermocouple psychrometer method. Thermocouple
psychrometers sense the relative humidity of vapor in
equilibrium with the liquid phase in the soil. The method is
best suited to measurements in the range of potentials
covered by the thermocouple psychrometer, which is generally
-0.1 to.—7.0 MPa. Because psychrometers cover an important
range of potentials, for which there is a lack of accurate
measurement techniques and they are capable of high
accuracy, in theory. They have sometimes been used as a
standard method against which to compare other methods.
This is still too low for testing soils sampled at the end
of a drying cycle in the semi-arid and arid areas. The
response time depends on the cover of the psychrometer and
the magnitude of total suction being measured. It varies

from a few hours at several thousand kilopascals suction to
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about two weeks at 100 kPa suction [Richards, 1974]. The
operating principle is explained thoroughly in chapter 4.
Transistor psychrometer method. Improvements in
performance have been made and the latest instrument can
measure a much wider range of soil suctions in a shorter
time. With good laboratory temperature control and the
current operating procedures, the transistor psychrometer is
capable of measuring the total suction of a soil in the
range of pF3.0 to pF5.0 with an accuracy of about +0.02pF
above pF3.5 and only 1 hour needed to reach equilibrium. It
has now been established that the transistor psychrometer is
an accurate device for the measurement of the total water
potential of soils. Work on the instrument is continuing
with tests now being carried out on a more portable 8-
channel model. It is believed that this will be suitable
for field laboratory applications where high accuracy below

about pF3.75 is not required.

2.2.4 Filter Paper Method

The Filter Paper Method was adopted by Mcqueen and
Miller in 1968 from a technique proposed by Gardner in 1937
and the range is from less than 0.1 tsf to more than 1000
tst. It is less complicated and more economical than the

thermocouple psychrometer method. Small changes in weight
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may create large errors. The material of the filter paper
and calibration solution has big effect on the measurement.
A gravimetric scale accurate to 0.001g is required. It is
also a time consuming test. Monitoring of the filter paper
weight over a period of at least a week may be required to
ensure that the equilibrium has been reached and great care
must be taken to ensure no moisture loss occurs prior to
weighing. This method can measure both matric and total
suction and has been widely adopted in the past few years.
In this method,‘filter paper is used as a sensor and
will be at equilibrium with soil water, either through the
vapor phase or through’liquid and vapor combined phase flow.
The soil water potential is determined by measuring the
water content of the filter paper and using a moisture
release curve to determine the water potential of the paper.
When the paper is placed in contact with the water in the
soil and the exchange is through the liquid phase flow, then
the equilibrium water content of the filter paper
corresponds to the matric suction of the soil. On the other
hand, the equilibrium water content of the filter paper
corresponds to the total suction of the soil if the paper is
not in contact with the soil and the exchange is entirely in
the vapor phase. Therefore, the same calibration curve is

used for both the matric and total suction measurement.
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2.2.5 Squeezing Technique

The dsmotic suction can be indirectly estimated by
measuring the electrical conductivity of the soil. Pure
water has low electrical conductivity in comparison to pore
water, which contains dissolved salts. The electrical
conductivity of the pore-water from the soil can be used to
indicate the total concentration of dissolved salts, which

is related to the osmotic suction of the soil.

2.3 Application of Soil Suction

2.3.1 Estimation of Volume Change

Clay soil exhibits high strength and low
compressibility in most natural conditions. When the
moisture content of the soil increases, the volume of the
soil mass increases. The driving force behind this volume
change is the soil moisture retention force or soil suction.
Because of its greater sensitivity to volume change in
comparison to moisture content, soil suction has been shown
to be a more sensitive and accurate indicator of potential
swell, as well as a more reliable parameter for estimating
volﬁme change. As the moisture content increases, the soil
suction decreases and the soil swell. Various researchers

involved in characterization of expansive soils have



35

developed heave prediction methods that involve different
interpretations or uses of the soil suction data [Snethen,

1970; Johnson, 1974; Thompson, 1995].

2.3.2 Determination of Coefficient of Permeability

For an unsaturated = soil, the coefficient of
permeability 1is primarily determined by the pore-size
distribution of the soil and can be predicted from the soil-
water characteristic curve. Knowlédge of the pore-water
pfessure or hydraulic head is the major interest in solving
the problems involving unsaturated soils. The coefficient

of permeability,>k, of an unsaturated soil is not constant
and depends on the volumetric water content, 6, which, in

turn, depends on the soil suction, . There are two
approaches 1in obtaining the permeability function of an
unsaturated soil, namely empirical equations and statistical
models. Several mathematical models governing the
relationship between the coefficient of permeability and
matric suction have been proposed and are summarized in

Table 2.3.

2.3.3 Influence on Shear Strength

In engineering studies, soil tension is acting as a

negative pore pressure, which is very important in affecting
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problems such as bearing capacity, lateral earth pressures,
and the slope stability are related to the shear strength of
a soil. The strength state variables generally used for an
unsaturated soil are the net normal stress (o - u.), and the
matric suction (u. - u,). In this case, the in situ matric
suction can increase or decrease in response to the change
in the <climate conditions such as evaporation and
precipitation. As a result, the undrained shear strength

will also change. The change can be expressed as follows:

AC, = A(u, - u.) tan ¢° (2.13)
Where
AC, = change in undrained shear strength due to
matric suction change
A(u.-u,) = change in matric suction due to drying and

wetting

¢ = friction angle respect to change of suction
The application of the shear strength equation to
different types of geotechnical problems is well presented

in Soil Mechanics for Unsaturated Soils by Fredlund [1993].

2.3.4 Relation with Evaporation of Soil Moisture

Previous works describing evaporation most apply to
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hydrology and soil science. In response to the need to
develop a clear rational for geotechnical applications,
predictive techniques have ©been studied to evaluate
evaporation from soil surface. The analysis showed that
increased evaporative fluxes during the summer months
decreased thé thickness of the tension-saturated zone above
the water table resulting in the increased potential for
desaturation of the tailing surface. Figure 2.6 [Holmes,
1961] shows that the actual evaporation rate (AE) from soil
surfaces relative to the potential evaporation rate (PE) is
a function of water availability, soil texture, and drying
rate. No single variable or soil property appears to
control the evaporation rate from the soils.

A simple approach for prediction of evaporation from
soil surface was presented by Fredlund [1997] and the actual
evaporation rates for different types of soils were measured
and compared. It was found that a relationship between the
actual evaporation rate and total suction does exist when
the soil sample is thin. When the observation applies to a
thick soil sample, a theoretical approach that includes the
influence of flow processes below the soil surface would be
required.

Many variables contribute to the wvariation of soil
drying rate, such as water content, temperature, humidity,

and soil texture.
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An equation shown in Equation 2.14 governs the

evaporation from a water surface.

E = f(u) (e, - e.) (2.14)
Where
E = rate of evaporation (mm/day)
f(u) = transmission function
es = saturation vapor pressure at the temperature
of the water surface
€, = vapor pressure of the air in the atmosphere

above the water surface
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Figure 2.2 : Conventional illustration of soil-water distribution
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Figure 2.3(a) : Pressure versus depth in a capillary tube

S

— Capillary tube

R
eq
- Rsin o ~_
. do
lL«—— @ N Pa
.5
14}
T
Radyp
Pa —P\ =P

Figure 2.3(b) : Cross section of capillary meniscus
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CHAPTER 3

REVIEW OF PHASE I STUDY

3.1 Phase I Experimental Program

The problem that soils are difficult to dry and compact
was revealed during highway construction in the State of
Florida. For this réason, a Phase I evaluation of
engineering properties of problematic soils in highway
construction was performed (McDonald, 1995). Prior to
accepting soils from districts 2, 3, and 5, two soils from
each of 6 districts were first examined to determine if they
were suitable for the evaluation project. A site location
map is shown in Figure 3.1. Table 3.1 1lists the basic
properties of the selected soils. In order to provide a
method to identify the problematic soils, McDonald conducted
tests concerning the properties of the problematic soils
selected by FDOT. These tests included Moisture Content,
Atterberg Limits, Grain-Size Analysis, Compaction Test,
Bearing Ratio, Expansion Index, Permeability, X-Ray
Diffraction, and Scanning Electron Microscope (SEM). A
detailed description of each test was illustrated [McDonald,

48
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1995] and is briefly reviewed in the following. The test
results of soil properties for six troublesome soils are

summarized in Table 3.2.

3.1.1 Natural Moisture Content

To ensure that a constant moisture content level was
maintained during the storage time, a moisture content check
was performed. The procedure and calculation followed the
Standard Method ASTM D 2216. The soils were put in metal
tins and dried in a drying oven at 110°C (230°F) for 24
hours. Three samples from different depths within the
container were obtained for the test. Test results showed
that the moisture was well controlled inside the storage
container. The results of the test could also be used as an
indication of the in-situ moisture content of the soil. The
values from the district 5 soils were probably less than the
in-situ values because they were shipped in soil bags during
a dry period in the summer. The moisture content of each

soil is presented in Table 3.3.

3.1.2 Atterberg Limits

The Attergberg limits refer to the Liquid Limit (LL),
Plastic Limit (PL), Shrinkage Limit (SL), and Plasticity

Index (PI). These properties were used in the
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classification of the soil and gave an indication of their
engineering properties. The LL, PL, and PI were determined
for the scils in the test program. The procedure followed
the Standard ASTM D 423 for determining the LL, and the
Standard ASTM D 424 for PL and PI. The LL, PL, and PI for

each soil are listed in Table 3.4

3.1.3 Grain size Analysis

A combination of ASTM D 421 Standard Method (Sieve
Analysis) for particle sizes larger than 0.075 mm (.003 in)
and ASTM D 1140 Standard Method (Hydrométer Analysis) for
particles smaller than 0.075mm were used to analyze soil
grain size. The hydrometer analysis is useful in
identifying the percentage of clay in each soil in this
study. The percentage of passing versus the grain size fbr
each soil was plotted in Figures A.l1 through A.6. From the
graphs, the corresponding percentage of gravel, sand, and
clay for each soil was determined and is shown in Table 3.5.
The soil classification using the AASHTO and Unified systems

is presented in Table 3.6.

3.1.4 Compaction Test

A modified compaction test was performed on all soils.

In this test, determination of the dry unit weight of the
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soil was done for each compacted sample and then plotted
against the water content as included in Appendix from
Figures A.7 to A.12. Figure 3.2 compares the dry density-
water content for six soils. Maximum dry density for each
soil was determined at optimum moisture content from the
peak of the regression curve. The results from the
compaction test for the maximum dry density are consistent
with normalvvalues obtained for clayey sand and silty sand
soils. The procedures followed Standard ASTM D 1557. Table
3.7 lists the values for each of the soils at optimum

conditions.

3.1.5 Bearing Ratio

In this test, the Limerock Bearing Ratio (LBR) method
is used to measure the bearing capacity of a soil. The LBR
test is a modification of the California Bearing Ratio (CBR)
test. Three main modifications were employed to best
present the soils encountered in Florida. They were
eliminating the swell test, using a two-day soaking period
instead of four-day, and changing the strength standard to
that of typical crushed Florida limerock, which is 5.5 Mpa
(800 psi). Minimum LBR values of soils have been set by the
FDOT for use in pavement construction. The LBR value can be

obtained from the following equation. The results of
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limerock bearing ratio values for 2-day soaking and 4-day
soaking are shown in Table 3.8(a) and Table 3.8(b)

respectively.

Ib
Corrected - Unit -Load(—")
LBR (%) = lb n * 100 (3.1)
800(—)
in

3.1.6 Expansion Index

The expansion index is used to classify soils according
to their potential for expansion, which is considered to be
a basic property of the soil. The soil was first compacted
to a degree of saturation (Smeas) of 50%+1 and then allowed
"to swell against a surcharge pressure. An empirical
equation recommended in the Standard Test Method was used to
eliminate the difficulty of achieving the degree ' of
saturation of 50%*1. Equation 3.2 shows the recommended
relationship. A value of 50 or higher of the soil indicates
that the potential problems in pavement design would become
significant. Test results were presented in Table 3.9 and
showed that the potential expansion of each soil is “very
low”.

= ET (50 - § )*(%) (3.2)
EI50 - meas meas 220-Smem_ .
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3.1.7 X-ray Diffraction and Scanning Electron Microscope

For identifying the fine-grained soil minerals and the
study of their crystal structure, X-ray diffraction is the
most widely used method. The principle of this method is

- based on Bragg’s law as shown in the following equation:

vA=2d sin6 (3.3)

A pPhillips Automatic Powder Diffractometer Model APD 35-20
was used to produce the X-ray diffractometer charts for the
samples. The results of the analysis are shown in Table
3.10.

Another method, scanning electron microscope, can

directly reveal particles and particle arrangements since it

can resolve distances to less than 1002. An Environmental
Scanning Electron Microscope (ESEM) Model E-3 by ElectroScan
Corpération was used to take the pictures. Some pictures
show that a normal sieve analysis may not give an accurate
size distribution due to the attractive forces, which hold
the particles together. Either a mechanical breaking of the
soll or a wet sieve is required when using this test program

to separate the clay and the silt particles from the sands.
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3.1.8 Permeability

Permeability is the property of a porous material,
which permits the passage, or seepage of fluids through its
interconnecting voids. Two methods were available to tackle
the difficulty of the saturation. The Florida Method FM 5-
513 was used when possible. If the soil was difficult to
saturate completely, then ASTM Standard D 5084 was adopted
and the coefficient of permeability was found using a
Flexible Wall Permeameter (FWP). The FWP is best used when
the coefficient of permeability is less than 1x10™® cm/sec
(3.28x107° ft/sec). Permeability results are listed in

Table 3.11.

3.2 Summary of Test Results

The primary complaint about the soils from the
contractors was that they were hard to compact and slow in
drying. From the moisture content test, it was found that
the in-situ water content was greater than the optimum water
content for most soils. All soils have a good distribution
of particle sizes for the sand range. This allows for thé
tight packing of the particles during compaction. A low
value of permeability conformed to the tight packing. Also
the presence of montmorillonite or similar type clay in the

soil could be a factor in the low permeability values. From
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the expansion index test results, all of the soils were
classified as very low for expansion potential and were
inactive. The summary of the test results is presented in
Table 3.2. The low permeability and high in-situ moisture
content may contribute to the slow drying and compacting
problems during construction.

