Evaluation of thermal resistivity of soils in Saudi
Arabia

Nasser Hassan Al-Asiri
Civil Engineering
January 1995
Abstract

The thermal behavior of a number of soils obtained from Eastern region and Riyadh area
including those frequently used for high voltage cable backfills has been studied. Thermal resistivity tests
using a thermal needle method were carried out in the Laboratory.

The factors influencintg the thermal resistivity of soils are presented in terms of a geotechnical
approach and discussed in the light of findings of an experimental study. The system developed to
evaluate the thermal properties of soils is presented with the results of this study. Results suggest that
most of natural soils studied have high thermal resistivity in a dry state and indicate the need for
developing thermal backfills having low thermal resistivity.

The thermal behavior of a number of made up backfills consisting of different proportions of
cement, clay, limestone dust and marl has been studied. From these tests, it was found that sand-clay
additives behaved the best. A fine limestone dust, a by-product from rock quarries, was found to have
highly desirable thermal properties.
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CHAPTER 1

INTRODUCTION

1.1 Background

The transmission of power by means of underground cables is
influenced significantly by the thermal characteristics of the soils that
surround these cables. In simple terms, soils of low thermal resistivity
enable heat to be dissipated rapidly and permit relatively high-power loads

to be carried without the threat of cable burnout.

The thermal ohm, the unit of thermal resistivity , is defincd as the
number of degrees celsius of temperature drop that occurs when heat flows
through a I-cm cable at the rate of 1 watt. The thermal resistivity , often
simply referred to as (p), is used in soil application whilec thermal
conductivity (k), the inverse of thermal resistivity is used in some other
applications. Common units for the thermal resistivity ol a soil are degree

centigrade-cemtimeter per watt (°C-cm/watt).

The temperature gradicnt around a buricd cable, which is caused by
the heat losscs, may induce migration of moisture away from the
immediate vicinity of the cable. Consequently, zones of low moisture
content can develop resulting in considerable increase of soil thermal

resistivity to well above that assumecd in thc design of the cable. The



resulting increase in the temperature gradient will cause further drying of
the soil and eventually the temperature of the cable may rise to a value far
in excess of its safe operating level. In the range of loads and operating
temperatures that are now being considered for underground transmission
lines, an assessment of the thermal characteristics of thc soils that
surround these cables becomes critical in establishing an engineering
procedure that will facilitate an economic design, yet avoid failure of the

cables by overheating.

The power that can be delivered through a cable depends upon the
current carrying capacity (ampacity) of the cable. The ampacity is limited
by the maximum operating temperaturc of the insulation which in turn
depends on the ability of the surrounding soil to dissipate the heat
generated within the conductor. Thus, for a given cable design, the
thermal resisti\./ity of the soil immediately adjacent to the cable can limit its

power transmission capacity.

In Saudi Arabia, due to a very ambitious industrialization and
urbanization program, the electrical load experienced phenomenal growth,
forcing the local electric companies to build large nctwarks of overhcad
transmission and underground distribution systems in different parts of the
country. Great reliance was made on intcrnational cxperience and
standards. Backfill material was generally used by local clectric companies
to satisfy their design thermal resistivity which is (120°C-cm/watt). For
actual cconomic evaluation of adopted procedurcs and to determine the

degree of reliability, systematic investigations arc nceded to understand the



soil characteristics prevailing in different parts of the country, and to study

their heat transport properties.
1.2 Objectives

Understanding factors that affect thermal resistivity of a soil is a
necessary requirement for predicting heat transfer capabilities of
underground thermal systems. For the purpose of heat dissipation, the
thermal resistivity of the soil immediately adjacent to the cable is the most
influential factor. Therefore, in some cases, thc use of a spccial backfill

placed around the cable is needed to achieve low thermal resistivity .

The specific goals and objectives of this investigation of the thermal

resistivity of soils are, therefore:

1. To employ the thermal probe method to obtain reliable

thermal resistivity data for different local natural soils.

2. To experimentally identify the parameters involved in

determining the thermal resistivity of soils.

3. To discuss the influence of the above paramcters on thermal

resistivity of soils in terms of a geotechnical approach.

4. To develop different backfills having low thcrmal resistivity

using sand and different additives available locally.



CHAPTER 2

REVIEW OF SOIL THERMAL RESISTIVITY

2.1 Factors Affecting Thermal Resistivity

The thermal resistivity of a soil is primarily influcnced by the fol-

lowing parameters :

a) Soil Type and Composition
b) Density
c) Moisture Content

d) Temperature of the Soil
‘The importance of these parameters is discussed below:
2.1.1 Soil Type and Composition

The influence of soil type and composition has been studied by
many investigators (Brandon and Mitchell, 1989; Salomone, 1981; Mitc-
hell, et al.. 1977; Farouki, 1966; Fisher, et a'., 1975; Sinclair et al., 1960).
The literature reveals that fine graincd or cohesive soils and peaty soils
exhibit higher thermal resistivities than granular soils as shown in Figure
2.1. Because heat flowing through soil must flow through the solid mineral
grains and the medium in which they are embedded, the thermal resistivity

of a soil depends on the thermal resistivity of its component materials
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(Salomone, 1981). Sands, with quartz as the principal constituent, obvi-
ously have lower thermal resistivities because quartz is the best common
natural solid material to give low value of thermal resistivity (Table 2.1).
Brandon and Mitchell (1989) stated that the higher thc percentage of the
quartz fraction in a sand, the lower its thermal resistivity , all things being
equal. Also, the type of clay minerals present, is a contributory factor of
" soil resistivity. Expansive clay mineral such as Montmorillonite, for exam-
ple, would cause the soil particles to be forced apart during compaction by
swelling action when moisture is added, thereby increasing the thermal

resistivity of soil (Salomone, 1981).
2.1.2 Density

The density of a soil has an important influence on thermal resistiv-
ity of the soil. The presence of air, with its high thermal resistivity ,
greatly increases the overall thermal resistivity of the soil as compared with
that of its solid components. It is evident that increasing density will
reduce the thermal resistivity of the material, both by reducing the total
void volume and by improving contact between the solid grains (Fisher, et

al, 1975).

Some investigators have found a linear trend between the thermal
resistivity of a soil and its dd density (c.g., Salomone and others, 1984;
Farouki, 1981; Penner, 1962) and various correlations have been made.
On the basis of numerous tests, Kensten (1949) found that at constant
moisture content, the logarithm of the thermal resistivity decrcased linearly

with the dry density (Figure 2.2).



Table 2.1: Thermal Restivity for Some Soil Constituents
{(WinterKorn, 1960)

Material Thermal Restivity
(°C-cm/watt)

Quartz .o 11
Granite .o 25 - 58
Limestone .o 45
Sandstone oo 50
CaCog (Calcite) .o 26
Marble . .o 34 - 48
Dolomite .o 58
Slate .o 67
éhale .o 63
Water .e 165
Mica .o 170
Wet. organic material .o 400
Dry organic material t .. 700

Air oo 4,000
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2.1.3 Moisture Content

The moisture content is the important factor affecting the thermal
resistivity of a soil. When water is added to the soil, it tends to distribute
itself in a thin film around solid grain of the soil. This water film provides
a path for the flow of heat and hence bridges the air gaps between the
solid particles. Additional water, over and above that required for film
formation, serves to fill voids which were earlicr occupied with air. Since
the thermal resistivity of air is much higher than that of water, this addi-

tional water reduces the thermal resistivity further (Salomone, 1981).

When the moisture content in the soil approaches a wet condition,
the effective contact area no longer increases with any further increase of
moisture content and hence no significant decrease in thermal resistivity is
evident when more moisture is added to fill the pore spaces (Salomone,
1981). The moisture content at which the thermal bridge mechanisms
experience breakdown is‘referred to as the critical moisture content (Hart-
ley and others, 1981). It has been reported that the greatest decrease in
resistivity is found from dryness to about 10% of the voids saturated
(degree of saturation. S = 10%) and therc is very little change above
S=30% (Fischer and others, 1975). The moisturc content also has an
indirect influerice on thermal resistivity since higher density can be

achieved by adding water to the soil.
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2.1.4 Temperature of the Soil

The thermal resistivity of a soil may also be influenced by tempera-
ture , because each of the constituents has temperature - dependent ther-
mal properties. The thermal resistivity of all crystallinc minerals increase
with increasing temperature, however, the therfnal resistivity of water and
gases exhibit the opposite effect (Brandon, 1985). Therefore, one might
expect that the two factors tend to cancel each other. Not nearly as much
research has been conducted concerning the temperature dependence of
thermal resistivity of soils as compared to the influences of water content

and dry density.-

Mitchell et al. (1977) conducted laboratory thermal needle tests on a
dry sand for temperatures ranging from 40 to 120°C, and found that ther-
mal resistivity decreased with increasing temperature (Figure 2.3). As
shown in this figure, the effect is very small compared to the wide range of
temperature . Radhakrishna and Stcinmanis (1981) measured the thermal
resistivity of two saturdted soils at 4, 20, and 45°C and found only a slight
decrease of 6 to 11°C-cm/watt. Brandon and Mitchell (1989) investigated
the temperature dcpendencé of the thermal rcsistivity of a sand from moist
to totally dry conditions of 20, 40, 60 and R0°C (Figure 2.4). This figure
shows that thermal resistivity for moist sand dccreased with increasing
temperature and there was a tendency for the thermal resistivity of the

sand to slightly increase with temperature .
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2.2 Moisture Migration and Thermal Stability

It has been generally accepted that if thermal backfill materials are
required, then sand is preferable under moist conditions (Jackson, 1980).
However, extended operation of the cable at its maximum capacity can
cause moisture migration and subsequent drying of the soil adjacent to the
cable. Therefore, once drying begins, the dry sand next to the cable acts as
thermal insulation and inhibits the transfer of heat from the cable. As a
result, the temperature of the cable continues to rise and eventually ther-
mal failure of the insulation occurs. The concept of a critical moisture
content has been introduced to help explain how soil moisture content
influences thermal stability, (Black, et al, 1982; Radhakrishna, et al, 1980).
If the ambient soil moisture is above this critical moisturc content, then
moisture migration is not likely to occur when the soil is subjected to a
temperature gradient. Conversely, if the ambicnt moisture content is
below the critical moisture content, then under an applied temperature gra-
dient, the soil moisture is likely to migrate from the high temperature
source to the low temperature sink as is evident from Figure 2.5. Salo-
mone and Kovacs (1983) studied the correlation between Atterherg limits
and critical moisture content and found that the critical moisture content
can be approximated by the plastic limit for finc grained soils with low
natural density as shown in Figure 2.6. They also concluded that critical
moisture content occurs as the optimum moisture content for most fine

grained soils.
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Fink (1960) described the mechanism in which water through a very
complex process changes its state between strata of capillary and hydro-
scopic water. When the temperature level is changed at one location, the
equilibrium is upset and a redistribution of watcr takes placc between the
two states, and also between locations at different temperatures, with the
moisture content at the cooler location excecding that at thc warmer. This
redistribution is referred to as moisture migration under thcrmal gradients.
Mickley (1950) attributed moisture movement under thermal gradient to
variation in surface tension and concluded that vapor movement accounts
for very little of the net moisture movement in the vicinity of heated
sources. Farouki (1981) mentioned nine possible mec‘hanisms of moisture
movement among them is liquid film movement due to a greater affinity of
the soil surfaces for the film at low temperature . He concluded that under
given soil-water conditions and temperature distributions, transfer will take

place by all possible mechanisms, although onc may prcdominate.
2.3 Mechanism of Heat Flow Through Soils

The heat dissipation through a moist soil occurs in a2 number of
complex forms, the prcdominant one being by conduction through the solid
liquid matrix. Other less important modcs of hcat transfer arc phase
change from liquid to vapor [Radhakrishna. [979]. The steady «tafe heat

flow equation from a buried line heat sourcc can be written as :

H=—*2nr— (2.1)

1
p dr
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Where:
H = Heat loss per unit of line source
p = Thermal resistivity

dT

rrl Temperature gradient

_r = The distance from heat source.