The motivation for evaluating the effect of soil
suction and environmental conditions for the six problematic
soils is based on the results of a previous evaluation (Ping
& McDonald, 199¢6). Since no significant evidence directly
related to those properties for the drying problem existed,
a further study of the effect of soil suction and the
environmental conditions was recommended to evaluate the

problematic scils.
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Table 3.1 : Soil locations and basic properties

District Location AASHTO Class Description Color
2 Clay County A-2-6 Clayey Sand Orange
SR 100 and C-21B
2 Madison County A-2-4 Silty Sand Brown
SR 14
3 Jackson County A-2-4 Silty Sand Brown
US 231, Alford City
3 Jackson County A-2-4 Silty Sand Reddish
US 231, Jacobs Road Brown
5 Brevard County A-2-4 Silty Sand Black
SR 520
5 Marion County A-2-4 Silty Sand Dark
Brown

U.S. I-75
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Table 3.3 : Moisture content results

Test
District Location 1 2 3 4 Average
2 Clay 11.96 12.16 11.81 11.71 11.91
County
2 Madison 12.9 12.72 12.73 13.61 12.99
County
3 Alford 13.88 12.89 14.2 - 13.66
City
3 Jacobs 13.17 12.68 13.32 - 13.05
Road
5 Brevard 1222 217 2.22 2.26 2.22
County
5 Marion 8.71 8.9 8.77 8.49 8.72
County
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Table 3.4 : Atterberg limits results

District Location LL PL Pl
2 Clay 11.96 12.16 11.81
County
2 Madison 12.9 12.72 12.73
County
3 Aiford 13.88 12.89 14.2
City
3 Jacobs 13.17 12.68 13.32
Road
5 Brevard 222 217 2.22
County
5 Marion 8.71 8.9 8.77
: County
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Table 3.5 : Percentage of major soil constituents -

District Location Gravel, % Sand, % Silt, % Clay, %

2 Clay 0 72.5 3.5 24
County '

2 Madison 1.4 73.5 13.1 12
County

3 Alford 2 80.4 13.6 4

City

3 Jacobs 1.8 . 78.2 12 8
Roads

5 Brevard 2.4 80.8 6.8 ' 10
County

5 Marion 1.3 78.8 7.9 12
County
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Table 3.6 : Soii classification by AASHTO and Unified system

District Location Passing Passing LL, % Pl, % AASHTO Unified
No.40 No.200
2 - Clay 89.50 27.50 27 13 A-2-6 SC
County
2 Madison 91.00 25.10 18 NP A-2-4 SM
County
3 Alford 71.90 17.60 NP NP A-2-4 SM
City
3 Jacobs 78.30 20.00 15 NP A-2-4 SM
Road
5 Brevard 89.30 16.80 19 NP A-2-4 SM
County
5 Marion 78.20 119.90 23 9 A-2-4 SC

County
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Table 3.7 : Results from the modified proctor compaction test

Max Dry r, KN/m°

District L.ocation Optimum W,, %
2 Clay 20.5 9.1
County
2 Madison 206 8.5
County :
3 Alford 20.4 7.6
City
3 Jacobs 20.5 7.9
Road
5 Brevard 19.8 9.25
County
5 Marion 20.4 9.3
County




TABLE 3.8(a) : Limerock bearing ratio values for 2-day soaking
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District Location W, (%) pdry kN/m” LBR Swell, %

2 Clay 9.06 19.4 30 0.41
County 9.10 19.3 31 0.13

2 Madison 8.50 20.1 85 0.02
County 8.50 20.4 89 0.02

3 Alford 7.75 20.0 88 0.00
City 7.75 20.3 100 0.02

3 Jacobs 7.93 20.2 63 0.07
Road 7.93 20.2 78 0.13

5 Brevard 9.25 19.5 91 0.00
County 9.25 19.4 94 0.04

5 Marion 9.27 20.1 90 0.1
County 9.27 20.1 88 0.02

TABLE 3.8(b) : Limerock bearing ratio values for 4-day soaking
District Location We, (%) pdry kN/m* LBR Swell %

2 Clay 9.39 19.9 51 0.15
County 9.39 19.9 44 0.41

2 Madison 8.50 20.0 88 0.90
County 8.50 20.1 89 0.00

3 Alford 7.76 20.0 96 0.16
City 7.76 20.2 108 0.11

3 Jacobs 7.93 20.2 77 0.42
Road 7.93 20.2 78 0.29

5 Brevard 9.25 19.4 94 0.07
County 9.25 19.4 93 0.07

5 Marion 9.27 20.2 94 0.04
County 9.27 20.2 83 0.00




64

TABLE 3.9 : Expansion index values from experimental program

District Location Test Average |Potential Expansion
2

2 Clay 2 2 Very Low
County

2 Madison 3 1 Very Low
County

3 Alford 0 0 Very Low

City

3 Jacobs 0 0 Very Low
Roads

5 Brevard 0 0 Very Low
County

5 Marion 0 1 Very Low
County

0-20:Very Low; 21-50:Low; 51-90:Medium; 91-130:High; >130:Very High
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TABLE 3.10 : X-ray diffraction results

District Location Minerals Present
2 Clay Kaolinite
County
2 Madison Kaolinite, minor quartz, trace chlorite
County
3 Alford Kaolinite, minor quartz, trace chlorite
City
3 Jacobs Kaolinite, trace quartz
Road
5 Brevard Kaolinite, Smectite, lllite, minor quartz
County
5 Marion Kaolinite

County
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Table 3.12 : Activity values for soils in experimental study

District Location Activity Classification
2 Clay 0.54 Inactive
County
2 Madison 0 Inactive
County
3 Alford 0 Inactive
City
3 Jacobs 0 Inactive
Road
5 Brevard 0 Inactive
County
5 Marion 0.67 Inactive

County




68

Map of State of Florida

1. Clay County

2. Madison County
3. Alford City

4. Jacobs Road

5. Brevard County
6. Marion County

Figure 3.1: Site Location Map
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CHAPTER 4

LABORATORY EXPERIMENTAL PROGRAM

4.1 General

The purposes of the experimental program were to
correlate drying rate with soil suction as well as
environmental effects such as temperature and humidity, and
to further investigate the relationship between the drying
rate and the percent of fines. The laboratory testing
program involved two types of test: the soil suction test
and the drying rate test. The soil suction test was chosen
from AASHTO Designation T273-86 to determine the soil
suction values at different water <content for six
troublesome soils. The soil drying rate test was generated
by using an environmental chamber (incubator) in which a
variety of temperature and humidity were used to simulate
the environmental condition in Florida.

The soils selected for this study were the same as
those used for Phase I tests [McDonéld, 1996]. The basic

soil properties were summarized in Chapter 3 in detail.
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4.2 So0il Suction Test

Basically, the soil suction test procedure followed
AASHTO DESIGNATION T 273-86 [1993], which is the standard
method of testing for measuring soil suction, except that
the soil samples were remolded. This test method covers
the procedure for determining total suction force using
tﬁermocouple psychrometers of the Spanner [1951] type.

Two series of suction tests were performed. Series A
was done in normal laboratory room temperature and
humidity, and series B was performed inside an incubator,
which provides desired constant temperature and relative
humidity. The soil suction test program is summarized in

Table 4.1.

4.2.1 Suction Measurement Devices

The test devices consisted of three major parts:
monitor system, sensor system, and sample chamber system.
Each system has its own designation for this test.

Monitor system. A WESCOR HR-33T Dew Point
Microvoltmeter shown in Figure 4.1 was used to monitor and
record the output data. The HR-33T Dew Point
Miérovoltmeter is a self-contained electronic system that

has been specifically designed for measuring water
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potential with thermocouple transducers. | It contains
sophisticated sensing and control circﬁitry that
automatically maintains the temperature of the thermocouple
junction at the dew point temperature when operating in the
dew point mode. The HR-33T permits water potential to be
determined with a variety of sensors in either the dew
point (hygrometric) or the wet bulb (psychrometric) mode.
The same sensors are used for both modes but the electronic
control and measuring apparatus operate differently. The
operation principle for both modes is illustrated in Figure
4.2. According to the work by Brisco [1984], one‘advantage
of the dew point mode is that it provides a continuous
output rather than a falling plateau. Since the time of
reading is not critical, the dew point mode was chosen to
obtain accurate measurement in this pfogram.

Sensor system. Thermocouple psychrometer was used as a
sensor for this test. Klute [1986] thoroughly illustrated
the use of the‘psychrometer for both laboratory and in-
situ. Two major types of thermocouple psychrometers were
most often used. One was developed by Richards and Ogata
in 1958 and the other was developed by Spanner in 1951.

Nine thermocouple psychrometers of the Spanner type with a

known cooling coefficient (IIy) produced by Wescor, Inc.
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(Model PST-55-15-SF) were used for the tests. A typical
psychrometer consists of a sensing thermocouple junction, a
chromel-constantan thermocouple, and two reference
junctions of copper-constantan and copper-chromel. A
construction schematic view of the psychrometer is shown in
Figure 4.3.

Wescor peltier cooled psychrometers are available with
either stainless steel screen shields or porous ceramic
shields. A PST-55-15-SF psychrometer is specified as a
psychrometer that is covered with a Dutch weave stainless
thermocouple shield and has 1.5 meters lead length. SF is
the SUREFAST connector with which the connection process
can be accomplished by pushing the cable connector into the
receptacle until it is firmly in place.

Two important principles underlie the usefulness of
thermocouple psychrometers: The Seebeck Effect and the
Peltier Effect. The electrical principles of these two
effects are briefly described in the following. More
details about the electrical behavior of the psychrometer
may be found elsewhere [Brisco, 1984].

1. The Seebeck Effect is the phenomenon that permits a

thermocouple to be used for temperature measurement.

A thermocouple is formed when two different metals
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are joined together. If both ends of the wire are
joined to form a closed loop, electrical current
will flow through the wires whenever the Jjunctions
are at different temperatures. The magnitude of the
produced voltage is dependent upon the temperature
difference between the junctions.
2. The Peltier Effect is the phenomenon, which allows a
thermocouple Jjunction to be cooled by passing an
-electrical current through the Jjunction. When
current flows across the junction of two dissimilar
metals, heat will be either absorbed or liberated at
the Jjunction. If the current flows in the same
direction as the current produced by the Seebeck
Effect at the hot Jjunction, heat 1is absorbed; If
the current flows in the opposite direction, heat is
liberated. |
In order to have accurate measurement, protecting
psychrometers from contamination 1is most important. If
contaminations are presented at the junction, the rate of
evaporation will be changed, thereby the output is reduced,
and satisfactory precision cannot be obtained.
Sample chamber system. The sample chamber assembled

with metal cans and polystyrene box is shown in Figure 4.4
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and 4.5. Each one-pint paint container was sealed with a
No. 13 rubber stopper and placed in a 12-in. X 12-in. X 15-
in. polystyrene box, which can accommodate nine one-pint
paint containers. A thermocouple psychrometer was inserted
into each container, with the calibration solution or soil
specimen inside, and well sealed. The sample chamber was
placed inside an environmental chamber for series B suction

tests.

4.2.2 Calibration of Psychrometers

Nine PST-55-15-SF thermocouple psychrometers were
calibrated with the assistance of salt solution which
causes aivapor pressure lowering of relative humidity in
the atmosphere that can be converted to suction using
Kelvin’s equation (Equation 3.5). Sodium chloride (NaCl)
was chosen as the salt in the calibration solutions because
the relative humidity of these solutions is independent of
temperature in the normal range of operating temperature.
Four calibration standard concentrations were used to
adequately define the calibration_lines. They were 290,
500, 1000, and 1800 osmolality, respectively. Table 4.2
specifies the gram formula weight of NaCl per 1000 grams of

distilled water (the molality M) for some levels of
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relative humidity in equilibrium with the solutions. The
time to'reach equilibrium depends on the concentration of
salt solution. According to Snethen {1970], the
equilibrium voltage outputs from the psychrometers can be
obtained within the metal pint container in 48 hours or
less with 0.05M solutions and 12 hours or less with 2.0M
solutions.

The calibration of psychrometers was accomplished
using the device illustrated in Section 4.1 except that the
soil specimen was substituted by filter paper with 3ml
known water potential of sodium chloride solutions in it.
Sufficient time was allowed for the vapor equilibrium to
occur within each containerp The calibration of
psychrometers followed the procedure illustrated in AASHTO
DESIGNATION T 273-86 [1993]. Eight (8) amps of cooling
current was applied for 30 seconds. The output of the
psychrometer was approximately 0.75 microvolts per bar in
the dewpoint mode. After the temperature and the microvolt
output were obtained, a straight line representing the best
fit of the data points was determined for each
psychrometer. The calibration 1line of each psychrometer

can be expressed by the following equation:
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° = akEps-Db (4.1)

Where

1° = total soil suction, Kpa

a, b = calibration constants
E;s = psychrometric microvoltmeter reading

corrected to 25°C, uv

The slope of the calibration 1line will always be
positive and the y-interéept should be equal to or less
than zero. The calibration 1line is wvalid for the useful
life of the thefmocouple psychrometer. However, under
normal use, an annual check of the calibration at least one
point will assure that the equipment is operating properly.
For this study, the psychrometers were calibrated twice

within one year to adjust the soil suction test results.

4.2.3 Sample Preparation

The soils used in this study were from different
locations‘around the State of Florida, i.e., Clay County,
Madison County, Jackson. County, Brevard County, and Marion
County. Classification indices for these soils are shown

in Table 3.6. Five soils were classified as A-2-4 soil,
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according to the AASHTO Classification System, except one
soil from Clay County, which was classified as A-2-6 soil.
The soils were compacted in a mold, which has a
diameter of 4-inch and a height of 8-inch, at optimum water
content for Series A tests and at optimum water content
plus 4% for Series B tests. The compaction energy was
achieved by using a 10-1b hammer dropped from a height of
457 mm (18 in) with eight equal layers for 25 blows per
layer. The compacted soils were cut into nine 1.5in. x
1.5in. x 1.5in cubes immediately after removal from the
mold. The maximum dry density and optimum water content

were recorded.

4.2.4 Test Procedure

According to the suggested data record form from the
AASHTO Standard Test, the procedure can be divided into
three parts. They are Suction test, Weight-Volume Relation
test, and Water Content test. Each test 1is described in
the following:

Soil suction. The nine 1.5-in. X 1.5-in x 1.5-in-cube
soil samples described in Section 4.2.3 were placed in
individual metal containers (one-pint paint cans with

interiors coated with wax to prevent corrosion). Cf nine
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specimens, two were tested at their optimum water content
and sealed with rubber stoppers right after cutting. These
two specimens represented the optimum water content of the
soils, The remainder were either wetted with varying

amounts of distilled water or dried at room temperature for

varying lengths of time. Three of the remaining specimens
were dried‘at room temperature for 1, 2, and 4 hours. The
dried specimens were sealed after their drying times. The

remaining four specimens were wetted with 0.5, 1, 2, and 4
ml distilled water respectively, and sealed in the sample
containers immediately after adding water. The purpose of
the wetting and drying process is to establish a range of
water contents over which the soil suction can be measured.
All of the nine specimens were weighed before the
containers were sealed.

Nine thermocouple psychrometers were first fed through
the center of the polystyrene box together and then each of
them was fed through the hole in the center of rubber
stopper. Both the holes on the cover of the polystyrene
box and the rubber stopper were sealed with sealant to
ensure that the system was airtight and the thermocouple
psychrometers were extended approximately one inch beyond

the bottom of the stoppers.
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The specimens were allowed to come to equilibrium in
the sealed containers. The temperature equilibrium was
obtained in a few hours after placing the cover on the
thermal container. Equilibrium of the relative humidity of
the air measured by the psychrometers is usually obtained
within 48 to 72 hours, according to the AASHTO Standard
Method. It was found that the time to reach the relative
humidity equilibrium varied widely for different samples.
It was ranged from three days to ten days depending on the
suction values of the soils.