From this equation, it is evident that an increase in thermal resistiv-
ity will cause larger thermal gradients which will lcad to highcr source and

cable temperature.
2.4 Thermal Resistivity Equations

With all these complex, independent, and interdepcndent variables,
it is a complicated task to develop an equation that can be used to calcu-
late the thermal resistivity of soil. However, somc have developed such

equations which may be classified into two catcgorics :

L. Theoretical equations which are based on modecls, simplifying the
actual soil structure to permit a mathematical analysis.

2. Empirical equations which are based on cxperimental results.
2.4.1 Theoretical Equations

Many cquations have been prescnted in the literature. The differ-
ence between these equations lies in the diffcrences of the modecls on which
they are based. Mickley [1951] developed an cquation to calculate thermal

conductivity by using a model considering a unit cube of soil and assumed
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a certain monolithic arrangement of the solids. The equation for k, the

equivalent conductivity of dry soil is :

kk, (2A —2A%)
k(A) + k, (1-A)

k=kA*+k (1-A) + (2.2)

for saturated soil k, can be replaced by k,,
A can be calculated from the formula :
P,=1-3A+2A°

Where:
P, = Volume fraction of the solid material (percentagc)

k = Conductivity of the soil
k

= Conductivity of air

= Conductivity of solid particles.

k
k, = Conductivity of water.

Equation 2.2 was found to yield higher calculated values compared
to the measured conductivitics because the model did not account for the
point contact between the angular soil particles (Sinclair and Buller, 1960).
Kersten (1951) commented that Mickley’s cquation does not take <oil type
into account. Another cquation proposed by Smith (Farouki, 1981) takes

the form :

k =k P, +k P, (2.3)
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Where:

k. - T @4
+k + [ — - —
et (5 %) T

P, = Total porosity

a

P = Partial volume of solid framework.

a = Thermal structure factor

Equations 2.3 and 2.4 were developed using a modcl which took

into account the structure of the soil.
2.4.2 Empirical Formulae
1. Kerster’s formula :

a. For soils composed of silt and clay (water content 7% or more)
k =% [ 1.3 log (w) — 0.29] 1006233 2.5)
b. Sandy soils (water content 1% or morc)

k = -% [ 1.01 log (W) + 0.58] 10263+ (2.6)

Where k is in watt/C°-cm

w = water content percentage

Y = dry density in (g/cm?3).
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Equations 2.5 and 2.6 which do not apply to dry soils can be repre-
sented graphically by Figure 2.7.
2. Van Rooyen Formula
K=10"+S§, +8,v 2.7)
Where:
n=a —mb, +55my 0447’

1
I +P,/1.005yw

m=

¥ = Dry density (g/cm?)
w = Moisture content percentage

S, = Soil type constant

S, = A constant equal to 47.5
a, = 16" + 3.4x10%%%

r = Surface area constant.
¢ = Clay percentage.

=56x10%% 4958

bl
P, = Pcrcent cf air by volume.

Kersten formula is preferred by most cable engincers because of its
relative simplicity, even though the Van Rooyen formula produced the best
overall results [ Hartley, 1977]. However, the application of Eq. 2.7 is com-

plicated and the choice of the values for thc parameters is uncertain.
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2.5 Review of Backfill Materials

The main function of cable backfills is to éfficiently dissipate the
heat away from the power cables and thus maintain cable temperatures
within the permissible limits. Backfills should also bc able to resist mois-
ture migration and thermal drying under cxtreme weather conditions. The
term “thermal backfill” is used to refer to the material used instcad of the
original soil in situations where the originai soil is not of good thermal

quality (Sandiford, 1982).

Only a small amount of research has been conducted to investigate
methods by which the thermal resistivity of soils can be decreased and lit-
tle, well-documented data, are available to substantiate the efficiency of

the proposed technique (Jackson, 1980).

Brookes and McGrath (1960) suggested the use of a high density
quartz sand as a low resistivity backfill material if natural soils are to be
used. Farouki (1981) reported that a small amount of clay colloidal parti-
cles added to a cohesionless granular material acts as a binder and
improves the thermal conductivity. By using kaolinite as an additive, he
found thalt 8% is the optimum, giving the lowest thermal resistivity. He
stated that the improvement obtaincd is duc (o the improvement of interfa-

cial conduction characteristics.

Cox, et al. (1975) investigated various stabilized backfills consisting

of cement-bound sand, gravel/sand and bitumcn-bound sand. The thermal
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resistivities of these backfills were reported to be less than 120 C°-cm/W.

Mochlinski (1976) tried stabilizers such as cement, lime and kaoli-
nite. He observed that addition of 5% cement gives the best results and

that using kaolinite and lime gave adequate thermal performance.

Mitchell et al. (1977) conducted an extensive investigation to evalu-
ate the effects of various additives. Based on their results, fhe most effec-
tive inorganic additive tested was portland cement; however, it hardens
the backfill, which would make further access to the cable difficult in prac-
tice. Mitchell also reported that among the additives tested, waxes seemed
to be the most promising in terms of effectiveness in reducing thermal
resistivity. Jackson (1980) noticed that for the backfill materials which
used wax as a binder, the thermal resistivity incrcases three folds after heat
aging and he attributed that to thermal degradation of wax after long term
exposure to temperatures above the crystalline melt point of the wax which
is 50°C. Since power cables frequently operate with interface temperatures
of above 50°C, wax with low melting temperature should not be used in

backfill materials if long-term thermal degradation is to be avoided.

Radhakrishna (1981) developed the concept of fluidized cable back-
fills in which the backfill is placed in a slurry form which after solidifica-
tion, forms a low thermal resistance envelope. The fluidized backfills con-
sist mainly of natural soil, ccmentitious material, and fluidizer or flow
modifier to impart a homogeneous fluid consistency for use of placcment.
Fluidizers used in his study included fly ash. bentonite, polyox and emulsi-

fied wax. By using different sand gravel mixturc with 2.5% cement and



7.5% fly ash and different fillers such as steel fibers, he measured low val-
ues of thermal resistivity such as 60 to 80°C-cm/Watt. However, he stated
that these backfills are not cost effective compared to granular fills at the

present time.
2.6 Review of Geotechnical Properties of Soils in Saudi Arabia

The main physical divisions of Saudi Arabia are the flat western
and eastern coastal areas, the western mountain zone, and the central pla-
teau which declines northward in elevation. The decvclopment of surface
sediments is influenced by the arid and semi-arid hot climate in the King-
dom. From a geotechnical viewpoint, Saudi Arabia can be divided into

four major zones (Oweis, 1981).

1. Zone A : Western coastal plain consisting of Zone A-l, gen-
erally covered by soft sabkha coastal deposits, and Zone A-2,

covered by alluvial deposits from thc coast to Arabian Shield.

2. Zone B : Arabian Shield extending north and cast to the

coastal plains of the Gulf.

3. Zone C : Scdimentary rocks from shicld to coastal plains of
the Gulif.
4. Zone D : Eastern Coastal plain.

Table 2.2 summarizes the main soil characteristics of cach zone.

24
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2.7 Data of Soil Resistivity Measurements in the Eastern Region

The review of data of soil measurements carried out at I-1.5 m.
depth in the Eastern Region indicates that the thermal resistivity values
varies from 40°C-cm/watt for moist dense soils to 350°C-cm/watt for dry
loose soils: However, most of the values fell between 120 and 200°C-cm/
watt. Table 2.3 summarizes thermal resistivity measurements for soils
located at different proposed routes for buried cables in the Eastern

Region of the Kingdom.

The design value of thermal resistivity adopted by Saudi Consoli-
dated Electric Company of the Easatern Region (SCECO East) is
120°C-cm/watt. If a soil with higher thermal resistivity was used as a back-
fill and the design value was assumed to be 120°C-cm/watt, then the con-
ductor would be subjected to overheating and consequently thermal failure

of the cable when the soil becomes dry.

In Sauc‘ii Arabia, electric utilities use natural clean sand as a ther-
mal backfill. A layer of clean sand is placed in the trench, the cables are
laid, then another layer is placed above the cables. The sclection of natu-
ral sand as a thermal backfill in Saudi Arabia is due to its easy availability
evcrywhcfe in the Kingdom and its good thermal quality specially if well
graded; however, long-term stability and high thermal resistivity at dry
conditions are major factors when sand is used. Generally, Saudi soil con-
ditions are such that in almost all cases, use of morc cffective backfill

material becomes essential to acquire the design value of 120°C-cm/watt.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 Background

Several methods have been uscd for evaluation of the thermal resis-
tivity of soils, including spheres, line heat sourccs, i.c. probes, guarded hot
plate, buried cylinders and heat flow mcters. Dectails of these methods
have been presented in thc litecrature (Chancy ct al., 1983; Salomonc and
Covax, 1984; Weedy, 1988; Boggs ct al.,, 1981; Radhakrishnan et al.,
1980). These methods can be divided into two categorics : stcady statc and
transient. Mitchell and Kao (1978) cvaluated these mcthods and con-
cluded that transicnt methods (i.e. thermal ncedle method) are most suit-
able for soils because of their rclative simplicity and the short time
required for measurcments. By carefully controlling the test details, the
thermal necedle method gives consistent and reproducible results. It offers
the added advantage that knowledge of the specific heat is not required for
calculation of resistivity (Mitchell and Kao, 1978). Morcover, the transicnt
method is prefcrable to steady state tests for determining the thermal resis-
tivity of soil because moisture migration and subscquent change in thermal
resistivity is not likely to occur if the test is conducted in relatively short

time (Salomone and Covax, 1984).
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3.1.1 Thermal Needle Method

The thermal necdle method is bascd on the measurement of the rate
of temperature r.isc along a line heat source within an infinitc, homogenc-
ous medium. A typical response of thc ncedle is shown in Fig. 3.1
Because of the heat capacity of the thermal ncedle, the straight linc
response does not occur instantancously as probe power is initiatcd. The
heat capacity of the probe results in a delay of the straight linc portion of
the curve. The time needed to rcach the straight linc portion is called ini-

tial transicnt time (Figure 3.1.).
3.1.2 Thermal Needle Theory

The thermal ncedle method is bascd on the thecory of the infinite line
heat source (Carslow and Jacger, 1959) which predicts the temperature as
a function of time at a distance “r” from an infinitc linc hcat source dissi-
pating "q” power per unit length into a medium of thermal resistivity p.
The basic equation governing hcat flow in a cylindrical coordinate systcm

can be expressed as :

2 2 ?