Each psychrometer was connected to the HR-33T
microvoltmeter (Figure 4.6) and the output electromotive
forces (emfs) for each psychrometer were recorded. The
cooling coefficient, IIv, of each psychrometer at 25°C was
measured at manufactory preliminarily. And the cooling
coefficient at the temperatures other than 25°C was

calibrated using the following equation:

IIv (at T°C)=IIv(at 25°C)-(25-T)x0.7 (4.2)
Where
T = measured temperature before applying cooling

current
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The operation of the HR-33T dew point microvoltmeter
followed the manual provided by Wescor Inc [1988]. The
magnitude of the peak output emf is directly related to the
relative humidity of the medium. The temperature output of
the thermocouple psychromreter was recorded in °C and the
output‘of emf in microvolts. 30 seconds of cooling current
was applied for the test which was identical to that used
to determine the calibration line.

Weight-volume relations. Since the soil specimens
might experience volume change during the soil suction
test, determining the specific volume of each specimen
after the soil suction test becomes more complicated. Most
of the researchers use the volume displacement method to
measure the volume of the specimen, which has an irregular
shape, by submerging it into water.

The wet weight of the specimens was measured
immediately after removal from the metal containers.
Before putting the soil into water, the soil was wrapped
with pure wax to prevent water coming into contact with the
soil and then the weight of the soil with wax on it was
determined. The temperature of the water was recorded.
The temperature o¢f the melted wax needed to be well

controlled to make the wrapping work easier. The weight of
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the soil with the wax in water was measured by submerging
the object, which was hung under the scale, into water to
determine the bulk densities.

Figure 4.7 1illustrates the schematic view of the
measuring system for the weight-volume relation test.

Water content. Following the soil suction and weight-
volume relation measurements, the actual moisture content
was then determined. The wax was taken off from the soil
sample carefully so that no water was allowedvto flow into
the soil specimen. The wet specimens were weighed
immediately after the wax was taken off and dried in a
microwave for 12 minutes until the water inside the soil

was completely gone.

4.2.5 Data Reduction and Interpretation

Soil suction. The recorded psychrometer voltage

outputs, Et, can be converted to the equivalent outputs at
the calibration temperature, E;s, using the following

equation:

Er
Eps = — —% 4.3)
2 0325+40.027T (
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The soil suction, 1, of each individual specimen was
determined wusing the psychrometer calibration equation
obtained from the calibration test. Nine calculated
suction values (ordinate, log scale) versus the
corresponding water contents (abscissa) were plotted on a
semi-log plot to establish the relationship of 1log soil
suction and water content, which is linear and can be

expressed using the following equation:

log 1t = A - Bw (4.4)
Where

T = Soil suction, kPa

o>
Il

y-intercept
B = slope

W = water content, percent

The data points between soil suction values of 200 kPa
(2 tsf) and 2000 kPa (20 tsf) were recommended by AASHTO
Standard to establish the t-® relationship if some variation
occured at the upper or lower end of the curve because the
limits of the measurement range were approached. The

recommendation was too conservative according to the
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literature, which stated that the measurement of a
psychrometer could range from 100 kPa to 8000 kPa.
Weight-volume relations. The volume of wet soil plus
wax can be found by determining the apparent loss of weight
when the body is wholly immersed in the water of known
specific gravity, which is the weight of wet soil plus wax
minus the weight of wet soil plus wax in water over the
density of water at the recorded temperature. The volume
of the wax can be obtained by the weight of wax over its
specific gravity, which is 0.55. The equations for

specific volume test are as follows:

(WweLwiI+wax) - (Wwetsoil +wax )inwater

Vet soil +wax = dwam (4.5)
W
Vwax = = (4.6)
“ 055
Vet soil = Vwet soil +wax — Vwax (4.7)
W ’SO¥
Yary = __ drysoil. (4.8)
Vwetsail
. 1
Specific Volume = — (4.9)
7dry

The  specific volume can be used to determine the

compressibility of a soil (a).
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Water content. The actual water content in percentage
is the difference in weight between the wet soil and the
dry soil over the dry soil weight. The water contents
determined in the final stage were compared to those

prepared in the beginning of the test.

4.3 Soil Drying Rate Test

The purpose of this experiment was to investigate the
environmental influence on the soil drying rate. The
drying rate of a soil is defined as the amount of water
loss (gram) within one unit of time (hour) in this study.
An environmental chamber (incubator) was used to simulate
the temperature and humidity conditions in Florida. Two
groups of experiments were conducted. In the Group I
tests, the samples were compacted at their optimum water
content and the drying path was starting from the optimum
water content. Four levels of temperature were selected
from 0° to 40° (0°C, 10°C, 25°C, and 40°C) to cover the
variation in temperature, to which the soil surface was
subjected. Three levels of relative humidity (55%, 75%,
and 95%) were chosen to represent the dry, normal, and wet
weather through a year in the State of Florida. In the

Group II tests, the soils were compacted at their optimum
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water content plus 4.0 percent. Two levels of temperature
(10°C and 25°C) and two levels of relative humidity (75% and
95%) were used. The soil drying rate test program is

tabulated in Table 4.3.

4.3.1 Equipment

In order to simulate the variations of temperature and
humidity in the State of Florida, a Reach-In Incubator,
Model 3911, manufactured by Forma Scientific, Inc. was used
as- an environmental chamber in the drying rate test. The
incubator has 11 cubic feet capacity and wide temperature
ranges, heated or refrigerated. Its temperature range is
from 0°C to 60°C (+0.3 °C at temperature range from 25°C to
35°C) and the humidity range is above ambient to 95% +5%.
A controller of Watlow 982 Dual LED PID type microprocessor
allows researchers to program the machine. A schematic

view of the machine is shown in Figure 4.8.

4.3.2 Sample Preparation

The soils used for the drying rate test were the same
as those wused in the so0il suction test. They were
compacted using the modified Proctor compaction method at

optimum water content for Group I tests. The maximum dry
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density and the optimum water content were recorded. For
Group II tests, soils were compacted at the water content
of optimum plus 4.0 percent. The corresponding dry density
for each soil was also recorded. The specimen size was 4-
inch in diameter and 5-inch in height. The specimens were

weighed before being placed in the environmental chamber.

4.3.3 Test Procedure

Six  troublesome soils were compacted using the 4-in
mold modified Proctor method with optimum conditions. As
mentioned above, for the Group I tests, the samples were
dried at their optimum water content until the drying rate
(water loss per hour) was less than 0.05. For the Group II
tests, soils were dried from optimum water content plus 4.0
percent to optimum water content minus 4.0 percent. The
drying time depends on the range of the water content, and
the temperature and humidity selected for each test.
Usually it took about 7 to 10 days for the Group I tests
and 4 to 7 days for the Group II tests. The drying rate
versus time as well as water content was compared among the
six problematic soils.

Initially, the proposed tests consisted of 12 sets

(the combination of 4 levels of temperature and 3 levels of
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humidity). Due to the limitation of the incubator, only
seven sets out of the twelve combinations were achieved for
the Group I test and 4 sets for the Group II test. For
each test, the temperature and humidity were set at the
desired level and allowed to reach equilibrium. The soil
samples were then placed into the incubator immediately
after removal from the compaction molds. The initial
weight of each sample was recorded along with the time when
sample was weighed.. The measuring iﬁterval was increased
as the water content decreased. Temperature and humidity
at each measurement were also recorded to control the
designated environmental condition.

Once the meaéurements of a set of temperature and
humidity were done, the dbove steps were repeated for the

remaining sets of temperature and humidity.

4.3.4 Data Reduction and Interpretation

The drying rate of each soil at different time can be
obtained by dividing the difference in the weight by the
elapsed time between two consecutive measurements and the
sample surface area. The drying rate decreases as the

elapsed time increases. The relation between the drying
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rate and the elapsed time is shown in the following
equation:

d 3 t [ /I, /f 2] n ] n-1
ying e gram r t (tn tn 1) [ (4 1 O)

where,
W, = the weight of the n”‘neasurement, gram
W1 = the weight of the n-1*" measurement,
gram

t, = the elapsed time of the n'" measurement,
hour

t,-1=the elapsed time of the n-1'" measurement,
hour

A = sample surface area exposed to air, ft?

The average drying rate is the total water loss divided
by the total elapsed time and the surface area. The

equation can be written as the following:

average drying rate (gram/hr/ft?) = Z;%j?iz- (4.11)
n 1

where,
W.= the weight of the n® measurement, gram
W.;= the weight of the initial measurements,

gram
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t»= the elapsed time of the n*" measurement,
hour

t;= the elapsed time of the initial
measurement, hour

A = sample surface area exposed to air, ft?

The effect of temperature and humidity on the drying
rate was analyzed. The relation between water content and
drying rate was also determined to correlate the soil

suction with the drying rate of the soil.
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ntest

Figure 4.6 : Soil suction test apparatus assembly
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Figure 4.8 : Schematic view of Reach-in Incubator, Model 3911






CHAPTER 5

PRESENTATION AND ANALYSIS OF SOIL SUCTION TEST

RESULTS

5.1 General

This chapter presents the soil suction test results
from the experimental program described in Chapter 4.
Calibration results of nine psychrometers are also
presented. The soil suction test results are analyzed to
investigate the suction values at different water content
and to further correlate with other parameters such as the
percent of fines, degree of saturation, and permeability.
Factors affecting the suction test results are also

discussed in this chapter

5.2 Results of Psychrometer Calibration

Four different concentratibns of sodium chloride were
used to establish the calibration lines of nine
psychrometers, i.e., 290, 500, 1000, and 1800 Osmolality,

respectively. Each psychrometer was calibrated using two

101



102
pieces of filter papers (5.5 cm in diameter) saturated with

3 ml NaCl solution. Microvolt outputs, which are related
to the humidity conditions inside the cans, were recorded
at least 3 times a day after temperature equilibrium
(deviations within +£0.5 microvolts).

Many factors contribute to the variation of the
equilibrium time. The more concentrated the solution, the
less time it takes to reach equilibrium. A change 1in
psychrometer reading can occur as a result of changes in
pSychrometer sensitivity with temperature [Rawlins, 1966].
Thus, psychrometer calibrations are necessary for each
temperature at which soil-water potential is measured if
greater aécuracy is required.

Since the soil suction test program had been conducted
for longer than one year, the psychrometers were calibrated
twice in order to meet the required measurement conditions
for suction tests. Calibration A, which was performed in
normal laboratory room temperature, was synchronized with
the series A suction tests. Calibration B was performed
inside an incubator where the series B suction tests were
also performed. It was found that the time needed to reach
equilibrium for Calibration B (4 to 7 days) was shorter

than that for Calibration A, which was about 10 to 15 days.
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There exists a relationship between water potential and

the concentration of a solution as shown in Equation 5.1.
For a 100 Osmolality Sodium Chloride, its water potential is
-2.5 bar. The water potentials for 290, 500, 1000, and 1800

Osmolality can be calculated using the following equation:

WaterPotential[bar] = -2.5* conceniration|osmolality] (5.1)

100

From the test results, it is apparent that the‘ #7
psychrometer has the highest E;s wvalue among the nine
psychrometers. Microvolt outputs at measured temperatures
were adjusted to the equivalent microvolts at 25°C (Ejs).
The average E;; values from the last three E;ss of each
psychrometer for four different concentrations are shown in
Tables B.1l(a) through B.1l(b). The data were used to build
the calibration 1lines of nine psychrometers. The
calibration lines of each psychrometer for Calibration A and
B are shown in Figures B.1l through B.9. The equatiohs
obtained from the calibration iines are listed in Tables
B.2(a) and B.2(b). All of the equations have the y-
intercept less than zero, and a positive slope of the

calibration line.
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5.3 Presentation of Soil Suction Test Results

The final three microvolts readings for each test at
temperature 25°C (E;s) were averaged and utilized to obtain
the suction values at different water content. Two
different suction wunits, kilopascal (kPa) and tons per
square foot (tsf) were used in analysis. The test results,
which include soil suction, water content, and specific
volume, are illustrated in Tables 5.1(a) and 5.1(b) for the
soil from Clay County. The relationship between soil
suction and water content is illustrated in Figure 5.1 for
the soil from Clay County. The complete detailed test
results of each soil are presented in Appendix C. The soil
suction test results for six soils (Series A and Series B)
are 'summarized in Tables 5.2(a) and 5.2(b). Only the
results from Series B test are utilized for further

analysis.

5.4 Analysis of Soil Suction Test Results

The primary objective of the soil suction test program
in this study was to investigate the suction value at
different water content and further correlate it with other

soil parameters such as the percent of fines, degree of
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saturation, permeability, and drying rate. As shown in

Table 5.2, the suction values ranged from 0 kPa to 4000
kPa, which are relatively small as compared to the entire
range of suction from 0 kPa to 10° kPa [Fredlund, 1995].
For silty sands, the magnitudes of suction values from this

study are reasonable.

5.4.1 Effect of Moisture Content

- The suction test results shown in Table 5.2 (b) indicate
that while most of the soils possess low suction values
(less than 665 kPa) when the soils are air-dried up to four
hours from optimum water content, the soils from Clay
County and Madison County have relatively high suction
values (2262.95 kPa for Clay County soil and 3697.94 kPa
for Madison County soil). Most of the data fell into the
range of 100 kPa to 1000 kPa. The data from Series B tests
were analyzed  using exponential regression model and
plotted in Figure 5.2 for all six soils. Figure 5.3 is a
modification from Figure 5.2 by changing Y-axis from linear
to logarithm scale so that the change of soil suction at
lower values can be observed more clearly. The difference
in soil suction among six soils at the wet side of optimum

is relatively small as compared to those at the dry side.
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It is shown in Figure 5.2 that the soil suction increases

with a decrease in water content, and it increases sharply
for dry soils with very little decrease in water content.
The slope of the regression line for Clay County soil is
the highest among the six soils while the one for Alford
City has the lowest slope. This indicates that the suction
value of Clay County soil is highly sensitive to the change
of moisture. The suction-water content (1-a) relationships
for the wet side of optimum behave differently from those
for the dry side.

The suction values at optimum moisture content (OMC)
are compared as shown in Figure 5.4. It shows that Madison
County vsoil has the highest suction value at OMC. The
suction values for the moisture range from optimum minus 4
to optimum plus 4 percent for the six soils are summarized
in Table 5.3. The suction values at different water content
for the six soils are presented in Table 5.4. The results
show that Alford City soil has the lowest suction value
among the six soils (168kPa to 405kPa). As shown in Figure
5.3, the regression lines for Clay County and Madison
County soils have much higher slopes than those for the
other soils. This may be a good indicator to explain the

difference in behavior for these two soils.
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5.4.2 Effect of Percent Fines

For soils with substantial clay fraction (greater than
15%), the interactions of the clay minerals with the pore
fluid are expected to dominate the measured soil suction.
The study by Acar (1992) demonstrated that the total
suction in soil specimens compacted at their optimum water
content may be estimated by a knowledge of the plasticity
index of the soil. It can vary up to 20 times the
atmospheric pressure only by the changes in the composition
of the clay fraction. Similar to the swelling potential of
fine-grained soils, the fine fraction and activity of the
soil mixture define the total suction at optimum water
content. Swelling potential 1is directly related to the
total suction in soil‘ by a factor dependent wupon the
activity of the soil mixture.