LET ST, 18T | FT _ 1T o
r? &g’ r? roér 3’z w e

.thrc:

T = Temperature
r = The distance from line source

@ = Hcat loss
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t = Time

The following assumptions are made to solve this cquation (Stcin-

manis, 1981).

) The heat source is a line source (an infinitcly long of vanishing
diameter).

(ii) The line source is embedded in an infinitc, homogenous, isotropic
medium,

(iii) Perfect thermal contact exists betwcen the heat source and the
medium.

@iv) The heat source and the medium are initially at a uniform temper-
ature

(v) The heat input is maintained constant.

Application of these five assumptions as well as a long time solution

to the above equation leads to the following simple expression :

p=dr L L (3.2)
q In(t,—t)
Where:
p = Thermal resistivity
q = Power input per unit Iength
T, = Final temperaturc at some final time (t)
T, = Initial temperature at some initial time (t,)

Considering cquation (3.2), thermal resistivity of a soil using the linc
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source theory requires a knowledge only of the hecat input and the resultant
temperature response. Thus, if heat is applicd at a known constant rate to
line source embedded in the soil and the temperature of the line is meas-
ured as a function of time, a straight line relationship is expected between

T and log t, with a slope proportional to the thermal resistivity, p.

For test results to agree with the above theorctical predictions, the
experimental procedure should comply with the five assumptions made in
the theory. In the following scction, a discussion of thcse assumptions and

their influences on the accuracy of measurements arc provided.
3.1.3 Deviations From the Line Source Theory
3.1.3.1 Using Line Source as a Heat Source

This assumption requires a source of vanishing diameter and infinite
length. In practice, the needle having finite dimcnsions is used. The finite
length and diameter of the ncedle result in a finite ncedle heat capacity;
theréfore, thermal inertia will cause the needlc response to lag the analyt-
ical prediction for the soil. The finite length of the needle will also result in
axial hcat flow due to both diverging isotherms in thc medium and end
losses, while the thermal conductivity of the ncedle material and the diam-
cter will causc a radial temperature to cxist (Drew, 1982). To approximate
the assumption of an infinite line heat source (only radial hcat flow), the
length-to-diameter ratio of the thermal ncedle should be sufficiently large.
Blackwell (1954) showed that a length-to-diameter ratio of 30 would

reduce the relative axial flow error to below 0.05 percent.
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3.1.3.2 The Line Source Embedded in an Infinite Mcdiun:

Errors introduced due to a finite size of the medium (soil sample)
may be significant only when the duration of the test is long enough to
allow thermal front to reach the boundarics of the soil sample. Many
investigators have tricd to estimate the minimum soil sample diamcter
required for the test. Based on cxpcrimental and theorctical work, Mitc-
hell and Kao (1978) showed that even for valucs of p as low as 23°C-cm/
watt the needle temperature will be uninfluenced by the external boundary
conditions for times up to 600 seconds assuming a 101.6 mm diamcter
mold containing the soil sample. Pratt (1969) showed that for test dura-
tion of 900 seconds, the sample radius should be at least 46 mm for dry
soils and 76 mm for wet soils. Steinmanis (1981) stated that 76 mm diam-
eter soil sample has proved to be sufficicnt for materials with thermal resis-
tivitics greater than 45°C-cm/watt. It can be concluded, thercfore, that a
soil sample of 80 mm is sufficient to prevent boundary conditions to affect
test restlts for soils with low thermal resistivity , cven smaller sizes could

be used for materials with higher thermal resistivity .
3.1.3.3 Perfect Thermal Contact Between the Heat Source and the Medium

One of the largest sources of crror is the contact resistance between
the nccdle and the soil. To minimize the crror causcd by contact resis-
tance, cvery effort must be made to cnsure that the heater is embedded as
firmly as possible; therefore, it can be said that contact conductance

dcpends on the soil under test and the skill of the operator in installing the
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probe with minimum disturbance.

3.1.34 Cons'tant Heat Input and Temperature Uniformity of the Hcat
Source and the Medium

These two assumptions are achievcable cxperimentally (sce Section

3.2.3). In Section 3.2, a further discussion of various factors affecting the

accuracy of the test and cxperimental precautions required to make the

actual opcration of the thermal probe simulates the linc heat source is pro-

vided.
3.2 Thermal Resistivity Measurement

The thermal resistivity data for soils investigated in this study were
derived from the transient thermal probe technique because this method,
as mentionced earlier, requires relatively simple instrumcntation and only a
short time for the measurements. The probec technique is based upon the
rate of temperature rise of an infinitcly long linc source of heat which is
embedded in an "inﬁnite, homogencous, isotropic medium. The probe is
inserted into the soil sample and is supplicd with a constant hecat ihput per
unit length of the probe. The temperaturc response of a thermocouple
located adjacent to the heating element at the center of the probe is meas-
urcd as a fuﬁction of time. I[f the thermal probe approximates the linc
heat source, then the temperature rise, T, and time t, can be recorded at
specificd intervals and then a straight line relationship can be obtained by
plotting T versus log t (Fig. 3.1). The thermal resistivity p is proportional

to the slope of this line as shown by Eq.3.2.
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3.2.1 Description of Apparatus

The system used for measuring thermal resistivity in the laboratory
consists of an IBM PC AT compatible microcomputer, a thermal property
analyzer-5000 (TPA-5000), thermal nccdle, a printer and a test container
as shown in Plate (3.1). A description of the thcrmal ncedle, TPA-5000
and test container, as well as the proccdure for thecrmal property measure-

ment is given below.
3.2.1.1 Thermal Probe

The probe used in this study is a 100 mm long stainless steel cylin-
der with a diameter of 3 mm and a temperature sensor of type T thermo-
couple located at midpoint of heater length. The gencral design features of
the thermal probes used in this study are shown in Fig. 3.2. The probes
were designed and fabricated by Geotherm Inc. (Canada). The thermal
probes could easily be inserted into and cxtracted from loose spccimens;
however, the dircct extraction procedure was not feasible for most backfill
specimen and cemented natural soils. For specimen which is difficult to
extract the thermal probe from at the end of the test, the sample is rewet-
ted to soften the material and make it possible to extract the probe. The
lcngth-to-di'ameter ratio of probes used arc 33 which is cnough to maintain
the recommended length-to-diameter ratio to approximate the linc heat
source. In the previous scction, it was shown that the cffect of the finitc
length of the probe is negligible for relatively short duration experiments if

length-to-diameter ratio is greater than 30 (sec Scction 3.1.3.10).
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Plate 3.1

Set up of Thermal Resistivity Measurements
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3.2.1.2 TPA-5000

The TPA-5000 is an updated version of Elcctric Power Research
Institute (EPRI) TPA developed by Ontario Hydro (Canada). It is a
microprocessor-controlled portable system which can be used for thermal
resistivity and thermal stability measurements. The unit consists of a pro-
grammable 10A, 60V power supply, a 12-channcl data acquisition system
and an IBM PC AT compatible microcomputer. The power supply is
internally protected against excess voltage and current output. Either con-
dition causes immediate shutdown. The thermal resistivity is calculated by
a microprocessor from a least square fit of timc - temperature data col-
lected between 120 and 600 seconds. A special function keyboard is avail-
able so that all parameters such as probe power, time can be verified from

the pre-set values stored in the microprocessor memory.

During the test, the time is continuously displayed along with the
thermocouple temperature , current and thermal resistivity . As well, a

cocfficient of determination is calculated for the least square fit.
3.2.1.3 Test Container

The test container is a standard compaction mould which has an
inside diamcter of 10.16 cm and a height of 11.7 c¢cm, (Figurc 3.3). Mini-
mum sample size required to minimize crror in the thermal resistivity
mcasurements duc to the finite sizc of the medium were discussed in Sec-
tion 3.1.3.2. The sizé of the mould used in this study is sufficient to pre-

vent boundary from influencing test results for test durations of 600 scc-
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onds.
3.2.2 Sample Preparation

Two methods have been used to determine the thermal resistivity
versus moisture content curve. The first method involvcs stage drying
reconstituted soil sample compacted wet to'a dry density dctermincd by
the standard compaction test. The second method involves mcasuring the
thermal resistivity of reconstituted soil samples at different moisture con-
tents. The first method was applied in this study; however, the sccond
method was used for some soils to study the effect of soil structure on ther-
mal resistivity . The first method (stage drying) was choscn because it

closely simulates drying in the field.

The soil to be tested was air-dried, and a spe_cimcn was taken to
determine the initial moisture content of the air-dricd soil. The initial
moisture content was used to establish the qﬁantity of water required to
produce the molding water content. After the désircd hoisturc content
and density for a test had been selected, a quantity of air dricd soil cquiva-
lent to 2500 g was thoroughly mixed with the nccessary amount of water
to achicve the molding moisture content. Then the soil is compacted to the
desired density (Sec. 3.3.3). In the casc of a clayey soil, the sample was
stored in an airtight plastic bag for a minimum curing time of 24 hours

before compaction.
3.2.3 Stage Drying Test

A stcp by step description of the stage drying test is given bclow.
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The thermal needle is inscrted into the soil sample. Care is taken
to insure that the needle is inscrted in the center of the sample
and to ensure good thermal contact between the ncedle and the
soil. The insertion is done by pushing the nccdle by hands into
the soil until the whole length of the probe is contained in the
soil. In cases where it is difficult to insert the ncedle by hand,
then a pilot hole of a diamcter slightly less than the probe diame-

ter is drilled and then the probe is inserted into the soil sample.

After inserting the needle, the total weight of the mold, the wet

soil and the needle (W) is measured and recorded. The weight
of the mold plus the weight of the necdle alone (W, ) is sub-
tracted from (W_,) to calculate weight of compacted wet soil at
stage | (W). By knowing the weight of the soil, then the mois-

ture content can be calculated using cquation :

w = [W,i -W (3.3)

d
W, ] x 100
Where:

w = Moisture content in percentage by weight

W_ = The wet weight of the sample at any stagc (i) of the test

W, = The oven dry wcight of the sample.