The suction values are plotted versus the percent of
clay content as well as the percent of passing #200 sieve
fines for the six soils at different water content in
Figures 5.5 and 5.6, respectively. It is shown that the
suction values vary significantly with water content when
the percent of clay content is greater than 10, and the

percent of passing #200 sieve fines is greater than 20. The
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suction values can be limited within 100 to 3000 kPa with

the percent of fines (-#200 sieve) less than 20.

5.4.3 Effect of Permeability

The suction wvalue and the permeability at specific
water content (at which the permeability was measured) for
the six soils are summarized in Table 5.5. Figure 5.7 shows
no significant evidence of any correlation between the soil
suction and permeability for these soils. It may be due to
the narrow range of suction values (from 100kPa to 500kPa).
A wide range of suction values and the permeability wvalues
at unsaturated condition should be obtained in order to

correlate suction and permeability of unsaturated soils.

5.4.4 Effect of Degree of Saturation

The effect of saturation on soil suction has often
been of fundamental concern 1in groundwater flow. Soil
suction has been demonstrated to increase from 100 kPa to 10
MPa by a decrease in the degree of saturation from 100% to
20% [Olson and Daniel, 1981]. Figures 5.8 and 5.9
illustrate the effect of degree of saturation on the soil
suction value. There is basically no significant change in

suction values when the degree of saturation falls into the
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range of 95% to 70%. However, the suction values of Clay

County and Madison County soils increase significantly by a

decrease in the degree of saturation below 70%.

5.5 Presentation of Specific volume test results

Most <clay soils increase in volume as the soil
moisture content increases. Another way to state the
generalization of clay soils is that soil volume decreases
as soil suction increases and vise versa. Volume change
for sand soils is not as significant as for clay soils.
The results from the weight-volume tests are presented in
Table 5.2 as with the suction test results. The values of
the specific volume for each soil remain at the same level
(within the range of 0.04 to 0.07) regardless of the water
content. These values are extremely low as compared with

those from high volume change soils.

5.6 Discussion on Factors Affecting Test Results

Many factors contributed to the deviation of the test
results. The most significant one was the temperature
fluctuation. The laboratory room temperature was not well
controlled, and varied with the ambient temperature when

the Series A was conducted. The fluctuation of temperature
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resulted 1in unstable microvolts outputs and a longer

equilibrium time. Therefore, the lower R? values for the
Series A tests were obtained as a result. the situation was
improved for the series B by using the environmental
chamber for a better control of the temperature. Rawlins
and Dalton [1967] pointed out that as air is heated, its
water-holding capacity increases. This causes a decrease
in relative humidity unless sufficient water enters the air
during heating to compensate. In a sealed chamber where
water vapeor can neither enter nor leave, the error in water
potential resulting from changes in temperature of the
chamber would be very small. The error will be also less
as the sample area increases relative to the chamber wall
area, and will be the least for the ideal psychrometer
where the Jjunction is completely surrounded by the sample
and heat flow to and from the junction is restricted to
conduction through air.

The concentration of the calibration solution for
psychrometers is very important and it needs to be made
accurately. The more concentrated the solution, the more
accurate the calibration will result. When measuring
extremely low soil suction, a more soluble calibrating

solute than NaCl or KC1l is needed.
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The water distribution of each specimen is also a

factor of test error. A wider range of water content is
needed to cover the wet and dry conditions when high
accuracy 1is required. The regression}model needs more data
points to achieve a higher confidence level. As shown in
Tables 5.2(a) and 5.2(b), most regression curves have R?

values between 0.7 and 0.9.
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CHAPTER 6

PRESENTATION AND ANALYSIS OF DRYING RATE TEST

RESULTS

6.1 General

The soils were tested to investigate the drying raté
under different environmental conditions. During the
drying rate test, soil weight was measured approximately
every 4 hours in the first 24 hours, and then the measuring
interval was gradually increased to avoid the measurement
error due  to the smaller amount of water loss and the
accuracy of the measuring scale. The temperature and
humidity inside the incubator were recorded at the
time when the weight of the scil was measured. The
measured soil weight data were further converted to the
loss in water for each time interval. The accumulated
water loss was calculated as well as the water content for
each measurement. Finally the so0il drying rates were
determined from the measurements. The drying rate test

results are presented and analyzed in this chapter.
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6.2 Presentation of Soil Drying Rate Test Results

Two groups of test results from the drying rate
experiment are presented in this section. The soil drying
rate basically follows the logarithmic trend of decreasing

drying rate versus the elapsed time.

6.2.1 Group I test results

For Group I tests, the soil samples were dried from
optimum water content to the desired water content. The
measured soil weight data are summarized in Table 6.1. The
recorded weight and time interval are further developed in
terms of water loss, water content, and drying rate as
shown in Tables 6.2(a) through 6.2(f) for the six soils,
respectively. The drying characteristics of the six soils
under the condition of 25°C 'tempefature and 75% relative
humidity are presented in Table 6.3 for further analysis.
Table 6.4 summarizes the accumulated water loss within 200
hours for the six soils under different conditions.
Detailéd data concerning the Group I test results are
presented in Appendix D.

The accumulated water loss versus elapsed time for the
six soils are illustrated in Figure 6.1. The changes of

water content with the elapsed time are shown in Figure
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6.2. The changes of drying rate with the corresponding
water content are shown in Figure 6.3. Tables and figures
for the complete group I test results are presented 1in

Appendix D in detail.

6.2.2 Group II test results

For Group II tests, the soil samples were dried from a
wet condition in which the water content was ét optimum
water content rlus 4 percent. The water evaporation
characteristics of the Group II tests were different from
the optimum water content to the dry side. The soil drying
data (Group II) are summarized in Table 6.5. The recorded
weight and time interval are further developed in terms of
water loss, water content, and drying rate as shoﬁn in
Tables 6.6(a) through 6.6(f) for the six soils,
respectively. The drying characteristics of the six soils
under the condition of 25°C temperature and 75% relative
humidity are presented in Table 6.7 for further analysis.
The accumulated water loss within the first 24, 48, 72, 90,
and 200 hours for the six soils under various conditions
are summarized in Table 6.8(a), (b), (c), (d), and (e),
respectively. The Group II test results are presented in

Appendix E in detail.
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The accumulated water loss versus elapsed time for the
six soils 1is shown in Figure 6.4. The changes of water
content with the elapsed time are shown in Figure 6.5. The
changes of drying rate with the corresponding water content
are illustrated in Figure 6.6. Tables and figures for the
complete Groupv IT test results at various levels of
temperature and relative humidity are presented in Appendix

E in detail.

6.3 Analysis of Soil Drying Rate Test Results

The factors affecting the soil drying rate, such as
drying time, water content, temperature and relative
humidity; percent of clay content and percent of passing
#200 sieve, are discussed in this section. The water
content for the Group I test covers the range from optimum
water content down to almost dry condition, while the range
of water content is from optimum water content plus 4
percent to optimum water content minus 4 percent for the

Group II test.

6.3.1 Effect of water content

As shown in Figure 6.1, for Group I tests, the water

evaporates quickly at the beginning for all six soils, and
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then the rate of water loss levels off after drying for
several days. It‘is also shown that the drying rate for
the Clay County soil continues to dry even at the end of
the drying period. As shown in Figure 6.2, the water
content of the soils decreases rapidly at the beginning and
the Marion County soil ceases to dry at a relatively higher
water content (slightly over 3 percent) after a few days of
drying. The water content of the soils other than the
Marion County retains within the range of 2 percent td 1
percent. The drying rate versus water content is shown in
Figure 6.3 and the Alford City soil has the highest drying
rate whereas the Marion County soil has the lowest drying
rate for the range of water content less than 8 percent.

As shown 1in Figures 6.4 and 6.5, the rate of water
loss and the corresponding water content level for Group II
tests have similar trend as found in Figures 6.1 and 6.2.
However, as shown in Figure 6.6, the‘relationship between
the drying rate and water content is different from that in
Figure 6.3 when the soil water content is higher than the
optimum water content (8-9 percent). The Clay County soil
has the lowest drying rate at a water content higher than 8
percent, and the Marion County soil has the lowest drying

rate at a water content lower than 7 percent. Similarly as
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for the Group I test, the Alfrod City soil has the highest
drying rate overall for the Group II test.

The evaporation rate data are summarized in Table 6.4
for the Group I test results at different environmental
conditions. It is shown in Table 6.4 that the Clay County
soil lost the highest amount of water while the Marion
County soil evaporated the least amount of water within a
certain period of time. Apparently, the Marion County soil
has the lowest average drying rate while the Clay County
soil appears to have the highest average drying rate.
Figure 6.7 shows the comparison of the average drying rate
within first 200 hours for the Group I test at temperature
25°C and 75% relative humidity. The drying rate for both
Group I and Group II tests in a 90-hour period of elapsed
time are compared in Figure 6.8.

The drying rates for Group I and Group II tests for
each soil type are different at the identical water content
under either the dry or wet condition. The drying rates at
optimum water content for the two groups are compared in
Figure 6.9 at temperature 25°C and 75% relative humidity.
As shown in Figure 6.9, the average drying rate from the
Group II test is lower than that from the Group I test for

the same moisture condition. This is probably due to the
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difference in moisture distribution at the surface of the
tested specimen. For instance, at optimum Water content,
the surface of the cylindrical soil from the Group II test
was drier than that from the Group I test, which was étill

saturated with water immediately after compaction.

6.3.2 Effect of temperature and relative humidity

The influence of temperature and relative humidity on
the drying rate are demonstrated in Figures 6.10, 6.11, and
6;12 for the Clay County soil from the Group I tests. It
is shown that the drying curves at 95% relative humidity
are very different from those at 55% and 75% relative
humidities. When the relative humidity is either 55% or
75%, the accumulated water loss increases rapidly with time
at the early stage, and it increases with an increase in
temperature. Thus, large differences in water evaporation
are found at the early drying stage in a couple of days.
When the relative humidity is up to 95%, the accumulated
water ioss is not much influenced by the temperature, and
it increases slowly with time. The drying curves for the
Group II tests are shown in Figures 6.13, 6.14, and 6.15
for the Clay County soil, and the trend is similar with the

Group I test results.
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Considering the effect of the relative humidity as
illustrated in Figures 6.16 and 6.17 for the Group I and
Group II tests, respectively, it 1is apparent that the
reiative humidity has much stronger effect on the soil
drying rate than the temperature. It also indicates that
extremely humid weather condition reduces the evaporation
of soil water significantly regardless of the temperature.
Another observation is that the difference in the
accumulated water loss due to the effect of relative
humidity becomes more significant when the temperature is
higher. It indicates that, in the severe humid
environment, higher temperature tends to prevent water from
evaporating.

The objective of the Group II drying rate tests is to
compare the drying time from the wet side of optimum water
content to optimum water content for the six soils. The
drying time data are summarized in Table 6.9(a), (b), (c),
and (d) at different environmental conditions. The
comparison of the drying time needed to dry from optimum
water content plus 4, 3, 2, and 1 percent to optimum water
content for the six soils at different environmental
conditions are illustrated in Figures 6.18, 6.19, 6.20, and

6.21, respectively. It is shown that at 75% relative
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humidity, the Marion County soil is taken the shortest time
to reach the optimum water content, while the Clay County
soil is taken the longest time. When the relative humidity
is up to 95%, the Alford City soil is taken the shortest
time to reach the optimum water content. The difference in
drying time between 10°C and 25°C at 75% relative humidity
is greater than that at 95% relative humidity. The effect
of temperature becomes insignificant when the relative

humidity is greater than about 90%.

6.3.3 Effect of percent of clay content and passing #200

The effect of the percent of clay content on the
drying time 1is presented in Figure 6.22. Basically, the
drying time inéreasesv gradually with an increase in the
percent of clay content. At temperature 25°C, the drying
time at 95% relative humidity is about 4 times higher than
that at 75% relative humidity for the same percent of clay
.content. The trend for the soils to dry from optimum water
content plus 4 percent to optimum water content versus the
percent of fines is shown in Figures 6.23. Although the
data are scattered, the drying time increases with an

increase in the percent of passing #200 fines.



137

6.4 Discussion on Factors Affecting Drying Rate Test Result

There were two minor problems observed when the drying
rate tests were performed. The relative locations of the
soil samples inside the environmental chamber were
different when the six samples were placed and tested
simultaneously. This resulted in different airflow impact
inside the chamber to which the six soil samples were
subjected. The other problemvwas that the digital weighing
scale was only significant to one decimal roint. This
could cause an error in reading when the weight loss was
less than 0.1 gram. The data points at the drier
conditions (water content less than 2%) should be taken
with caution for possible measurement errors.