Conncctions to the TPA arc made and the sample is now rcady
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for thermal resistivity measurements.

The thermal probe characteristics such as the probe resistance in
Q/cm, the probe active length in cm, and probe cffective radius in
cm, is entered through the set up file that is crcated before a test

run can be executed.

The pro.be is energized to the required power and the test starts.
The test is run and stopped automatically as described earlier for
600 seconds. The amount of input power to the probe and hence
to the soil must be carefully selected to ensure that conduction is
the only mechanism of heat transfer. If high power is used, mois-
ture migration will be induced and hence crroncous results will be
obtained. Conversely, if low power is uscd, then small tecmpera-
ture rise will occur and there will not be a clear definition in the
experimental curve. Therefore, the power sclected should not be
too high to induce moisture migration and should not be too low
to give indefinite results. Steinmanis (1982) suggested the use of
power level that will result in temperature rise of 6 to 10°C. In
this study, power levels used fall in thec range suggested by the
TPA-5000 manufacturer (Tablec 3.1). It has becn noted that
applying the above power levels gives usually temperature risc of
about 6 to 8°C. The power applied is kept constant throughout
the test and no power is initiated until the ncedle and the soil arc
at uniform temperature which satisfy assumptions (iv) and (v) of

the line source theory.



Table 3.1: Selected Input Power for Stage Drying Test for
Anticipated Values of Thermal Resistivity
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Different

Anticipated Power Level
°C-cm/watt ( watt/cm)
< 60 0.36
60-120 0.2
> 120 0.1
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The thermal probe is left insertcd and the sample is dried in
stages to obtain the thermal resistivity as a function of moisture
content. After each drying stage, the sample must be weighed,

sealed using plastic wrap and allowed to cool.

The sample is left sealed in order to equilibratc with respect to
ambient conditions. This step is very important for obtaining
good results because of two rcasons. First, when the sample is
moved from a warmer environment (oven) to a cooler environ-
ment (room), there will be moisture distribution and consequently
moisture may not be constant in the sample. Sccondly, there will

be also temperature gradient which will give crroncous results if

"the test is started immediately after moving the sample from the

oven or even after equilibration for insufficient period. Equili-
bration periods used in this study were at lcast 6 to 8 hours for

sandy soils and 24 hours for clayey soils.

After running the last stage of the thermal resistivity test, the

needle is extracted and the dry soil weight is determincd.

3.3 Geotechnical Properties

3.3.1 Introduction

In Chapter 2, it is shown that thermal resistivity is influenced by

many factors such as density, moisturc content, soil composition and grain

size distribution; therefore, it is important to study thc geotchnical
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properties that are related to thermal resistivity . Onc of the objectives of
this study is to study relationships between geotechnical and thermal prop-
erties of different soil types. To achieve this objective, an experimental
program was designed to investigate the gcotechnical propertics of soils

selected for this study (natural soils and backfill materials).
3.3.2 Grain size Analysis

Grain size distribution was determined dcpending on the type of
soil. For sandy soils, the sieve analysis is carried out according to (ASTM
D-422. For silts, silty clay, etc., which have a measurca_blc portion of their
grains both coarse and finer than a No. 200 sicve, the combined analysis
is used. The combined analysis employs both the sieve and hydrometer

tests (ASTM D-422).
3.3.3 Moisture Density Relationships

The moisture density curves werc developed using the standard
compaction test (ASTM D-698). The apparatus includes the standard
mold 117 mm high and 102 mm in diametcr with a volume of 944 cm?,
removable mold collar 64 mm high and a 5.5 1b (2.5 kg) hammer. The soil
is compacted in thrce approximately cqual layers by lctting the hammer

fall from a standard height of 305 mm.

To prepare two samples from each soil at different densities, a typi-
cal compaction curve, as shown in Figure 3.4, is used. Onc sample is prc-
parcd by compacting the soil with the optimum moisture content to get the

maximum dry density. The other sample can bc chosen from any point on
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the curve that will give a reasonably lower dry density. It is thought that
selecting the second sample from the wct side of the curve will give more
represehtative results since it contains a widc range of moisture contents
when the sample is tested by stage drying. For sandy soils, compaction by
tamping was used. The apparatus uscd for tamping compaction (Plate

3.2) was fabricated in the Mcchanical Engincering Workshop.
3.3.4 Atterberg Limits

The Atterberg limits were carricd out mainly for the purpose of soil
classification. The procedure of determining liquid and plastic limits is

the same as described by ASTM D-423.
3.3.5 Mineral Composition

The mineral composition of the soils were determined by means of
X-ray flourescence (XRF) and X-Ray diffraction (XRD). The analyscs
were carried out in the Central Analytical and Materials Characterization
Laboratories of the Research Institute, of King Fahd University of Pctro-

leum and Minerals.



Plate 3.2

Tamping Compaction Apparatus

48
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Geotechnical Properties of Selected Natural Soils
4.1.1 Introduction

In selecting soil samples for thermal resistivity tests, two criteria
were kept in mind. First, it was desirable that as broad a grain size range
as possible be covered. Secondly, it was desirable that the selected soils be
of different types (e.g. sand, silt, clay) having a wide range of mineral
composition. The properties and classification of the ﬁine soil samples that
were selected are shown in Tables 4.1a and 4.1b and the grain size
distribution of them are shown in Figures 4.1 to 4.3. The coarser was the
dune sand sample with all grains retained on No. 200 standard sieve and
the finer sample is the expansive clay with more than 84% passing through
No. 200 standard sieve. The other samples fall in the range of these two
samples. The mineral composition of these samples are shown in Table
4.2.a while Table 4.2.b shows the chemical composition of these samples
(see Appendix for x-ray diffraction and x-ray flourescence analysis results).
The thermal needle method was used to investigate the thermal properties
of these samplcs and the moisture content - thermal resistivity curves were

obtained by stage-drying every sample as described in Chapter 3.



Table 4.1.a Properties of Tested Samples
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Sample max¥?¥ | miny | C, Cu Fines Clay Classi-
(gm/ | (gm/ (%) Content fication
cm?) | cm?) Passing | < 0.02 USCS

. # 200 mm

1. Dune 1.89 , | 1.57 0.77 3.6 0 0 SP
Sand

2. Beach 1.85 1.55 0.88 3.2 | 0 SP
Sand

3.SCECO | 1.84 1.53 0.89 3.0 3 0 SP
Backfill

4. Jubail 1.79 1.50 0.81 4.0 4 0 SP-SM

Sand




Table 4.1.b Properties of Tested Samples
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Sample maxy [wop | C Cu Fines | Clay Plastic Liquid Classi-
(em/ | (%) (%) |Com | Limit Limit fication
cm®) tent USCS

3. Riyadh 1.88 9.50 {1.19 |34 7 0 - - SW-SM

Sand

6. Sabkha 1.80 LS 138 | 34 13 0 - - SM
7. Marl 1.50 | 20.0 35 7 - - SM
8. Sandy 1.81 130 | - - 38 20 12 32 sC
Clay
9. Highly .22 {370 | - - 85 73 35 142 CHi
Plastic
Clay
.
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Table 4.2.a Mineral Composition of Tested Samples

Sample Mineral
1. Dune Quartz
Sand Calcite
Dolomite
2. Beach Quartz
Sand Calcite
Dolomite
3. SCECO Quartz
Backfill Calcite
Dolomite
Gypsum
4. Jubail Quartz
Sand Calcite
5. Riyadh Quartz
Sand Calcite
6. Sabkha Quartz
Halite
Gypsum
7. Marl Dolomite
Calcite
Quartz
Gypsum
8. Sandy Quartz
Clay Calcitc
9. Plastic Quartz
Clay Clay Mincrals

Gypsum

58
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4.1.2 Description of Tested Samples

i)

iii)

Dune sand (Sample #1) : The sample investigatcd in this study was
obtained from a location near to Saudi Aramco-Half Moon Road.
The grain size distribution of this sample is shown in Figure 4.1. It
is a medium uniform sand with a coefficient of uniformity (Cu) of
3.6 and a coefficient of curvature (Cc) of 0.77. Its maximum and
minimum density are .89 and 1.57 gfcm? respectively. It consists
mostly of quartz (SiO,) with small amounts of both Dolomite and
Calcite. According to the Unified Soil Classification System
(USCS), the soil is described as a poorly graded sand; its Unified

Soil Classification is SP.

Beach Sand (Sample #2) : This sample was collected from the
KFUPM beach. The grain size distribution of this sample (Figure
4.2) is approximately the same as that of sample #l with two
differences. First, it is slightly finer as thc material rctaincd on No.
20 sieve (0.84 mm) is only about 3% comparcd to 25% in the case
of sample #1. Secondly, the finc material (passing No. 200 sicve) is
2%, whereas there are no fincs in sample #1. It is a poorly graded
uniform sand with Cu and Cc cocfficients of 3.2 and 0.88
respectively. Its maximum density is 1.85 g/cm® and its minimum

density is 1.55 g/cm? and its Unified Soil Classification is SP also.

SCECO Backfill (Sample #3) : This sample was obtained from
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SCECO East. It is the material usually used by the company for
the purpose of backfilling cable trenches. Examining figure 4.3 and
the mineral composition of this sample, it is evident that this sample

has almost similar properties as sample No. 2.

Jubail Sand (Sample #4) : This sample was obtained from Jubail
area. It is a uniform fine sand with Cu and Cc of 4.0 and 0.81
respectively and contains 5% of fines. The Unified Soil

Classification of sample #4 is SP-SM.

Riyadh Sand (Sample #5) : This sample was obtained from Riyadh
area. The sample is distinguished by its reddish color and its
cementitious properties. Its cementitious behavior was mainly due
to the presence of appreciable amount of calcite. The high
maximum density achieved in this sample (Fig. 4.4) is probably due
to the presence of Fe compound (Table 5 in the Appendix). Sample
#5 is relatively well graded and its Unified Soil Classification is SW-
SM.

Sabkha Soil (Sample #6) : This sample was obtained from Ras Al-
Ghar area, it is a relatively well graded sand with Cu of 3.4 and Cc
of 1.38 and contains 13% of fines. It is a highly ccmentitious sand
duc to the presence of Halite (NaCl). The maximum dry density
obtained from the Standard Proctor test (Figure 4.5) is 1.80 g/cm?
at an optimum moisture content of 11%. Its Unified Soil

Classification is SM.
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Marl (Sample #7) : This sample was obtained from Al-Khobar area.
Its gradation curve is shown in Figure 4.2. It covers a wide range of
grain sizes with appreciable amount of fines (35%) and 7% of clay
size particles (0.02 mm). Dolomite (CaMg (CO,), is the
predominant mineral in this sample and small amounts of quartz,
Calcite and Gypsum are also present. The maximum density is
relatively low (1.50 g/cm?) as shown in Figure 4.6. The Unified Soil

Classification of this sample is SM.