There 1is also a practical limitation in using the
Reach-In Incubator (Model 3911). The chamber cannot be
operated with extremely high relative humidity and high
temperature or with low relative humidity and low
temperature. Therefore, the drying rates of the soils at
the extreme environmental conditions (e.g., very humid with

high temperature) are not included in this study.
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Table 6.1 : Measured soil weight (Group 1) at temperature 25°C & humidity 75%

Date Time Weight (g) Date Time Weight (g)
Marion Clay Madison Alford Jacobs Brevard
(19.9,9.3%) ] (19.9,9.15%) | (19.9,8.5%) (19.9,7.6%) | (20.2,7.9%)] (18.8,9.25%)
20-Mar | 14:25 2094.7 S-Apr | 13:00 1972.8
16:36 20855 13:20 2097.0
18:50 2074.9 17:25 2077.7 1962.7
21:10 2065.7 17:40 2055.9
23:40 203569 10-Apr | 9:30 1989.1 2026.4 1908.7
21-Mar| 1:00 20523 11:45 1982.0 2021.7 1904.8
7:10 2034.8 13:51 1976.3 2017.4 1901.2.
9:40 2029.4 22:40 1962.7 2006.1 1889.7
12:00 2025.0 11-Apr | 9:20 1955.4 1999.2 1879.8
14:26 2021.4 13:35 1953.3 1897.0 1876.5
16:28 2018.9 16:30 1952.0 1995.7 1874.7
22:28 2011.7 22:30 1950.2 1993.8 1871.4
2-Mar| 1:18 2009.2 12-Apr | 10:20 1945.6 1990.2 1865.1
2:18 2008.3 16:45 1945.6 1988.9 1862.7
8:18 2004.2 22:15 1943.9 1987.4 1860.5
11:35 20022 13-Apr | - 13:50 1941.4 1984.7 1856.1
14:23 2000.9 15:57 1940.8 1984.3 1855.5
17:06 1999.6 17:45 1940.6 1984.0 1855.1
22:12 1997.6 14-Apr | 9:50 1938.8 1982.0 1851.9
23-Mar | 7:50 1994.4 12:20 1938.4 1981.6 1851.2
11:25 1993.6 19:25 1937.7 1980.9 1850.3
19:50 1991.6 15-Apr | 9:10 1936.5 1979.7 1848.6
24-Mar | 856 1987.0 11:20 1936.3 1979.3 1848.2
10:44 1986.8 2054.8 13:16 1936.0 1979.2 1848.1
13:48 1986.6 2040.7 16:43 1935.7 1979.0 1847.7
20:05 1986.0 20144 20:20 | 19355 1978.6 1847.4
23:43 1985.5 2000.5 22:16 1935.3 1978.3 1847.2
25-Mar | 11:35 1984.7 1964.1 16-Apr | 9:15 1934.6 19775 1846.4
13:15 1984.4 1960.8 12:45 1934.4 1977.3 1846.1
14:20 2082.6 16:45 1934.2 1977.1 1845.9
2134 1983.9 1949.2 20502 | 17-Apr | O:10 19337 1976.5 1845.3
26-Mar | 9:05 1983.1 1938.9 2013.1 9:10 1933.3 1976.1 18448
11:15 1982.9 1937.3 2008.4 18:32 1933.0 1975.8 18445
13:15 1982.8 1936.1 20049 | 18-Apr| 935 19324 19748 1844.0
17:30 1982.6 1933.5 1999.1 ' 17:00 19320 1974.6 1843.6
19:20 1982.4 18324 18972 | 19-Apr| 1633 1931.1 1973.1 18429
23:08 1982.2 1830.4 19936 | 20-Apr | 10:15 1930.7 1972.9 1842.7
27-Mar | 9:23 1981.7 1925.9 1987.2
11:40 1981.6 1925.2 1986.0
1345 19815 1924.5 1985.0
16:24 1981.3 1923.4 1983.8
19:55 1981.2 1922.5 1982.3
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Table 6.1 : Measured soil weight (Group 1) at temperature 25°C & humidity 75% {Cont'd)

Date Time Weight (g) Date Time Weight (g)
Marion Clay Madison Alford Jacobs Brevard
(19.9,9.3%)1 (19.9,9.15%)1(19.9,8.5%) (19.9,7.6%) | (20.2,7.9%) | (18.8,9.25%)
22:54 1880.9 1921.6 1981.1
28-Mar{ 9:35 1980.4 1918.8 1977.8
13:20 1980.1 1918.0 1976.8
16:33 1980.1 19176 1975.9
19:50 1979.9 1916.6 1975.3
22:55 1979.7 1916.1 1974.4
29-Mar { 10:46 1979.1 1913.9 19722
13:27 1979.0 1913.4 1971.6
16:45 1978.9 1913.0 1971.0
19:56 1978.8 19123 1970.6
23:00 1978.8 19120 1970.2
30-Mar | 10:36 1978.1 1910.3 1968.2
13:47 1978.1 1910.0 1967.8
17:00 1977.9 1909.5 1967.3
31-Mar | 10:40 1977.3 1907.6 1965.5
17:05 19771 1807.4 1964.7
1-Apr 11:03 1976.7 1805.8 1963.1
20:55 1976.4 1905.0 1862.5
2-Apr 0:45 1975.9 1904.0 1860.9
10:20 1975.4 1902.9 1959.7
20:33 1975.4 19025 1959.2
3-Apr 8:40 1900.8 1956.9
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Table 6.5 : Measured soil weight (Groupil) at temperature 25°C & humidity 75%

Date | Time | Temp. |Humidity Soil Weight [gram]
°c % Clay Madison Jacobs Alford Marion Brevard
. (18.5,13.3%) | (19,11.7%) | (19,12%) | (19,11.7%) (18.3,13.2%)| (18.1,12.9%)
26-Mar| 10:25 | 25.0 75 - 20133
10:50 | 25.0 75 20413
11:02 | 25.0 75 20103 2039.6
11:30 { 25.0 75 2008.1 2037.2
11:51 | 250 75 2044.8
12:05 | 25.0 75 2006.0 20347 2043.3
12:38 | 25.0 75 1999.4
13:00 | 25.0 75 2002.4 2030.9 2039.3 2046.8 1996.6
15:00 | 25.0 75 1994.7 2022.4 2030.5 2035.1 1985.0
15140 | 25.0 75 1967.9
17:40 | 25.0 75 1984.7 2012.0 2019.1 2021.4 1970.5 1957.2
27-Mar| 9:35 | 25.0 75 1926.4 1951.3 1952.3 19426 1895.5 1887.0
12:35 | 25.0 75 1915.8 1940.9 1940.8 1929.4 1884.8 1875.6
17:00 | 25.0 75 1901.0 1927.1 1925.9 1911.7 1871.7 1860.5
28-Mar| 0:50 | 25.0 75 1876.7 1908.4 1903.6 1890.7 1855.2 1840.0
950 | 25.0 75 1855.5 1895.2 1886.2 1879.7 1843.4 1823.4
22:35 { 250 75 1838.8 1885.6 1873.0 1871.3 1833.8 1808.2
29-Mar| 8:20 | 25.0 75 1830.8 1881.0 1867.3 1867.4 1829.1 1800.2
20115 { 25.0 75 1824.1 1876.8 1862.9 1864.0 1825.7 1793.2
30-Mar{ 10:00 | 25.0 75 1818.3 1873.3 1859.2 1860.8 1822.4 17873
Total elapsed time [hr] 95.59 95.17 94.16 93.01 93.37 90.34
Dry Soil weight {gram] 1777.2 1828.3 1825.7 18323 1766.9 1742.6
Jinitial Water Content 13.28% 11.65% 12.00% 11.71% 13.16% 12.93%
Dry Unit Weight [KN/m?] 18.45 18.98 18.96 19.02 18.34 18.09
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Table 6.8 (a) : Water evaporation within 24 hours for six soils (Group Il)

Soil % Clay | % - #200| Weight of evaporated water within 24 hours at different conditions, [gram}
10°C 25°C
(%) (%) 75% RH 95% RH 75% RH 95% RH
Clay County 24 275 72.8 34.0 89.8 27.7
Madison County 12 251 73.7 33.4 94.3 28.8
Jacobs Road 8 20 76.0 32.0 101.2 25.7
Alford City 4 17.6 89.6 37.8 119.0 31.8
Marion County 12 19.9 90.6 34.7 114.8 291
Brevard County 10 16.8 108.0 31.4 102.8 26.3
Table 6.8 (b) : Water evaporation within 48 hours for six soils (Group Ii)
Soil % Clay | % - #200] Weight of evaporated water within 48 hours at different conditions, [gram]
10°C 25°C
(%) (%) 75% RH 95% RH 75% RH 95% RH
Clay County 24 27.5 131.0 59.1 159.1 49.2
Madison County 12 251 129.7 59.5 146.9 54.8
Jacobs Road 8 20 131.8 55.9 160.7 46.0
Alford City 4 17.6 149.1 68.2 169.2 58.1
Marion County 12 19.9 137.8 60.6 - 158.1 51.8
Brevard County 10 16.8 125.0 54.9 161.5 46.3
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Table 6.8 (c) : Water evaporation within 72 hours for six soils {(Group Il)

Soil % Clay | % - #200| Weight of evaporated water within 72 hours at different conditions, [gram]
10°C 25°C
(%) (%) 75% RH 95% RH 75% RH 95% RH
Clay County 24 27.5 163.5 81.6 183.7 73.0
Madison County 12 25.1 156.3 84.5 161.2 776
Jacobs Road 8 20 161.8 79.1 178.8 70.7
Alford City 4 17.6 166.7 98.0 180.7 90.5
Marion County 12 19.9 157.4 84.6 171.5 79.0
Brevard County 10 16.8 150.2 77.6 172.0 70.6

Table 6.8 (d) : Water evaporation within 90 hours for six soils (Group Il)

Soil % Clay | % -#200] Weight of evaporated water within 90 hours at different conditions, {gram]
10°C 25°C

(%) (%) 75% RH 95% RH 75% RH 95% RH

Clay County 24 275 175.6 97.8 192.6 88.6
Madison County 12 25.1 164.1 102.4 166.7 95.3
Jacobs Road 8 20 1711 96.1 184.5 87.7
Alford City 4 17.6 171.8 119.6 185.3 112.56
Marion County 12 19.9 164.6 101.7 176.2 96.1
Brevard County 10 16.8 161.0 94.4 180.5 87.3
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Table 6.8 (e) : Water evaporation within 200 hours for six soils (Group i)

Soil % Clay | % - #200| Weight of evaporated water within 200 hours at different conditions, [gram]
10°C 25°C
(%) (%) 75% RH 95% RH 75% RH 95% RH
Clay County 24 275 - 163.1 - 143.3
Madison County 12 25.1 - 144.9 - 141.7
Jacobs Road 8 7 20 - 156.0 - 162.2
Alford City 4 17.6 - 165.4 - 181.8
Marion County 12 19.9 - 142.7 - 139.1
Brevard County 10 16.8 - 154.2 - 162.5
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Table 6.9(a) : Time needed for soils to dry from OMC+4% to OMC

Percentage of

Percentage of

Time to reach OMC, [hour]

@ Environmental Condition

Soil Clay passing #200 | 10°C,75% | 10°C,95% 25°C,75% | 25°C,95%
Clay County 24 275 22.75 59.57 19.07 72.59
Madison County 12 2561 21.97 54.21 15.46 66.39
Jacobs Road 8 20 22.34 61.76 16.98 74,57
Alford City 4 17.6 18.09 46.4 14.11 58.3
Marion County 12 19.9 16.17 51.75 12.55 . 63.81
Brevard County 10 16.8 19.14 57.03 14.68 73.07
Table 6.9(b) : Time needed for soils to dry from OMC+3% to OMC
Time to reach OMC, [hour]
Percentage of | Percentage of @ Environmental Condition
Soil Clay passing #200 | 10°C,75% 10°C,95% 25°C,75% | 25°C,95%
Clay County 24 275 19.73 51.07 14.51 56.41
Madison County 12 251 19.67 46.8 13.23 52.13
Jacobs Road 8 20 19.16 54.72 12.79 57.23
Alford City 4 17.6 15.85 42.74 10.78 43.89
Marion County 12 19.9 14.61 47.62 9.72 50.98
Brevard County 10 16.8 16.44 50.01 11.4 55.67
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Table 6.9(c) : Time needed for soils to dry from OMC+2% to OMC

Soil

Percentage of

Percentage of

Time to reach OMC, [hour]

@ Environmental Condition

Clay passing #200 | 10°C,75% | 10°C,95% | 25°C,75% | 25°C,95%
Clay County 24 27.5 13.35 35.1 9.7 36.54
Madison County 12 251 13.37 33.5 8.92 35.09
Jacobs Road 8 20 12.97 28.45 8.61 37.03
Alford City 4 17.6 10.76 28.91 7.34 27.25
Marion County 12 19.9 10.04 32.69 6.47 35.04
Brevard County 10 16.8 11.76 36.02 7.84 36.57
Table 6.9(d) : Time needed for soils to dry from OMC+1% to OMC
Time to reach OMC, [hour]
Percentage of | Percentage of @ Environmental Condition
Soil Clay passing #200 | 10°C,75% 10°C,95% 25°C,75% | 25°C,95%
Clay County 24 27.5 6.74 18.11 4.85 18.79
Madison County 12 251 6.73 17.02 4.39 16.83
Jacobs Road 8 20 6.60 18.92 447 17.98
Alford City 4 17.6 5.38 14.51 3.89 13.3
Marion County 12 19.9 5.02 16.76 3.24 15.78
Brevard County 10 16.8 5.93 18.3 4.29 17.01
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Comparison of Drying Rate at Optimum Water Content

(Temperature: 25°C, Relative Humidity: 75%)

Group |l

pienaig

NN Groupi

[;4/1nou/we.b] ‘sjes Builig

Figure 6.9 : Comparison of drying rate at optimum water content for Group | and Group Il tests
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CHAPTER 7

CORRELATION AND ANALYSIS OF SUCTION AND DRYING RATE

EXPERIMENTAL RESULTS

7.1 Correlation of Suction and Drying Rate Test Results

Soil suction is a basic soil property that represents
the ability of a soil to retain watér. Correlation
relationship exists between drying rate and soil suction.
The suction and drying rate test results are further
analyzed in this chapter. Detailed plots concerning the
correlation of soil suction and drying rate results are

presented in Appendix F.

7.1.1 Soil suction versus drying time

Since the test results from the sbil suction Series B
are more reliable than those from Series A, the data from
the drying rate test are used to correiate with the data
from the Series B suction test. Figures 7.1 through 7.5

provide the changes of soil suction value with time for the
190
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six soils at temperature 25°C with various relative humidity
during the drying period. It is shown in the figures that
the soils from Clay County and Madison County have higher
suction values compared to the other four soils. The
drying curves shown in Figures 7.1 and 7.2 indicate that
there 1is no significant influence on the soil suction
values when the environmental relative humidity changes
from 55% to 75%. As shown in Figure 7.3, the drying curves
under 95% relative humidity increase very slowly with time,
which is in constrast to the sharp increase on soil suction
in the beginning of the drying period under lower relative
humidity (55% and 75%). With the same amount of elapsed
time, the suction values for Clay County and Madison County
soils under 95% relative humidity condition are much lower
than those under 55% and 75% relative humidity conditions.
Similiar trends apply to the drying rate Group II tests,

which are illustrated in Figures 7.4 and 7.5.

7.1.2 Drying rate versus drying time

Figures 7.6 through 7.10 demonstrate the drying rate
versus elapsed drying time. The drying rate is the highest
under 055% relative humidity condition and is the lowest

under 95% relative humidity condition at the beginning of
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the drying cycles. It is shown in Figure 7.9 that, when
the soil water condition of the drying cycle is below the
optimum water content, the difference in the drying rate is
not significant for the six soils. However, when the soil
water condition is above the optimum water content, the
soils from Clay County and Madison County have lower drying

rates than the other soils.

7.1.3 Drying rate versus soil suction

Summaries of drying rate and soil suction at
temperature 25°C are presented in Tables 7.1 and 7.2. The
drying rates are plotted as a function of soil suction as
shown in Figures 7.11 through 7.15. Each type of soil has
its own drying rate-suction characteristics. It is shown
that the drying rate decreases with an increase in soil
suction. It appears that the soils from Alford City,
Jacobs Road, Brevard County, and Marion County have drying
rates higher than those from Clay County and Madison
County. In terms of percent of fines, it appears that a
soil, which has percent of fines higher than 20%, may have
a lower drying rate under high humidity and would be more

difficult to handle during construction.
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7.2 Discussion on Theoretical Relationship
Between Suction and Relative Humidity
A theoretical relationship between the relative

humidity (actual vapor pressure divided by saturation vapor
pressure in the unsaturated soil voids) and total suction
based on the Kelvin’s equation (Equation 2.5) is shown in
Figure 7.16. It indicates that relative humidity is an
exponential funétion of total suction. The decline in
relative humidity with increasing suction is initially
small and a substantial decrease in the relative humidity
occurs only after the suction value 1000kPa.
Theoretically, the relationship occurs independent of water
content when all‘the variables are well controlled.

As shown in Figure 7.16, a suction value at 7000kPa
has a corresponding relative humidity 95% (in unsaturated
soil voids). A soil with the suction wvalue higher than
7000kPa will result in a relative humidity lower than 95%
- and this means no more water will evaporate from the soil
when a soil is subjected to an environmental condition at
95% relative humidity. For instance, the soils from Clay
and Madison County, which contain percent of fines greater
than 20%, possess suction value higher than 7000 kPa will

. cause the soil to stop drying.
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It 1is difficult to compare all the controlling
variables since each soil type has a different initial
water content and the volume of water available for
evaporation. The analysis for a soil sample other than a
thin léyer requires a theoretical approach that includes

the influence of the flow process below the soil surface.
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Table 7.1(a) : Summary of soil suction and drying rate at OMC

Soils Percent of | Percent of Water Suction Drying rate (Group 1)
Clay Passing #200| content @75%R.H. | @95%R.H.
% % % kPa gram/hour/ft>

Clay 24 27.5 9.1 510 7.5 1.8
Madison 12 25.1 8.5 439 8.5 2.3
Jacobs 8 20 7.9 335 8.8 2.0
Alford 4 17.6 7.6 261 10.6 2.8
Marion 12 19.9 9.3 313 11.3 23
Brevard 10 16.8 9.25 445 9.2 2.2

Table 7.1(b) : Summary of soil suction and drying rate at OMC plus 1%

Soils Percent of | Percent of Water Suction Drying rate (Group {i)
Clay Passing #200] content @75%R.H. | @895%R.H.
% % % kPa gram/hour/ft?

Clay 24 275 10.1 226 7.5 2.0
Madison 12 251 9.5 265 8.1 1.9
Jacobs 8 20 8.9 283 9.1 1.9
Alford 4 17.6 8.6 234 11.3 2.5
Marion 12 19.9 10.3 249 11.3 1.8
Brevard 10 16.8 10.25 401 10.3 1.8
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Table 7.1(c) : Summary of soil suction and drying rate at OMC plus 2%

Soils Percent of | Percent of Water Suction Drying rate (Group II)
Clay  |Passing #200} content @75%R.H. | @95%R.H.
% % % kPa gram/hour/ft?

Clay 24 27.5 11.1 101 7.8 1.8
Madison 12 251 10.5 160 8.8 2.1
Jacobs 8 20 9.9 240 8.8 1.8
Alford 4 17.6 9.6 210 11.2 22
Marion 12 19.9 11.3 198 11.3 2.3
Brevard 10 16.8 11.25 362 10.6 1.8

Table 7.1(d) : Summary of soil suction and drying rate at OMC plus 3%

Soils Percent of | Percent of Water Suction Drying rate (Group Il)
Clay Passing #200]  content @75%R.H. | @95%R.H.
% % % kPa gram/hour/ft?

Clay 24 27.5 12.1 45 11.5 2.1
Madison 12 251 11.5 97 12.5 26
Jacobs 8 20 10.9 203 8.8 2.1
Alford 4 17.6 10.6 188 11.2 2.6
Marion 12 19.9 12.3 157 12.0 3.0
Brevard 10 16.8 12.25 327 11.1 22
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Table 7.1(e) : Summary of soil suction and drying rate at OMC plus 4%

Soils Percent of | Percent of Water Suction Drying rate (Group I1)
Clay Passing #200] content @75%R.H. @95%R.H.
% % % kPa gram/hour/ft?
Clay 24 27.5 131 20 10.0 24
Madison 12 251 12.5 58 - 3.5
Jacobs 8 20 11.9 172 13.1 2.8
Alford 4 17.6 11.6 168 12.2 29
Marion 12 19.9 13.3 125 16.5 -
Brevard 10 16.8 13.25 295 - 4.0
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Table 7.2(a) : Summary of soil suction and drying rate at 25°C
(Water content = 8%)

Soils Percent of Percent of Suction Drying rate (Group I)
Clay Passing #200 @75%R.H. @95%R.H.
% % kPa gram/hour/ft?
Clay 24 27.5 1245 7.4 1.6
Madison 12 251 565 8.5 23
Jacobs 8 20 329 8.8 1.9
Alford 4 17.6 250 10.9 2.8
Marion 12 19.9 421 9.3 2.0
Brevard 10 16.8 506 79 1.8
Table 7.2(b) : Summary of soil suction and drying rate at 25°C
(Water content = 9%)
Soils Percent of Percent of Suction Drying rate (Group I)
Clay Passing #200 @75%R.H. @95%R.H.
% % kPa gram/hour/ft?

Clay 24 27.5 553 7.5 1.8
Madison 12 25.1 341 8.4 22
Jacobs 8 20 279 8.9 1.9
Alford 4 17.6 224 11.2 24
Marion 12 19.9 335 11.3 2.4
Brevard 10 16.8 456 8.9 2.1
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Table 7.2(c) : Summary of soil suction and drying rate at 25°C

(Water content = 10%)

Soils Percent of Percent of Suction Drying rate (Group )
Clay Passing #200 @75%R.H. @95%R.H.
% % kPa gram/hour/ft*
Clay 24 27.5 246 7.5 2.0
Madison 12 25.1 206 7.9 1.9
Jacobs 8 20 236 8.8 1.9
Alford 4 17.6 201 10.8 2.4
Marion 12 19.9 266 11.3 1.9
Brevard 10 16.8 412 10.0 2.0
Table 7.2(d) : Summary of soil suction and drying rate at 25°C
(Water content = 11%) .
Soils Percent of Percent of Suction Drying rate (Group [l)
Clay Passing #200 @75%R.H. @95%R.H.
% % kPa gram/hour/ft?

Clay 24 27.5 109 7.5 1.7
Madison 12 25.1 125 8.8 23
Jacobs 8 20 200 8.8 21
Alford 4 17.6 180 11.7 26
Marion 12 19.9 212 11.3 24
Brevard 10 16.8 372 10.5 1.7
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Table 7.2(e) : Summary of soil suction and drying rate at 25°C

(Water content = 12%)

Soils Percent of Percent of Suction Drying rate (Group II)
Clay Passing #200 @75%R.H. @95%R.H.
% % kPa gram/hour/ft?
Clay 24 27.5 48 79 22
Madison 12 251 75 - 31
Jacobs 8 20 169 14.5 2.8
Alford 4 176 161 15.0 3.1
Marion 12 19.9 169 11.6 286
Brevard 10 16.8 335 11.0 2.1
Table 7.2(f) : Summary of soil suction and drying rate at 25°C -
{Water content = 13%)
Soils Percent of Percent of Suction Drying rate (Group I)
Clay Passing #200 @75%R.H. @95%R.H.
% % kPa gram/hour/ft?
Clay 24 27.5 22 7.5 23
Madison 12 25.1 45 - 3.8
Jacobs 8 20 143 - 3.3
Alford 4 17.6 144 - 3.5
Marion 12 19.9 134 15.0 3.5
Brevard 10 16.8 303 12.0 23
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The soils used for this study were classified as low in
plasticity and permeability, non-swelling and non-active and
were tested with a range of water content below and above
the optimum water content. The conclusions afe drawn based
on the analysis and findings of the soil suction and drying

rate test results.

8.1.1 Suction Test Program

Based on ’the test results, the conclusions may be

drawn as the following:

1. Most of the soils possess low suction wvalues in the
range of 100 kPa to 1000 kPa except that the soils
from Clay County and Madison County have relatively
higher suction values at drier condition (more than
3000 kPa). These suction values are relatively low
as compared to the full range of suction values from

0 kPa to 1000000 kPa for the moisture condition from
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full saturation to air-dry condition.
The soil suction increases with a decrease in water
content and it increases rapidly for some soils with

very little decrease in water content. The suction-
water content (1-w) relationships for the wet side

of the optimum water content behave differently from
those for the dry side of the optimum. This trend
is very significant for the soils from Clay County
and Madison County.

The suction values vary significantly with water
content when the percent of clay content is greater
than 10% and the percent of fines passing 200 sieve
is greater than 20%. The suction values are
generally limited to within 100 to 3000 kPa with the
percent of fines (-*200 sieve) less than 20%.

. No significant evidence of <correlation exists
between the soil suction and permeability values for
the six soils.

. No significant changes in suction value occur when
the degree of saturation is within 95% to 70%.
However, the suction values of Clay County and
Madison County soils increase significantly with a
decrease in the degree of saturation below 70%.

The values of the specific volume for the six soils
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are within the range of 0.04 to 0.07 regardless of
the water content. Those values are very low as

compared with those from high volume change soils.

B8.1.2 Soil drying rate test program

1.

The Clay County soil evaporated the largeSt amount
of water among the six soils within a certain period
of time while the Marion County soil evaporated the
least amount of water. |
In general, the drying rate decreases with a
decrease in water content. When the soil is dried
from the wet side of optimum water content, the rate

of decrease in drying is more significant

. Overall, the Alford City soil had the highest drying

rate for the entire range of drying period. The
Clay County soil had the lowest drying rate at the
water content higher than 8 percent. The Marion
County soil ceased to dry at relatively higher water
content, which resulted in thé lowest drying rate at

the water content lower than 7 percent.

. The influence of the relative humidity on the soil

drying rate is much more significant than that of
the temperature. When the relative humidity is at
95%, the rate of water evaporation reduces

significantly as compared to the rate .at either 55%
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or 75% relative humidity.

5. The time needed to dry from the wet side of optimum
water content to optimum water content for the six
soils wvaried at different levels of relative
humidity. Generally, the Clay County soil needs the
longest time to reach optimum water content whereas
the Marion County soil needs the shortest time at
75% relative humidity. When the relative humidity
is high (95%), the Jacobs Road soil takes the
longest time to reach optimum water content while
the Alford City soil takes the shortest time to
reach optimum water content.

6. The drying rate increases with an increase in the

percent of -*200 fines or clay content.

8.1.3 Correlation and analysis of suction and drying rate

experimental results

1. The difference in the drying rate for the six soils
is not significant when the soil water condition is
below the optimum water content. When the soil
water condition is above the optimum water content,
the Clay and Madison County soils have lower drying
rates.

2. The drying rate decreases with an increase in soil
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suction. The drying rate vélues for both Group I
and Group II tests in terms of soil suction are
quite similar when the soil suction value is higher

than 400 kPa. When the soil suction is lower than

400 kPa, it appears that the Clay County soil has

the lowest drying rate on the basis of the same

amount of suction.

. The soils from Alford City, Jacobs Road, Brevard

County, and Marion County have higher drying rates

than those from Clay County and Madison County.

. The A-2-4 soils with high percent of -f200 fines

(>20%) may have lower drying rates or higher suction
values, which would be more difficult to handle for
highway construction in a region with high relative

humidity.

8.2 Recommendations

The following recommendations are made based on the

observations and discussions in this study

1.

Both suction and drying rate tests should be done in
a well temperature-controlled laboratory to
eliminate the effect of temperature fluctuation and
gradient so that a high accuracy may be achieved.

For the suction test, alternative teét methods

should be used to double check the test results.
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The filter paper method 1is recommended for its
economical sake.

. When the suction value is low, the accuracy of the
data recording becomes important. A data logger
connected to a PC is recommended to allow the
automated storage, reduction, and manipulation of
the data.

In order to fully investigate the relationship
between the drying rate and the percent of clay
fraction or percent of fines passing #200 sieve, the
soils selected for the test program should have an
entire range of distribution of the percent of fines

up to 35% for A-2-4 soils.



APPENDIX A : PHASE I TEST RESULTS
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Table B.2(a) : Equations of Calibration Lines for Nine Psychrometers

(Calibration A)

Psychrometer No. | Cooling Coefficient Equation R?
1 54 ©=127.67 E;5 - 146.69 0.9916
2 55 ©=121.76 E,5 - 168.45 0.9946
3 58 T =127.2E,5 - 101.08 0.9977
4 60 t=127.16 Ep5 - 131.11 0.9917
5 61 T = 120.29E 5 - 94.81 0.9989
6 61 T = 120.52E,; - 83.824 0.9989
7 62 T = 123.43 Eys - 230.09 0.9924
8 63 t=129.7 Ey5 - 247.73 0.9965
9 63 T = 129.68E,5 - 251.32 0.9898

Table B.2(b) : Equations of Calibration Lines for Nine Psychrometers

(Calibration B)

Psychrometer No. | Cooling Coefficient Equation R?

1 54 ©=132.05E, - 231.4 0.9926
2 55 T=122.08 E,5 - 208.73 0.9979
3 58 ©=131.23 Ey5 - 279.38 0.9965
4 60 T=119.8 E;5 - 119.44 0.9923
5 61 = 120.8 Ex5 - 127.46 0.9913
6 61 ©=130.54 E,;5 - 327.71 0.9991
7 62 ©=119.36 Ey5 - 356.83 0.991

8 63 ©=129.21 E,5 - 253.61 0.989

9 63 ©=121.38 E;5 - 160.44 0.9856
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Table D.8 : Measured soil weight at temperature 0°C & humidity 95% (Group I)

Date Time | Temp. | Humidity Weight (g)
°C (%) Clay Madison Alford Jacobs Brevard Marion
(19.49.1%) | (20.1,85%) | (20,7.6%) | (20.1,7.9%) | (18.8.9.25%) (20,9.2%)
27-Jun | 12:35 0.0 95 2037.2
14:35 0.0 95 20241
15:31 0.0 g5 2099.7
23:00 0.0 95 20105 2079.4
28-Jun | 8:30 0.0 95 2000.6 2068.3
17:20 0.0 85 1991.7 2058.9
18:23 0.0 95 2064.9
19:03 0.0 g5 2085.3
19:32 0.0 a5 2105.3
20:13 0.0 95 1971.2
29-Jun | 10:15 0.0 95 19776 2046.4 2041.4 2063.6 1951.7 2085.3
22:35 0.0 95 1968.2 2038.5 2029.5 2054.2 1943.2 2075.4
30-Jun | 10:30 | . 0.0 95 19860.0 20324 2018.7 2045.7 1936.1 2067.4
23:20 0.0 95 1951.6 2027.0 2008.5 2036.8 1929.0 2058.8
1-Jul 11:00 0.0 g5 1945.6 20235 1997.0 2029.6 1923.6 2052.5
2-Jul 1:00 0.0 95 1939.1 2019.9 1986.3 2021.5 1917.4 2045.7
9:45 0.0 95 1935.5 20174 1980.8 2017.0 1913.9 20425
22:40 0.0 95 1931.6 2015.0 1974.1 2011.5 1910.3 2038.3
3-Jul 11:55 0.0 95 1927.6 20125 1968.2 2005.1 1904.0 2033.4
22:45 0.0 g5 1925.1 2011.2 1965.1 2002.1 1900.3 2031.3
4-Jul 10:40 0.0 95 1923.1 2010.3 1962.5 1999.0 1896.8 2029.7
21:35 0.0 95 1921.4 2009.3 1960.6 1996.7 1893.8 2028.3
5-Jul 14:25 0.0 95 1918.8 2008.0 1858.1 1993.6 1889.6 2026.3
6-Jul 9:45 0.0 85 1916.2 2006.6 1956.1 1991.1 1884.2 2024.6
7-Jul | 21:30 0.0 g5 1913.5 2004.7 1953.7 1988.5 1878.9 2022.8
22:55 0.0 g5 19122 2004.3 1953.0 1987.7 1876.6 20225
8-Jul 8:50 0.0 95 1911.4 2003.8 1952.4 1986.6 1875.0 2022.0
21:20 0.0 95 1910.5 2003.4 1951.3 1985.8 1873.2 2021.7
9-Jul 9:50 0.0 85 1909.6 2002.9 1950.9 1985.3 1871.5 2021.4
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Table D.9 : Measured soil weight at temperature 10°C & humidity 75% {Group I)