Sandy Clay (Sample # 8): This sample was obtained from Riyadh
area. Its gradation curve is shown in Figure 4.3. About 38 percent
of the sample is passing # 200 sieve and the clay size content is
about 20%. It has a liquid limit of 32 and a plastic limit of 12 with
a plasticity index of 20. The main components of this sample are
calcite and quartz. Maximum dry density is 1.81 g/cm® at an
optimum moisture content of 13%. The-Unified Soil Classification

of this sample is SC.

Highly Plastic Clay (Sample #9): This sample was obtained from
ncar Al-Qatif area. It is an cxpansive soil having a liquid limit of
142, a plastic limit of 35 and a plasticity index of 107. The
gradation curve (Figurc 4.3) shows that 85% of the soil is passing #
200 sieve and 60% of the grains have clay size particles (0.02 mm),
consequently, it can be described as a very fine grained soil. The
maximum density of this sample is 1.22 g/cm?® at an optimum

moisture content of 37% (Figurc 4.8).
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4.2 Thermal Resistivity of Tested Samples
4.2.1 General

The influence of moisture content and dry density on the thermal
resistivity of the sclected samples were investigated using the laboratory
test program described in Chapter 3. Eigurcs 4.9 through 4.17 show
results of thermal-resistivity versus moisture content for the nine samples.
Two curves were plotted for each sample. Every one of these curves
represents differcnt dry density. All samples were compacted wet and then
thermal resistivity were measured in stages as samples were gradually
drying (stage drying technique). Factors influencing thermal resistivity

based on stage drying tests are discussed in the following subsections.
4.2.2 Influence of Moisture Content

The importance of soil moisture is illustrated in Figures 4.9 through
4.17. These figures generally show that the thermal resistivity decreases as
moisturc content increases. Also, these data demonstrate that thrce
distinct stages cxist in the thermal resistivity - moisture content
rclationship. These stages are shown schematically in Figurc 4.18 and can

be classified as follows :

Stage | cxists from zero moisturc content up to a moisturc content
which is just below the critical moisture content (sce scction 2.2). By
considering that heat flow will occur through the region which has the least
thermal resistance which in this case is the solid to solid contact, most of

the heat will flow through the particle contacts. The actual contact arca

65
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between any two adjacent particles is extremcly small and hence a high

thermal resistivity is expected for dry soils.

Addition of small amount of water to the dry soil (say 1 to 2% in
the case of sand) results in the formation of a thin film of water on the
surface of the particles and the formation of meniscus water at the points
of contact between particles. These water molccules are oriented and
attracted to the surfaces where they are held very tightly. The formation
of menisi;us water produces a dramatic decrease in the thermal resistivity
of the soil because of the increase of heat flow through the soil water
mterfaces As an example of this dramatic change associated with stage I,
the therfilfll resistivity of the dune sand of dry density 1.77 g/cm? at zero
monstﬁre content is 256°C-cm/watt. By adding 2 perccnt moisture, which
is approxxmately the critical moisture content for this sample, the thermal
resxstmty is reduced to about 60°C-cm/watt which is less than one fourth
of that at zero moisture content. This large reduction in thermal resistivity
is evideht for all other samples. Figures 4.9 to 4.17 indicate that the
reduction m thermal resistivity associated with stage [ is higher for
granular sands (samples 1,2,3 and 4) than for the other samples which
reflects the sensitivity of these samples to small changes in moisture

content.

Stage Il is the transition between stages | and 111 and exists near the
critical moisture content. During this stage, the thermal resistivity
decreases rather slowly compared to stage [. In this stage, a continuous

water layer is provided and all the soil grains are coupled with water. Two
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points can be observed about the critical moisture content. The first is that
the amount of water reqliired to achieve the mechanism described above is
a function of the grain size as shown in Table 4.3. The critical moisture
content for the dune sand sample which contains no fines is only 2%
whereas it needs 25% of water by weight to achieve the critical moisture
content for the highly plastic clay which contains 85% of fines. The other
samples fall within these two extremes; and generally the critical moisture
content increases as percentage of fines increases (Radhakrishna, et al,
1980). This can be explained by noticing that the specific area (ratio of
total particle surface area to total mass) increases as particle size decreases
and hence more and more water is needed to form a thin film of water

around soil particles as particle size gets smaller (Mitchell, 1976).

The second point to be observed is that for every soil tested, it is
clear that increasing the dry density decreases the critical moisture content
slightly. A closer packing of the soil reduces the pore voids and brings the
grains nearer to each other with consequent decrease of the critical
moisture content, as the development of a continuous water film would
then require less moisture. By considering the soil moisture characteristics,
it seems that other factors could also affect the critical moisture content
such as the shape of the particles whether they are rounded, irregular or

plate like as in the case of clays.

The results of the two fine grained soils (samples #8 and #9)
indicate that the range of critical moisture content falls just below the

plastic limit for the two soils as shown in Table 4.4. Considering that the
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Table 4.3. Relation Between Percentage of Fines (Passing NO. 200 Sieve)
and Critical Moisture Content

Sample % of Fines Critical Moisture
(Passing Range (%)
#200 Sieve)
1. Dune Sand 0 2-3
2. Beach Sand 1 2-3
3. SCECO Backfill 3 2.5-3
4. Jubail Sand 4 34
5. Riyadh Sand | 7 3-4
6. Sabkha 13 4-6
7. Marl 35 4.5-6
8. Sandy Clay K} g-11
9. Highly Plastic 85 25-35
Clay




Table 4.4. Correlation of Critical Moisture Content
and Plastic Limit for Samples No.8 and No.9

Sample Critical Plastic
Moisture Limit
Content (%) (%)
Sandy Clay 811 12
Highly 25-35 35
Plastic Clay

79
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upper range of critical moisture content shown in Column 2 of Table 4.4 is
associated with the lower dry density samples; this agrces with what was
stated by Salomone and Kovacs (1983) that the critical moisture content

can be defined by the plastic limit for soils that have low dry densities.

Stage 111 is the wet stage where thermal resistivity shows no or little
decrease in thermal resistivity and exists up to near saturation. The
addition of water in this stage serves to fill the pore voids filled originally
by air and the contribution of hcat transfer through water tends to
decrease thermal resistivity by a small factor since thermal resistivity of
water although better than the replaced air, still high compared to solid

particles.

Out of those three stages, stages [ and III are the most important.
The maximum thermal resistivity occurs at stage I. For design of cables -
where soil is expected to be nearly dry, usually dry thermal resistivity is
considered. In stage II, although the thermal resistivity is very much lower
than the dry thermal resistivity , however, the soil in this stage is
susceptible to moisture migration. As mentioned in Chapter 1, the soil can
be considered thermally stable if moisture content is above critical moisture
content (stage III) for any realistic power input. If the soil moisture
content is expected to be in the critical moisture content range for
relatively long periods of time, then the thermal resistivity corresponding to
critical moisture content cannot be taken as the design value without the
consideration of the heat input. It is well known that moisture migration

away from a cable dissipating heat associated with thc critical moisture
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content can result in an increase in thermal resistivity of the soil and hence
thermal stability measurements should be carricd out for such soils. The
initial drying time can be measured with a thcrmal probe in-situ or on a
recompacted soil sample in the laboratory for different heat inputs. If the
measured drying time is long compared to the time that the cable is
expected to be energized at that level in the field, then the soil is thermally
.stable and consequently the value of thermal resistivity corresponding to
the critical moisture content can be used for design. If the time is
relatively short, then the soil can be expected to be thermally unstable and

dry therm?l resistivity should be used in design (Hartley, et al, 1981).

Soil moisture in most regions of Saudi Arabia varics on a seasonal
basis. Generally, precipitation inputs exceed soil watcr use during the
cooler months, while moisture deficiency and soil drying is experienced
during thé hotter months. Because of the rclationships between moisture
cont'ent. and soil thermal resistivity (Figs. 4.9 to 4.17), variation of thermal
resistivity Qith seéson and climatic factors is expected. The approach to
this problem is to perform a statistical a;nalysis on the basis of historical
weather records. By applying these data, the variability of extreme values
of soil moisture content can be cstablished and uscd as a basis for
predicting maximum likely thermal resistivity values for underground cable

design.
4.2.3 Influence of Density

From Figures 4.9 through 4.17, it is clear that increasing density

results in lower thermal resistivity for the samec moisturc content. A
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sample with higher density has more solid matter per unit soil volume, lcss
pore air per unit volume and hence better heat transfer across the contacts.
It can also be noted by examining these figures that the effect of density is
generally more pronounced as watcr content decreascs. This can be
explained by noticing that thermal resistance between the grains is higher
in the dry side since the pores are filled completely with air consequently a
slight reduction in the density causes higher effect on thermal resistivity
compared to wet soil. Marl soil (Figure 4.15) is a good example, where by
increasing density by 5%, the thermal resistivity tends to be approximately
equal for the two densities for moisture content above 18%, while the
density-dependent change in thermal resistivity is about 25% at 0% water

content.
4.2.4 Influence of Soil Type and Mineral Composition

. Type of soil and mineral composition cannot be separated from each
other since mineral composition is the main factor by which a given soil
can be identified. The data shown in Table 1.1 indicate that quartz is the
best mineral in terms of its ability to transmit heat. Table 4.5 summarizes
the results of the nine samples. Column 4 of this table shows the thermal
resistivity of each sample at the wet state while column 5 shows the
thermal resistivity of the samples when they are dry (0% moisture
content). The term wet used here is relative because every sample has its
own capacity to hold water molecules on particle surfaces and through the
pores. The capacity to hold water molecules is a function of many

parameters such as grain size distribution, void ratio of the sample, density



Table 4.5. Summary of Thermal Resistivity Results for Tested Samples
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Average Dry Average Wet Average Dry
Sample Density Thermal Thermal
Resistivity Resistivity

(g/cm3) (°C-cm/watt) (°C[cm-watt)
Dune Sand 1.70 47 274
Beach Sand 1.72 a1 257
SCECO Backfill 1.64 50 289
Jubail Sand 1.73 52 299
Riyadh Sand 1.82 33 126
Sabkha 1.74 56 155
Marl 1.47 56 210
Sandy Clay 1.73 53 146
Clay 1.17 90 209
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and other factors. Generally speaking, the wet thermal resistivity refers
here to the thermal resistivity at moisture contents high enough that
addition of more water results in no or very little decrease in thermal

resistivity .