Date | Time { Temp. |Humidity Weigth (g)
°c (%) Clay Madison Alford Jacobs Brevard Marion
(19.39.1%) | (20.1.8.5%) | (19.57.6%) | (19.7.7.9%) | (18.6,9.2%) | (1 9.8,9.3%)
7-Aug | 10:54 | 104 78 2026.6
11:30 | 100 73 2098.0
-12:04 | 10.0 73 2024.8
1232 | 100 73 2050.3
1259 | 10.0 73 2080.4
1345 | 100 73 20117 2084.6 2014.8 2040.4 1955.1 20715
17:20 | 100 73 2000.4 20737 2004.3 2029.8 1938.7 2059.3
21:35 | 100 78 1988.9 2061.4 1993.2 2018.3 1927.1 2048.4
8-Aug | 11:50 | 10.0 78 1954.1 2026.8 1958.1 1987.2 1899.0 2021.6
15:00 | 10.0 70 1947.6 2020.0 19525 1981.3 1894.0 2016.9
20:05 | 10.0 75 1940.1 20128 19449 19745 1888.4 2011.8
9-Aug | 11:57 | 100 73 1924.5 1998.2 1931.1 1959.6 1874.0 2000.4
23:28 1 100 73 1917.5 1992.7 1926.3 1953.6 1866.8 1995.3
10-Aug| 11:55 | 10.0 77 19119 1988.2 1922.5 1949.1 1860.4 1991.3
21:18 | 10.0 76 1808.6 1986.3 1920.6 1946.7 1856.7 1989.1
11-Aug| 10:50 { 101 74 1904.5 1983.1 1917.8 1943.8 1852.0 1986.3
21:20 | 100 68 1901.2 1980.4 1816.0 1941.4 1848.2 1983.1
12-Aug} 11:30 | 9.8 7 18¢8.7 1978.9 19145 1939.6 1845.5 1982.2
21:20 | 100 76 1896.8 1977.6 19135 1938.4 1843.4 1981.1
13-Aug| 1215 | 9.9 4l 1894.5 1975.9 1912.0 1936.9 1840.7 1979.7
2155 | 99 74 1893.1 1974.8 1911.2 1936.0 1839.5 1978.9
14-Aug| 1217 | 10.0 7 1891..4 19734 1910.0 1934.7 1837.6 1977.9
15-Aug| 1048 | 98 72 1889.0 1971.6 1808.7 1933.0 1835.2 1976.6
16-Augf 9:50 10.0 73 1887.0 1969.9 1907.6 1931.6 1833.2 1975.1
17-Aug| 11:03 | 10.0 75 1885.6 1968.9 1906.7 1930.7 1832.1 1974.8
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Table D.10 : Measured soil weight at temperature 10°C & humidity 95% (Group I)

Date Time | Temp. | Humidity Weight ()
°c (%) Clay Madison Alford Jacobs Brevard Marion
(19.1,9.1%) | (20.2,8.5%) | (19.6,7.6%) | (20.2,7.9%) | (1 8.7,9.2%) | (20.1,9.3%)

25-Aug | 16:20 | 10.0 94 2004.3

16:37 9.9 96 2108.1

16:53 | 100 96 2030.8

17:29 | 100 96 2095.0

18:16 | 10.0 95 2116.0

19:07 { 102 94 1985.9 2099.9 20234 2087.8 1965.3 2109.7

2328 | 10.0 96 1980.3 2094.1 20179 2082.3 1955.4 21041
26-Aug | 10:25 { 10.0 97 1978.4 2080.8 2005.0 2070.6 1944.1 2093.3

15:05 { 10.0 96 1973.8 2075.3 1999.5 2065.7 1939.5 2088.8
27-Aug | 0:05 10.0 95 1964.9 2064.4 1988.9 2085.7 1930.7 2080.2

8:00 10.0 96 1957.4 2055.4 1979.6 20471 1923.7 20743
28-Aug | 0:57 10.0 96 1943.2 2039.1 1961.7 2030.7 1911.2 2063.3

9:25 10.0 85 1937.4 2033.1 1954.6 2023.4 1906.2 2059.2

20:28 { 100 95 1929.7 2026.0 1946.3 2015.0 1899.9 2054.1
29-Aug | 10:10 | 10.0 95 1921.6 2019.7 1939.5 2007.2 1894.1 2049.9

17.02 | 100 95 1917.7 2017.3 1937.3 2003.5 1891.5 2048.2

2241 10.0 85 19145 2015.3 1935.4 2001.1 1889.5 2046.9
30-Aug | 15:36 | 10.0 g5 1907.9 2012.1 1932.0 1995.6 1884.7 2043.7

22:10 | 100 94 1905.4 2010.8 1931.0 1994.1 1883.0 2042.8
31-Aug | 10:26 | 10.0 95 1901.7 2008.8 1929.2 1991.6 1880.3 2041.5

20:46 | 100 94 1889.3 2007.5 1927.9 1990.1 1878.4 2040.8
1-Sep 9:40 10.0 95 1896.2 2006.8 1926.9 1988.8 1876.5 2040.1

20:56 | 10.0 95 1894.1 2005.6 1926.1 1987.2 1874.7 2039.1
2-Sep | 10:.01 10.0 96 1892.0 2005.2 1925.2 1986.4 18731 2038.9
3-Sep | 13:03 | 10.0 85 1888.4 2003.6 1923.6 1984.3 1870.6 2038.1
4-Sep | 1242 | 100 96 1886.2 2002.7 1922.6 1983.0 1868.7 2037.5
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Table D.11: Measured soil weight at temperature 25°C & humidity 55% (Group 1)

Date { Time | Temp. | Humidity Weight (g)
°Cc) (%) Clay Madison Alford Jacabs Brevard Marion
(19.59.1%) | (19.9.8.5%) | (19.7,7.6%) | (19.8,7.9%) | (18.9,9.2%) (20.0,9.3%)

21-Jul| 1045 | 25.0 55 21021

13112 | 250 55 2049.6

1336 | 25.0 55 2076.4

15:38 | 25.0 55 2053.6

16:31 | 25.0 55 1992.0

16:46 25.0 54 20204 2050.1 20441 2056.5

21:45 25.0 58 1983.2 20241 2011.7 20125 1957.1 2039.2
22-Jul| 10:15 25.0 S5 1851.8 1988.4 1957.2 19739 1919.6 20148

16:40 25.0 55 1943.3 1981.7 1947.6 1966.7 1809.5 2008.5

21:10 250 85 1937.9 1978.2 1943.2 1963.3 1903.8 2005.1
23-Jul| 1:37 25.0 55 1933.8 1975.1 1939.7 1960.3 1898.7 2002.2

1347 | 25.0 55 1925.5 1968.7 1932.8 1954.5 1887.6 19955
24-Jul| 845 250 53 1917.4 1963.0 1927.0 19495 1877.2 19980.2

21.05 250 57 19131 1959.6 18239 1946.6 1871.6 1986.7
25-Jut| 8:05 250 55 1907.3 1954.9 1919.9 19428 1864.6 1982.3
26-Jul{ 10:00 250 54 1804.9 1952.9 1918.1 1941.1 1861.8 1980.4

20:05 250 54 1903.2 1951.7 19171 1940.1 1860.1 1979.3
27-Jul| 10:30 | 250 55 1901.4 1950.0 1915.8 1938.8 1858.1 1977.7

20:.07 250 54 1800.2 19491 1915.0 1938.0 1857.1 1976.9
28-Jul{ 10:48 250 54 1898.8 1948.0 19142 1837.1 1856.0 1976.2

21:00 250 58 1898.0 1947.2 19135 1936.3 1855.3 1975.3
29-Jul| 10:30 | 25.0 56 1896.9 1946.1 1912.8 1935.3 1854.1 1974.1
30-Jul| 10:12 25.0 53 18985.6 19449 1911.9 19345 1853.0 1972.7
31-Jul| 10:20 25.0 54 1894.7 1943.9 1911.5 1933.7 1852.5 1972.1
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Table D.12 : Measured soil weight (Group 1) at temperature 25°C & humidity 75%

Date Time Weight (g) Date Time Weight (g)
Marion Clay Madison Alford Jacobs Brevard
(19.9.9.3%) | (19.9,9.15%){(19.9,8.5%) (18.9,7.6%) | (20.2,7.9%)| (18.8,9.25%)
20-Mar | 14:25 2094.7 9-Apr 13:00 1972.8
16:36 2085.5 13:20 2097.0
18:50 20749 17:25 2077.7 1952.7
21:10 2065.7 17:40 2085.9
23:40 2056.9 10-Apr 9:30 1989.1 2026.4 1908.7
21-Mar 1:00 2052.3 11:45 1982.0 2021.7 1904.8
7:10 2034.8 13:51 1976.3 2017.4 1901.2
9:40 2029.4 22:40 1962.7 2006.1 1889.7
12:00 2025.0 11-Apr 9:20 1955.4 1999.2 1879.8
14:26 2021.4 13:35 1953.3 1997.0 1876.5
16:28 20189 16:30 1952.0 1995.7 1874.7
22:28 2011.7 22:30 1950.2 1993.8 1871.4
22-Mar 1:18 2009.2 12-Apr | 10:20 1945.6 1990.2 1865.1
2:18 2008.3 16:45 1945.6 1988.9 1862.7
8:18 2004.2 22:15 1943.9 1987.4 1860.5
11:35 20022 13-Apr | 13:50 1941.4 1984.7 1856.1
14:23 2000.9 15:57 1940.8 19843 1855.5
17:06 1999.6 17:45 1940.6 1984.0 1855.1
2212 1997.6 14-Apr 9:50 1938.8 1982.0 1851.9
23-Mar | 750 1994.4 12:20 1938.4 1981.6 1851.2
11:25 1993.6 19:25 1937.7 1980.9 1850.3
19:50 1991.6 18-Apr | 9:10 1936.5 1979.7 1848.6
24-Mar 8:56 1987.0 11:20 1936.3 1979.3 1848.2
10:44 1986.8 2054.8 13:16 1936.0 1979.2 1848.1
13:48 1986.6 2040.7 16:43 1935.7 1979.0 1847.7
20:05 1986.0 20144 20:20 1935.5 1978.6 1847.4
23:43 1985.5 2000.5 22:16 1935.3 1978.3 1847.2
25-Mar | 11:35 1984.7 1964.1 16-Apr 9:16 1934.6 1977.5 1846.4
13:15 1984.4 1960.8 12:45 1934.4 1977.3 1846.1
14:20 2082.6 16:45 1934.2 19771 1845.9
21:34 1983.9 1949.2 2050.2 | 17-Apr 0:10 1933.7 1976.5 18453
26-Mar 9:05 1983.1 1938.9 2013.1 9:10 1933.3 1976.1 1844.8
11:15 1982.9 1937.3 2008.4 15:32 1933.0 1975.8 1844.5
13:15 1982.8 1936.1 20049 | 18-Apr 9:35 1932.4 1974.8 18440
17:30 1982.6 1933.5 1999.1 17:00 1932.0 1974.6 1843.6
19:20 1982.4 19324 19972 | 19-Apr | 16:33 19311 1973.1 1842.9
23:.08 1982.2 1930.4 18936 | 20-Apr | 10:15 1930.7 1972.9 1842.7
27-Mar 9:23 1981.7 1925.9 1987.2
11:40 1981.6 1925.2 1986.0
13:45 1981.5 1924.5 1985.0
16:24 1981.3 1923.4 1983.8
19:55 1981.2 1922.5 1982.3
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Table D.12 : Measured soil weight (Group ) at temperature 25°C & humidity 75% (Cont'd)

Date Time Weight (g) Date Time Weight (g)
) Marion Clay Madison Alford Jacobs Brevard
(19.9,9.3%)| (19.9.9.15%) ] (19.9,8.5%) (19.9.7.6%) | (20.2,7.9%) | (18.8,9.25%)
22:54 1980.9 1921.6 1981.1
28-Mar 9:35 1980.4 1918.8 1977.8
13:20 1980.1 1918.0 1976.8
16:33 1980.1 1917.6 1975.9
19:50 1979.9 1916.6 1975.3
22:55 1979.7 1916.1 1974.4
20-Mar | 10:46 19791 1913.9 1972.2
13:27 1979.0 1913.4 1971.6
16:45 1978.9 1913.0 1971.0
19:56 1978.8 19123 1970.6
23:00 1978.8 1912.0 1970.2
30-Mar | 10:36 1978.1 1910.3 1968.2
13:47 19781 1910.0 1967.8
17:00 1977.9 1909.5 1967.3
31-Mar | 10:40 1977.3 1807.6 1965.5
17:08 19771 1807.4 1964.7
1-Apr 11:03 1976.7 1905.8 1963.1
20:55 1976.4 1905.0 1962.5
2-Apr 0:45 1975.9 1904.0 1960.9
10:20 1975.4 1902.9 1959.7
20:33 1975.4 1802.5 1959.2
3-Apr 8:40 1900.8 1956.9
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Table D.13 : Measured soil weight (Group 1) at temperature 25°C & humidity 95%

Date | Time | Temp. | Humidity Weight (g)
°c % Clay Madison Alford Jacobs Brevard Marion
{(19.6,9.1%) |(20.0,8.56%)| (19.9,7.6%) | (20.0,7.9%) | (19.0,9.25%)| (20.1,9.2%)

16-Jun| 14:30 | 25.0 95 2082.6

15:40 | 25.0 95 2080.0

16:55 | 25.0 95 2077.8
17-dun| 9:24 250 g5 20471

10:00 | 250 95 2057.3

11:22 | 250 95 2003.0

13:47 | 25.0 95 - 2052.2 20416 2000.0

15:55 | 25.0 95 2047 1 2037.1 1995.1

23251 250 95 2035.2 20271 1984.1
18-Jun{ 10:30 | 25.0 95 2018.2 20141 1968.1

1208 | 25.0 95 2083.5

12:35 { 25.0 95 2063.8

1430 | 250 95 2058.3 2077.2 2011.4 2010.0 1961.8

15:30 | 25.0 95 21154
19-Jun| 10:40 | 25.0 95 2035.6 2054.4 1989.8 1999.5 1940.6 2092.0