The data shown in Table 4.6 indicate that the first five samples
which are rich in quartz resulted in wet thermal resistivities of about 50°C-
cm/watt or less. These low values reflect the significance of quartz in
reducing wet thermal resistivity . Quartz which as a solid mineral has a
thermal resistivity of 11°C-cm/watt (Table 2.1) is the best common natural
solid mineral to give low value of thermal resistivity . Sample #5 (Riyadh
Sand) gives lower wet thermal resistivity in comparison to samples I, 2,3
and 4. The mineral composition for this sample indicates that it has lower
quartz content than the previous four samples. However, it appears that
its lower wet thermal resistivity is related to the highér density achieved by

this sample.

Samples 6, 7 and 8 resulted gencrally in higher wet thermal
resistivity compared to the first five sandy soils. This might be attributed
to the presence of NaCl in sarhple #6, Dolomitc in sample #7 and Calcite
in sample #8. All of these minerals have higher thermal resistivity than

quartz (Table 2.1).

The wet thermal resistivity of sample #9 (highly plastic clay) is
almost double that of other samples which rcflect the poor quality of a clay
mineral to transmit heat. It is to' be noted that this sample is expansive.

Cracks were introduced in the sample and widcned further, as sample got
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Table 4.6. Effect of Soil Type and Mineral Composites on Wet Thermal Resistivity

Main Mineral Wet Thermal
Sample Soil Type Components Resistivity
(°C-cm/watt)
Dune Sand Sandy Quartz 47
Beach Sand Sandy Quartz 41
SCECO Backfill Sandy Quartz 50
Jubail Sand Sandy Quartz 52
Riyadh Sand Sandy Quartz 33
Sabkha Salty Sand Quartz + 56
NaCl
Marl Silty Dolomite 56
Sandy Clay Sandy Clay Calcite 53
Clay Clay Quartz + 90
Clay Mincral
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dry due to contraction of the sample. The results of this sample are
questionable in the dry sidc considering that the line source thcory assumes
that conduction is the only mechanism in which heat can flow through the
soil. The existence of a continuous gap of air would result in heat flowing
by convection and hence lower values of thermal resistivity could be
obtained in the dry region. Brandon and Mitchell (1989) stated that for
convective heat transfer to take place, the pores of the soil must be several
millimeters across. If the size of the cracks were smaller than that required
for convective heat transfer, then these cracks would result in higher
thermal resistivity at the dry region because of the fact that air has very
high thermal resistivity . Since it was not possible to determine the size of
cracks inside the sample and especially ncar the needle, no conclusion can

be made about the results of this sample at the dry rcgion.

As can be noted from the previous discussion that the relation
between type of soil and wet thermal resistivity is that sandy soils generally
exhibit lower wet thermal resistivity compared to silty and clayey soils.
The presence of quartz tends to lower wet thermal resistivity whereas
presence of clay mincrals causes a reverse effect. [t is also to be noted that
consideration is taken only for wet thermal resistivity when considering the
influence of mineral composition. Referring again to Table 4.5, it is clear
that the same argument docs not apply for dry thermal resistivity . As an
example, the wet thermal resistivity of the plastic clay is morc than double
that of the beach sand whereas the dry thermal resistivity of the plastic
clay is considerably less than that of the beach sand. This can also be scen

from Table 4.5 for Riyadh sand, Sabkha, Marl and Sandy clay. Since this
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phenomenon has definitely nothing to do with mineral composition, it
could be that during the process of drying the structure of these soils have
gone through change of different magnitudes which might be responsible

for this phenomenon.
4.2.5 Influence of Initial Moisture Content and Soil Structure

The significance of initial compacting moisture content on dry
thermal resistivity is readily seen from the data shown in Figures 4.19 to
4.22. These samples were compacted at different moisture contents;
however, the density effect was eliminated by compacting the samples at
approximately the same density. For the dune sand sample (Figure 4.19),
the effect of initial moisture content on dry thermal resistivity is very
small. However, the results of the other three samples, namely Riyadh
sand, marl and sandy clay (Figures 4.20 to 4.22) indicate that as the initial
moisture content increases, the obtained dry thermal resistivity decreases,
but this does not continue for ever. For example, the marl sample results
indicate that the dry thermal resistivity decrcases with increasing initial
compacting moisture content, but compacting this sample at an initial
moisture content above 12% gives no further decrease of dry thermal
resistivity . In other words, therc scems to be an optimum initial moisture
content beyond which no further decrease in dry thermal resistivity can be
achieved. This optimum moisturc content seems to be the moisture
content at which all grains are surrounded with a continuous layer of
water in which all fine grains are in suspension. Any excess watcr to that

required to make all fines in suspension will not contribute to the reduction
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of dry thermal resistivity . Referring to Table 4.7, the value of the initial
optimum moisture content required to achicve the minimum thermal .
resistivity is shown to be above the critical moisture content and lower
than the optimum moisture content required to achieve maximum dry

density.

The influence of initial moisture content may explain the low dry
thermal resistivities which were obtained for cementitious sands (Samples 5
and 6), marl, sandy clay and clay. For a further study of the initial
moisture content effect, two series of tests were conducted. In the first
series of tests, three specimens of each soil were compacted at zero percent
moisture content (compacted dry) to different densitics and then thermal
resistivities were measured for every sample. These dry thermal
'resistivities obtained by compacting these samples dry were then compared
to dry thermal resistivities obtained earlier by stage drying tests in which
specimens were compacted wet. The results are shown in Figures 4.23 to
4.31 and are also fummarized in Table 4.8. The difference appeérs to be
greater for samples having lower contents of quartz. The first four
samples which are rich in quartz show a slight different compared to other
samples. Therefore, it is evident that the dry thermal resistivity depends
on whether the soil sample was compacted wet or dry. Generally speaking,
the dry thermal resistivity of a sample compacted wet and then dried is

lower than that of the same sample compacted dry. This phenomenon is

thought to be attributed to change of the soil structure.

In the second series of tests, three soils were selected for structure



Table 4.7: Correlation Between Optimum Initial Moisture Content, Critical
Moisture Content and Optimum Moisture Content

Sample |Initial Optimum Mois- Optimum Moisture Critical
Content Required to Content Required Moisture
Achieve Minimum Dry to Achieve Maxi- Content
Thermal Resistivity mum Dry Density (%)
(%) ()

Marl 12 20 4.5-6

Sandy 12 14 8-11

Clay

Riyadh 8 10 3-4

Sand
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Table 4.8: Dry Thermal Resistivity of the Tested Samples Obtained by
Compacting the Samples Dry and Compacting Them Wet and Allowed
to Dry

Dry Dry Thermal Dry Thermal
Sample Density Resistivity Resistivity [
(Compacted (Compacted "/ s
Dry) Wet)

1 2 3 4 5
Dune Sand 1.70 283 270 1.04
Beach Sand 1.70 285 263 1.08
SCECO .66 300 283 1.06
Backfill
Jubail Sand 1.63 311 300 1.04
Riyadh Sand 1.80 241 131 1.84
Sabkha 1.70 289 161 1.80
Marl 1.45 356 218 1.63
Sandy Clay 1.80 327 148 2.21
Plastic 1.20 433 (&5 2.34
Clay
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investigation, namely Riyadh sand, marl and sandy clay. Two samples of
each soil were prepared for scanning clectron microscopic examination
(SEM). The first sample was compacted at high moisture content (wet of
optimum) and then dried to zero moisture content. The second sample
was compacted at the same dry density but at a low moisture content (dry
of optimum) and then dried to zero moisture content. The SEM analysis
was then carried out for each sample. The microphotograph of each

sample is shown in plates 4.1 to 4.6.

The difference in structure is clear for all samples. It can also be
noted that the sandy clay sample exhibited the greatest change of structure
out of the three tested samples which agrees with the high ratio shown in
column 5 of Table 4.8 for the sample. The structures- developed by
compacting the samples at low moisture contents are uncemented
structures in which smaller particles occupy pore spaces between larger
particles. In the other case, the photomicrographs show cemented
structurcs. When a given soil compacted at high moisture content, all
grains are bounded with a continuous layer of water in which all fine
grains are in suspension. During the process of drying, these fines floating
in the water suspension are forced to the particle contacts due to surface
tension of the water. Ultimatcly, they arc attracted to the surfaces of
larger grains at contact points acting as conncctors between them as shown
in microphotographs (Plates 4.1 to 4.6) of the samples which are
compacted at the higher moisture contents. Conscquently, these
connectors reduce greatly interface resistance (solid-air resistance) at grain

contacts which result in reduced thermal resistivity of the soil system. It is
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Plate 4.1:

Photomicrograph of Riyadh Sand Showing Uncemented
Structure. This sample was Compacted at 47 Water
Content and Allowed to Dry.



s

Plate 4.2:
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169

20K

Photomicrograph of Riyadh Sand Showing Cemented Structure
in which Fine Grains act as connectors between large grains.
This sample was compacted at 15% water content and allowed
to dry.
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Plate 4.3: Photomicrograph of Marl Showing Uncemented Structure.
This sample was compacted at 7% Water Content and
Allowed to Dry.



Plate 4.4:

V~X‘15ki MGHM HDEB

- .\v‘\‘

T

Photomicrograph of Marl Showing Cemented Structure

. in which Fine Grains act as Connectors between larger

grains. This sample was compacted at 28% Water
Content and Allowed to Dry.

108
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rograph of Sandy Clay Showing Relatively

(o]

'y

Photo

.
.

Plate 4.5

This sample was compacted at

7% Water Content and Allowed to Dry.

Cemented Structure.
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Plate 4.6: Photomicrograph of Sandy Clay Showing Clay Matrix
Surrounding Aggregations of Larger Grains. This

Sample was compacted at 20% Water Content and
allowed to dry.
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clear that this mechanism docs not occur in soils which contain low
amount of fines as in the case of dunc sand, beach sand, SCECO backfill
and Jubail sand. For thesec samples, dry thermal rcsistivitics arc

approximatcly the same rcgardless of compaction process (Tablc 4.8).

The practical conscquence of these findings is that moist compaction
should be uscd in the ficld to provide the minimum dry thermal resistivity
in casc the backfill subscquently drics. The optimum moisturc content
derived from the compaction curve could be used as a conservative
approximation of thc optimum initial moisture content required to achicve

minimum dry thermal resistivity (Table 4.7).
4.2.6 Influence of Method of Testing

It has been shown in the previous scctions that the thermal
resistivity of a soil at a ccrtain moisture content is dependent on how it
arrived at that moisturc content. Comparison between two mecthods of
testing, which arc stage drying and the reverse method which may be
called wetting process, arc shown by data in Figures 4.32 to 4.34 for
Riyadh sand, marl and sandy clay samples. The two mcthods give a
reasonably similar valucs at the wet region, but as thc moisturc content
decreascs, the divergence of the curves in the two cascs increascs. Again,
this can be cxplaincd by the soil structures difference resulted from the two
methods. Considering that specifications for backfills used in cable
trenches require that backfill should be compacted wet and that stage
drying simulatc drying process in the ficld, stage drying tcchnique appears

to be more cfficient and accurate than the wetting process in dctermination
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of soil thermal resistivity .
4.2.7 Influence of Gradation

The gradation influcnce is shown in Figurc 4.35. The well graded
sand was constituted in the laboratory by mixing different grain sizes of
the natural dunc sand. Grain size distribution of the two samples is shown
in Figurc 4.36. Thc two materials have identical mincral composition,
tested for the same range of moisturc content and tested through the stage
drying test. As indicated in Figurc 4.35, the well graded dunc sand has a
lower thermal resistivity for all moisturc contents. The reduction in dry
thermal resistivity is about 25%. This reduction is clearly duc to higher
density associated with better grading. As heat transfers mostly through
the contact points between soil particles, better grading increascs the
contact points per unit volume and hence serves to reduce the thermal

resistivity .

The gradation influcnce can be scen also from the results of the ninc
natural soils shown previously. Marl, sandy clay, and Riyadh sand
samples which arc well graded soils and cover a wide range of grain sizcs
have resulted in lower dry thermal resistivities compared to poorly graded
sands (c.g. beach sand and dunc sand). The well graded soil contains
more fincs which fill the voids between larger grains making it possible to
compact the soil to higher densitics than those for uniformly graded soils.
Furthermore, these fines when accumulated at the conlact points of the
larger grains, incrcasecs thc contact arca between these  grains.

Conscquently, lower thermal resistivity is accomplished with better
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grading.
4.3 Backfill Trcatments

4.3.1 Introduction

Results presented in the previous scction suggest that natural soils
can have very wide range of variations in terms of their thermal resistivity
valucs. Specifications of backfill rcquirc that backfills should have a
thermal resistivity of Icss than 120°C-cm/watt when they arc dry (Boggs, ct
al, 1982). Howecvecr, only Riyadh sand compacted at an optimum moisturc
content satisfics these specifications. Its dry thermal resistivity is found to
be 115°C-cm/watt, just below the value suggested by the specifications.
The other samples give valucs above this limit. The SCECO backfill is of
special interest since it is the soil specificd by SCECO East as a backfill.
This sample shows a high dry thermal resistivity of 268°C-cm/watt which
is very high compared to the spccifications. If this soil is uscd as a backfill
for the design valuc of 120°C-cm/watt, then the cable would be subjected
to local overheating and consequently thermal failurc of the insulation
surrounding thc cable when the soil becomes dry. To avoid this problem,
the power cngincer has the option of installing a second circuit, force
cooling the cable along the portion of the routc where overhecating may
occur, or replacing this backfill with a lower thcrmal resistivity backfill

matcrial.

For the purposc of heat dissipation, thc thermal resistivity of the

soil immediately adjacent to the cable is most influential. In some cascs,
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the use of thermal backfill materials might be the most cconomical design
option spccially in congested arcas such as power stations and substations
where heavily loaded circuits must be routed through foundations and
other underground utilitics. Even in the case where thermal failure of the
insulation is not a problem, the usc of a low thermal resistivity backfill for
a fixed applicd current results in a lower temperaturc of the cable and
hence a lower clectrical resistance of the cable. The rcduction of the
clectrical resistance of the cable reduccs the I’R losses and hence increascs

the power output (Jackson, 1980).

The forcgoing discussion indicates a nced for backfill materials
whosc thermal resistivity arc low, cven whilc subjected to higher
temperatures for prolonged periods. The maximum opcrating temperature
of the cable would then become indcpendent of the surrounding backfill
and soil conditions. The accompanying benefits would include a

substantial increasc in allowablc cable loading and reduced maintcnance.
4.3.2 Propertics of Soil Additives

Additives used in this study arc Type I Portland Cement, limestone
dust, marl and clay. These additives were added in different proportions
to dune sand. Sclection of dune sand as a basc matcrial was made because
of its general availability, its low cost and because of the low thermal
resistivity of the quartzitic particles which constitutes most of the dunc

sand sample.

The grain size distribution of the four additives is shown in Figurc
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4.37. As indicated in this figure, the fincst additive is the clay with 85%
passing No. 200 sicve and 72% clay size content. 79% of ccment passcs
through No. 200 sicve compared to 47% and 28% for thc marl and
limestone dust additives which indicates that cement is fincr than the other
two additives. However, the minimum size of thosc thrce additives is
approximately the same (0.001 mm). The limestonc dust was feclt to be
rclatively coarsc, as indicated by the grain size distribution of this additive,
<o the finer portion of this additive passing No. 100 sicve was also

investigated and its grain size distribution is also shown in Figurc 4.37.

Compaction curves of soil mixtures madec up using thesc additives
are shown in Figures 4.38 to 4.41. These figures show that optimum
moisturc content falls in the range 9-12% for zill proportions of additives
with the bottom of the range representing mixtures with low percentage of
additives and the upper of the range representing mixtures with higher
percentage of additives. It is apparent that incrcasing the amount of
additives which contains apprcciablc amount of fincs tends to incrcase the
fincs of the whole mixture and hence increascs thc amount of water
required to achicve the maximum dry density. The maximum dry density
gencerally incrcascs with increasing percentage of additives with onc
cxception. In the casc of clay as an additive (Figurc 4.40), addition of
7.5% clay was found to result in highcr maximum density than that

achicved using 10% of clay.

It is to be noted that thc maximum percentage of ccment and clay

used is 10% whereas up to 20% of limestone dust and marl was tricd. It
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was found that addition of 10% of ccment produced a hard backfill which
would make further access to the cable difficult in practicc. Also, the
upper limit used in the case of clay was 10% to reducc the undcsirable
cffects related to higher amounts of clay coﬁsidcring that the clay usced in

this study is an cxpansive onc.
4.4 Thermal Resistivity of Backfills
4.4.1 Sand-Cement Additives

Four backfills were investigated using Type | portland ccment as an
additive with 2%, 3.5%, 5% and 10% ccment by weight of the dunc sand.
The stag drying test for cvery mixture is shown in Figurc 4.42. Thesc data
show clearly that incrcasing the amount of cement reduces the thermal
resistivity both at the wet and dry side; however, morc rcduction is
cvident in the dry region. All samples were compactcd at the optimum
moisture content and then tested for thermal resistivity using thc stage
drying technique. These results are summarized in Table 4.9 which show
the reduction in dry thermal resistivity for cvery back(ill compared with
the dry thermal resistivity of the base material. A rcduction of 12%, 28%,
45% and 61% was achicved by the addition of 2.0%, 3.5%, 5% and 10%
of cement respectively. It is intcresting to notce that wet thermal resistivity
for 2% and 3.5% ccment backfills is higher than the wet thermal resistivity
for the basc material. This supports what has been concluded in Scction
4.2.4 that mincral composition influences the wet thermal resistivity .
Cement by itsclf has higher thermal resistivity than the quartzitc sand,

conscquently, the addition of small amount of cement causcs an incrcasc in
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Table 4.9. Thermal Resistivities of Sand-Cement Backfills

Ya Wet P Dry P Percentage
Backfill (g/em®)  |°C-cm/watt | °C-cm/walt Reduction
in Dry p
Basc Material 1.77 42 256 -
(Dunc Sand)
Sand + 2% 1.76 48 225 2%
Ccement
Sand + 3.5% .78 48 185 28%
Ccment
Sand + 5% 1.82 42 140 45%
Ccement
Sand + 10% 1.90 38 99 61%

Cement




129

wet thermal resistivity ; however, if more cecment is uscd, lower wet
thermal resistivity maybe obtained as shown in the casc of adding 5% and
10% cement because the increase of wet thermal resistivity now is offscted
by the reduction caused by increase in dry density associated with 5% and

10% cement backfills as shown in Table 4.9.

Figurc 4.43 shows thc dry thermal resistivity as a function of
percentage of cement added. This figurc indicates no optimum ccment
content at which minimum dry thermal resistivity occurs as noted with
other additives. This is because the investigation was limited to addition of
10% cement. As mentioned carlicr that 10% cement produced a very hard
rock-like mixture which cannot be uscd as a backfill and addition of more

cement will produce a harder backfill.

4.4.2 Sand-Marl Backfills

Results of the stage drying tests for backfills made up by adding
5%, 10%, 15% and 20% of marl to the dunc sand arc shown in Figurc
4.44. The wet thermal resistivity for these backfills ranged between 39 and
42°C-cm/waltt as indicated in Tablc 4.10. This slight decrecase compared to
the basc material can be attributed to the increasc of dry density of the
backfills. On the other hand, the dry thermal resistivity (or these backfills
arc 178, 166, 150 and 148°C-cm/watt for 5, 10, 15 and 20% of marl added
which means a reduction of 30, 35, 41 and 42% respectively compared
with dry thermal resistivity of dunc éand. The reverse cffect of additive on
wet thermal resistivity noticed carlier with ccment is also shown hcre.

Addition of only 5% marl gives lower thermal resistivity on the wet sidc as



130

Gl

KliAlsisey Jewsayl KiQ uo juawa JO junowy 0 399343 € v'Bid
(2)a3aav LN3IN3O0 40 INNOWY

¢l

6 9

g

o

@

o
Ty)

ool

N

oGl

002

o
n
N

(HoM /W —0)ALIALLSISIY TVNYIHL Add




131

s[iipjopg ON—PutS Joj diysuonjay Juajuo) anjsion—Knsissy pusay) ¥y'y'di4

(3)INFINOD JMNLSION
7l ol g 9 y 4
T*'j

05 —
=3
VN 16 =
VN 101 B 3]
W 151 8_\%;
W 102 ¢ E)
g

051

JNLIAQY NV SY THVA

002



Tabhle 4.10 Thermal Resistivities of Sand-Marl Backfills

132

¥d Wet P Dry Percentage

Backfill (g/cm?) oC-cm/watt| °C-cm/watt| Reduction
inDry P

Basc Material 1.77 42 256 -
(Dunc Sand)
Sand + 5% 1.79 42 178 30%
Marl
Sand + 10% 1.80 40 166 35%
Marl
Sand + 15% 1.82 40 150 41%
Marl
Sand + 20% 1.84 39 148 42%

Marl
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indicated by stage drying curve for the 5% marl which plots lower than

the other curves except near the dry region.