1345 | 250 95 2032.1 2050.7 1986.4 1997.9 1937.2 2088.3

1430 | 25.0 95 2031.0 2049.4 1985.2 1997.2 1936.2 2087.0

1555 | 250 95 20294 2047.6 1983.3 1996.4 19345 2085.0

20:07 | 25.0 95 2024.7 20426 1978.7 1994.7 1930.4 2079.4
20-Jun| 1045 | 25.0 95 20136 2030.3 1968.4 1990.6 1919.4 2066.1

15:30 | 25.0 95 2009.7 2026.6 1965.7 1989.0 1916.1 20622

2350 25.0 95 2003.9 2021.6 1961.9 1987.2 19111 2056.4
21-Jun| 7:00 25.0 95 1998.3 2017.8 1959.1 1985.3 1907.0 2052.2

1410 | 25.0 g5 1993.4 20153 1957.0 1984.2 1903.8 20481

21:40 | 250 95 1988.4 20131 1955.1 1982.9 1900.7 2046.3
22-Jun| 1185 | 25.0 95 1980.1 2010.2 1952.4 1980.8 1895.9 2042.6

21:00 | 250 95 1975.4 2008.8 1950.9 1979.7 1893.6 2040.6
23-Jun| 9:45 25.0 95 1970.1 2007.9 1949.8 19789 | 1891.0 2039.2

2210 | 250 95 1965.9 2007.4 1948.9 1978.2 1889.1 2038.3
24-Jun| 10:10 | 250 85 1962.6 2006.9 1948.2 1977.8 1887.4 2037.7
25-Jun| 9:40 250 95 1957.7 2006.6 1946.9 1977.2 1885.2 2036.9
26-Jun| 9:45 25.0 95 1953.1 2005.9 1945.8 1976.1 1883.4 2036.2
27-Jun] 10:50 | 25.0 95 1950.0 2005.9 1944.9 1975.5 1882.0 2035.8
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Table D.14 : Measured soil weight (Group I) at temperature 40°C & humidity 55%

Date Time | Temp. | Humidity Weight(g)
oC % Clay Madison Alford Jacobs Brevard Marion
(18.7,9.1%) | (20.3,8.5%) | (19.9,7.6%) | (20.1 7.9%) | (19.1,9.2%) | (20.0,9.3%)

6-Sep 1:29 40.0 55 2058.7

1:32 40.1 g5 2068.2

1.33 40.0 55 2005.6

1:49 39.9 54 2085.3

2:00 40.0 S5 2110.7

24 40.0 53 21176

247 40.0 53 2060.6 2050.7 2079.7 1995.6 2105.4

11:17 | 40.0 54 1990.6 2049.3 1985.6 2016.1 1940.7 20428

17118 | 4041 57 1967.8 2023.1 1966.1 1996.0 1922.1 2025.0
7-Sep 1:39 40.0 55 1951.9 2008.1 1954.3 1983.6 1905.2 2011.7

20:05 { 400 83 1939.0 1997.5 19454 1974.5 1889.4 2001.1
8-Sep | 13:30 | 40.0 53 1931.0 1991.2 1940.4 1969.2 1879.8 1985.0

15.01 40.0 53 1925.1 1986.4 1936.8 1965.3 1873.1 1990.4
9-Sep 8:15 40.1 54 1919.6 1981.7 1933.3 1961.7 1867.2 1986.2

22:40 | 400 53 1916.1 1978.6 1931.4 1959.4 1863.9 1983.7
10-Sep | 11:01 40.0 51 1914.0 1976.7 1929.9 1957.8 1862.1 1981.4

21:20 | 39.9 55 19125 19755 1929.2 1956.9 1861.3 1980.8
11-Sep | 9:40 40.0 55 1911.2 19743 1928.7 1956.2 1860.5 1979.8

20:00 | 401 S5 1910.3 1973.3 1928.3 1955.7 1860.0 1979.2
12-Sep | 14119 | 4041 85 1909.2 1972.2 1927.6 1954.7 1859.3 1978.4
13-Sep | 13:42 | 400 55 1908.5 1971.1 1927.4 1954.1 1858.8 19775
14-Sep | 13:09 { 40.0 §5 1908.1 1970.2 1927.2 1953.7 1858.5 19771
15-Sep | 12:47 | 40.1 55 1907.8 1969.6 1926.8 1953.4 1858.5 1976.7
16-Sep | 10:26 | 40.0 55 1907.7 1969.1 1926.8 1953.3 1858.2 1976.2
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Table E.5 : Measured soil weight at temperature 10°C & humidity 75% (Group )

Date { Time | Temp. {Humidity Weight (9)
°c % Clay Madison Alford Jacobs Brevard Marion
(18.6,13%) |(18.7,12.2%)! (19,11.3%) | (19.1,11.7%) (18.212.7%) | (18.4,13%)

15-Aprl  1:45p| 10.0 82 2018.7

2:25p] 10.0 76 2022.5

3:00p] 10.0 82 2015.5 2007.8 2051.5

3:40p{ 10.0 77 1999.8

4:20p| 10.0 73 2009.8 2003.1 2039.4 2050.8 1989.9

4:40p} 10.0 74 1977.2

6:45p| 10.0 77 2002.6 1996.3 2030.8 2036.6 1963.7 1980.4

8:55pf 10.0 73 1996.5 19890.1 2023.0 2029.8 1956.7 1971.9
16-Apr] 8:55a] 9.9 73 1964.0 1957.6 1981.9 1995.2 1920.6 1929.6

3:45pf 9.9 75 1946.1 1939.8 1959.4 1976.4 1901.5 1908.9

10:15p] 10.1 75 1929.5 1923.3 1929.5 1959.0 1885.2 1892.3
17-Apr| 1:50p] 10.0 75 1892.4 1888.8 1903.4 1923.5 1855.6 1863.7
18-Apr{ 9:00a| 10.0 73 1863.2 1864.9 1887.0 1894.5 1832.9 1845.9

10:55p| 10.0 75 1852.4 1857.5 1882.0 1884.1 1822.2 1838.5
19-Aprl 8:30p] 9.9 74 18420 1850.4 1877.0 1875.8 1811.1 1831.9
20-Apr| 1:15p} 9.9 74 1836.4 1846.7 1874.3 18721 1804.9 1828.7
Total elapsed time 118.84 119.50 118.25 116.92 116.58 117.59
Dry Soil 1790.5 1798.9 1843.4 1836.1 1754.4 1770.2
Initial Water Content 12.96% 12.22% 11.29% 11.69% 12.70% 12.87%
Dry Unit Weight 18.59 18.68 19.14 19.06 18.21 18.38
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Table E.6 : Measured soil weight at temperature10°C & humidity 95% (Group )

Date | Time | Temp. |Humidity Weight (g)
°c % Clay Madison Alford Jacobs Brevard Marion
(18.6,13.0%)| (19.11.8%) | (19,11.1%) |(19.1,11.6%)| (18.3,12.6%) [ (18.5,12.8%)
13.3% 11.7% 11.7% 12.0% 12.9% 13.2%
21-Apr| 1:27pj 10.0 g5 2019.0
2:30p} 10.0 95 2011.7 2008.2
4:17p| 10.0 95 2009.2 1999.7
4:57p| 10.0 95 2045.8
5:09p{ 10.0 95 2050.5
6:05pf 10.0 95 2006.8 2041.3 2038.1 2043.2 1997.5
6:25p| 10.0 95 1986.0
10:55p| 10.0 95 2001.2 2029.4 2031.5 2037.6 1974.7 1991.6
22-Apr| 11:12a] 10.0 g5 1987.4 20155 2015.3 2024.7 1961.8 1977.2
7:56p] 10.0 95 1978.0 2005.8 2004.2 2015.6 1953.1 1967.5
23-Apr| 11:57a] 10.0 95 1961.4 1988.2 1983.8 1999.6 1937.2 1950.2
8:20p| 10.1 a5 1953.3 1979.5 1973.4 1991.5 1929.3 1941.7
24-Apr| 10:25a] 10.2 95 1940.1 1964.6 1955.8 1977.8 1915.9 1927.5
25-Apr| 8:50a] 10.0 95 1920.0 1941.9 1928.5 1956.6 1894.8 1906.2
11:23p} 10.0 95 1907.7 1928.5 19125 1942.6 1881.9 1894.3
26-Apr| 10:25a| 10.0 g5 1899.7 1920.6 1903.4 1933.8 1873.3 1887.6
p| 100 95 1891.7 1813.7 1896.5 1925.0 1865.0 1881.7
27-Apr| 12:45p] 10.0 95 1882.4 1907.4 1890.7 1916.1 1855.7 1876.1
9:55p| 10.0 85 1877.0 1904.4 1888.1 1911.2 1850.4 1873.4
28-Apr} 10:30al 10.0 95 1870.3 1801.3 1885.6 1905.7 1844.6 1870.5
29-Apr| 10:35al 10.0 95 1859.7 1897.8 1881.9 1898.3 1836.3 1866.7
30-Apr{ 11:03a] 10.0 94 1851.2 1895.6 1879.4 1892.0 1829.4 1864.2
1-May| 9:40a} 10.0 g5 1844.9 1893.9 1877.9 1890.1 1824.7 1862.9
Total elapsed time 236.2 231.6 232.7 232.5 231.2 235.2
Dry Soil 1786.4 1825.4 1841.3 1836.7 1763.7 1780.1
Initial Water Content 13.02% 11.83% 11.11% 11.64% 12.60% 12.81%
Dry Unit Weight 18.55 18.95 19.12 19.07 18.31 18.48
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Table E.7 : Measured soil weight at temperature 25°C & humidity 75% (Groupll)

Date | Time | Temp. JHumidity Soil Weight [gram]
°c % Clay Madison Jacobs Alford Marion Brevard
(18.513.3%) | (1911.7%) | (19,12%) | (19,11.7%) [(18.3,1 3.2%)] (18.1,12.9%)
26-Mar| 10:25 | 25.0 75 20133
10:50 | 25.0 75 2041.3
11:02 | 25.0 75 2010.3 2039.6
11:30 | 25.0 75 2008.1 2037.2
1151 § 25.0 75 2044.8
12205 | 25.0 75 2006.0 2034.7 2043.3
12:38 § 25.0 75 1999.4
13:.00 | 25.0 75 2002.4 2030.9 2039.3 2046.8 1996.6
15:00 | 25.0 75 1994.7 2022.4 2030.5 2035.1 1985.0
1540 | 250 75 1967.9
17:40 | 25.0 75 1984.7 2012.0 2019.1 2021.4 1970.5 1957.2
27-Mar| 9:35 25.0 75 1926.4 1951.3 19523 1942.6 1895.5 1887.0
1235 | 250 75 1915.8 19409 1940.8 1920.4 1884.8 1875.6
17:00 § 25.0 75 1901.0 1927.1 1925.9 1911.7 1871.7 1860.5
28-Mar| 0:50 25.0 75 1876.7 1908.4 1803.6 1890.7 1855.2 1840.0
9:50 | 25.0 75 1855.5 1895.2 1886.2 1879.7 1843.4 1823.4
22:35 | 25.0 75 1838.8 1885.6 1873.0 1871.3 1833.8 1808.2
29-Mar| 8:20 25.0 75 1830.8 1881.0 1867.3 1867.4 1829.1 1800.2
20115 | 25.0 75 1824.1 1876.8 1862.9 1864.0 1826.7 1793.2
30-Mar| 10:00 { 25.0 75 1818.3 1873.3 1858.2 1860.8 18224 1787.3
Total elapsed time [hr] 95.59 95.17 94.16 93.01 93.37 90.34
Dry Soil weight [gram] 1777.2 1828.3 1825.7 1832.3 1766.9 17426
Initial Water Content 13.28% 11.65% 12.00% 11.71% 13.16% 12.93%
Dry Unit Weight [KN/m?) 18.45 18.98 18.96 19.02 18.34 18.09
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Table E.8 : Measured soil weight at temperature 25°C & humidity 95% (Groupll)

Date | Time | Temp. |Humidity Weight (g)
°c % Clay Madison Alford Jacobs Brevard Marion
(18.2,13.9%) | (18.5,12.6%) | (18.6,12.7%)| (18.7.12.1%) (18,13.5%) 1(18.5,13.1%)
3-Aprf 1:47p| 25.0 95 1980.9
2:15p] 25.0 95 1964.7
2:45p| 25.0 95 2015.9
3:05p|] 25.0 95 1988.4 2019.0 1962.4
3:55p] 25.0 95 2006.0
4:15p} 25.0 95 2017.0
8:45pf 25.0 95 1981.9 1998.4 2006.6 2011.6 1956.0 2009.9
4-Apr{ 11:30a] 25.0 95 1965.6 1981.9 1988.1 1996.9 1941.1 1993.1
9:40p| 25.0 95 1955.1 1971.2 1975.6 1986.8 1931.3 1982.0
S5-Apr{ 3:12p] 25.0 95 1940.5 1955.9 1957.3 1972.9 1917.7 1966.4
6-Apr| 10:50a| 25.0 95 1920.7 1933.8 1930.4 1952.5 1897.5 1943.6
8:10p| 25.0 | 95 1911.7 1923.8 1918.4 1943.4 1888.2 1933.9
7-Apr{ 11:40a} 25.0 95 1899.2 1909.0 1899.9 1928.9 1874.3 1919.6
8-Apr| 1:00p| 25.0 95 1881.0 1887.8 1870.0 1905.6 1851.7 1900.5
9-Apr{ 8:45a} 25.0 95 1870.1 1877.1 1853.4 1891.1 1836.1 1890.8
0:00aj 25.0 95 1863.5 1871.7 1845.1 1881.8 1825.2 1885.6
10-Apr] 10:22al 25.0 95 1859.2 1868.9 1841.1 1876.6 1818.6 1883.1
11-Apr| 1:40p] 25.0 95 1850.7 1865.7 1836.1 1869.1 1805.7 1879.3
10:50p| 25.0 95 1847.2 1864.3 1834.1 1866.8 1802.0 1878.0
13-Apr| 2:55p} 25.0 95 1838.1 1863.3 1831.7 1862.5 1792.1 1876.3
8:45p] 25.0 95 1836.8 1863.1 1831.3 1861.9 1791.0 1876.1
14-Apr| 11:55a] 25.0 95 1833.4 1862.5 1830.3 1860.9 1788.5 1875.8
15-Apr| 1:15p] 25.0 95 1828.6 1862.0 1829.4 1859.6 1785.7 1875.0
Total elapsed time 287.47 285.33 286.50 286.16 287.00 285.00
Dry Soil 1748.4 1782.1 1789.4 1800.4 1731.5 1784.2
Initial Water Content 13.87% 12.56% 12.66% 12.14% 13.47% 13.05%
Dry Unit Weight 18.15 18.50 18.58 18.69 17.98 18.52
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