The dry thermal resistivity as a function of marl added is shown in
Figurc 4.45. As thc amount of marl added increascs, the dry thermal
resistivity decrcases with an optimum valuc of 15% marl. Addition of
more than 15% marl shows no further dccrease in thermal resistivity .
The reduction of 41% associated with addition of optimum amount of
marl which is 15%, is not comparablc to thc ccment additives which
results in higher reduction cven with 5% cement content. Howcver, marl-
sand backfills arc less harder than cement backfills even with addition of

20% marl.
4.4.3 Sand-Clay Backfills

For the clay backfills, Figurc 4.46 shows stage drying results for the
four proportions 2.5, 5, 7.5 and 10%. The four backfills indicate small
variation among them with the backfill of 2.5% clay having larger dry
thermal resistivity . From the summarized results listed in Table 4.11, the
wet thermal resistivity reduced by morc than 20% for all proportions
which is mainly resulted from the substantial increasc in maximum dry
density at which samples were tested. The clay backfills arc thc most
cffective when considering dry thermal resistivity . The reduction in dry
thermal resistivity ranged from 54% for 2.5% clay to 65% for the 5%
clay. Tt is also interesting to note that all sand-clay backfills result in dry
thermal resistivity which is lower than 120°C-cm/watt cven with addition

of 2.5% clay only.
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Table 4.11 Thermal Resistivities of Sand-Clay Backfills

136

Y Wet P Dry Percentage
Backfill (g/cm?) oC-cm/watt] °C-cm/watf| Reduction
in Dry ¢
Basc Matcrial 1.77 42 256 -
2.5% Clay 1.86 32 118 54%
5.0% Clay 1.94 32 90 65
7.5% Clay 1.98 30 92 64
10% Clay 1.92 31 95 63
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The optimum clay content is 5% at which a dry thermal resistivity
of 90°C-cm/watt was achicved as shown in Figurc 4.47. The slight
increase in dry thermal resistivity after that can be cxplaincd by referring
to the compaction curves shown carlicr in Figurc 4.40. The 5% and 7.5%
clay backfills give approximatcly thc same maximum dry density which is
higher than that obtained from 2.5% clay backfill; however, thc maximum

dry density decreased when a 10% clay backfill is compacted.

4.4.4 Limestone - Sand Backfills

Stage drying results for the limestone-sand backfills arc shown in
Figurc 4.48 and summarized in Table 4.12. These results indicatc a
reduction of dry thermal resistivity with increasing thc amount of
limestonc dust with no apparcnt reduction of the wet thermal resistivity .
The reduction of the dry thermal resistivity is 34, 41, 49 and 51% for 5%,
{0%, 15% and 20% of limestone dust respectively. The optimum amount
of limestonc dust is about 15% as indicated by Figurc 4.49. The matcrial
of limestone dust passing No. 100 standard sicve was also investigated and
the results ‘arc shown in Figure 4.50 and Table 4.13. The finc limestonc
dust was proved to be more cffective in reducing both thc dry thermal
resistivity and optimum émount of additive. Adding 10% or morc of the
finc limestone dust to the sand resulted in dry thermal resistivity values of
fess than 120°C-cm/watt which rcpresents a reduction of morc than 55%

comparcd with untrcated dunc sand.

4.5 Evaluation of Tested Backfills
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Table 4.12. Thermal Resistivities of Sand-Limestone Backfills

140

Y Wet £ Dry P Percentage
Backfill (g/cm?) oC-cm/watt] °C-cm/wat(| Reduction
inDry p
Basc Material 1.77 42 256 -
5% Limestonc .81 39 168 34%
Dust
10% Limecestonce 1.82 42 150 41%
Dust
[5% Limestonc 1.84 40 130 49%
Dust
20% Limecstonc 1.84 39 125 51%

Dust
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Table 4.13. Thermal Resistivities of Sand-Fine Limestonc Backfills

Y4 Wet P Dry p Percentage
Backfill (g/cm?) oC-cm/watt] °C-cm/watt] Reduction
inDry P
Basc Matcrial 1.77 42 256 -
5% Finc 1.84 39 155 39%
Limestonc Dust
10% Finc 1.86 38 115 55%
Limestonc Dust
15% Finc 1.89 36 {10 57%
Limestone Dust
20% Finc 1.88 36 112 56%

Limestonc Dust
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Table 4.14 shows the two criteria used for cvaluation of thermal
backfills which arc optimum amount of backfill additives at which
minimum dry thermal resistivity could occur and the reduction in the dry
thermal resistivity compared with that of untreated dunc sand. As shown
in Table 4.13, the minimum optimum amount of backfill additives is 5%
for both clay and cement comparcd with a maximum of 15% for marl and
limestone dust and a modcrate valuc of 10% for the finc limestonc dust.
However, it cannot be concluded that clay-sand backfills arc morc cost
cffective than fine limestonc dust - sand backfill. The cost of 5% clay
could be higher since clay soils arc not abundant in many parts of the
Kingdom while limestone dust is a wastc material of limestonc aggregate
quarrics throughout the Kingdom. Rcfcrring to results presented carlicr,
they indicate that only 2.5% of clay is adequatc Lo achicve a dry thermal
resistivity below 120°C-cm/watt which is a very small amount indicating
that clay-sand backfills might be cost effective in arcas where clay soils arc
rcadily available. Cost estimation of thesc backfills should be carricd out
to determine the most cffective onc based on the cost of raw matcrial of
additives and their proportions. It is to be noted that thc optimum
amount of cement was considered to be 5% although the 10% ccment-
sand backfill gave lower dry thermal resistivity . However, the 10% cement
backf{ill was very hard and hence was not considered as an optimum. The
cconomical sclection of backfill matcrials must also include the thermal
stability critcria of the native soil first. Based on the maximum heat

gencration and cablc gecometry of the cable system, the designer may find
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Optimum Dry £ at % Reduction
Backfill Amount of Optimum in Dry P
Type Backfill (%) Amount of
Backfill

Ccment 5 140 45%
Marl 15 150 41%
Clay 5 90 65%
Limestonc 15 130 49%
Dust

Finc Limcstonc 10 115 57%

Dust
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that it is morc cconomical to cstablish the stability criteria for the native

soil and opcrate within those constraints.

Considering the dry thermal resistivity clay-sand additives appear
to be the most cffective. A dry thermal resistivity of 90°C-cm/waltt has
been achicved with only 5% of clay which represents 65% rcduction
compared to the untrcated sand. The 10% sand-finc limestone backfill
resulted in a valuc of 115°C-cm/watt. The values of the dry thermal
resistivities for both of the above backfills arc lower than the 120°C-

cm/watt suggested by specifications.

It appears that the particle size of the additive affects the minimum
dry thermal resistivity of the backfill. Clay which is the fincst additive
investigated in this study was thc most cffective in reducing dry thermal
resistivity . Low dry thermal resistivity was possible by adding just 2.5%
of this additive and thc same thing can be noticed with the finc limestone
dust. The finc limestone dust which has thc same mincral composition as
that of the limestone dust gives better results as shown in Figure 4.49.
This bchavior can probably be attributed to an increasc in packing
efficicncy of smaller sized additive particles in the vicinity of the dunc sand

grain contact points.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 Summary

This thesis consists of an cxperimental study to dctecrmine factors
that affect thermal resistivity of soils by utilizing thc thermal ncedle
method. Tt also consists of a laboratory investigation of thermal resistivity
of backfill materials using differcat additives to a sandy soil. The results
of this study have practical application Lo the design of underground heat
sources and development of thermal backf(ill materials for improving the

heat transfer between soil and buricd clectric power cables.

The accuracy of the thermal needle mecthod was discussed in
Chapter 3 of this thesis. Since this mecthod is bascd on the linc heat source
thcory, the cxperiments were carricd out in such a way as to minimize
crrors and to limit deviations from the linc hcat source thecory. The
general design featurcs of and the supporting instrumentation for the probe
measurecment system arc. described. The determination of geotechnical
properties of tested soils and specimen preparation procedures for thermal

necdle method arc also presented.

Natural soils sclected to achicve the first part of this study covered a

wide range of particle sizes and consist of different mincrals. The stage
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drying tcchnique was used (o develop the thermal resistivity - moisture
content relationships at two different dry densitics for cvery natuml soil.
The main factors affecting thermal resistivity of soils such as moisturc
content, dry density, initial moisturc content of the soil, mincral
composition and other rclated propertics were investigated. The resulls are

presented and discussed in Chapter 4 of this thesis.

Backfills used in this study consist of a basc matcrial which is dunc
sand and small amounts of additives such as Typc | ccment, limestonc
dust, clay and marl. Sclection of dunc sand as a basc material was madc
because of its general availability, low cost and because of the low thermal
resistivity of the quartzitic particles of the dune sand. Bascd on the resulls

obtained, an cvaluation of these backfills was presented also in Chapter 4.

5.2 Conclusions

The major conclusions of this investigation arc as follows :

I. The transient thermal probe is a relatively quick, cffective method
for measuring thc soil thermal propertics. Valid results can be
obtained if the test conditions approximate, as closcly as possiblc the
line source heat theory. If this method is used with the stage drying
technique, then a ciosc simulation of actual bechavior in the ficld can

be achicved.

2. The thermal resistivity of a specific soil can be reduced significantly

by increasing cither the dry density or the moisturc content.
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Considering thermal resistivity - moisture content rclationship, this
study indicates that thrce stages can be defined. Stage [ cxists from
zero moisture content up to a moisturc content which is just below
the critical moisture content. A dramatic rcduction of thermal
resistivity occurs in this stage. Stage II cxists near the critical
moisturc content and during this stage, thermal resistivity dccreascs
rather slowly compared to stage I. Stage HI is the wel stage in
which thermal resistivity is ncarly constant and cxists up (o

saturation.

This investigation indicates that critical moisture content increascs
as the amount of fincs incrcases whereas for a given soil, it decreascs

as its dry density increascs.

Bascd on stage drying results, mincral composition of the soil affects
the wet thermal resistivity of the soil and has almost no cffect on
dry thermal resistivity specially for soils which cxhibit ccmentitious
propertics upon drying and for cohesive soils. The presence of high
percentage of quartz tends to reduce wet thermal resistivity whercas
presence of appreciable amount of higher thermal resistivily
mincrals such as salts, dolomite and clay minerals have the reversc

clTecl.

Based on stage drying results, cementitious and cohesive soils can
have low dry thermal resistivity compared to clean sands although
they have gencrally higher wet thermal resistivities . The

photomicrographs of the soil structurc indicates that during the
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process of drying, the structurc of thesc soils gocs through diffcrent
magnitudcs of changes. By drying these soils, the soil interparticle
contact arca is increased which in turn would act to lower dry

thcrmal resistivity .

This investigation indicates that there is an optimum initial
compacting moisturc content at which minimum dry thermal
resistivity can be achieved. Compacting the soil atl a water content
in cxcess of optimum will producc only a minimal dccrease in dry
thermal resistivity . The results of this study indicate also that the
optimum moisturc content derived from the compaction curve could
be used as a conscrvative approximation of the optimum
compacting moisturc content required to achicve minimum dry

thermal resistivity in the abscnce of thermal resistivity data.

Thermal resistivity data indicate that most of the tested natural soils
resulted in dry thermal resistivities in cxcess of [20°C-cm/watt
required by specifications which indicates a need for backfill
materials whose thermal resistivity are low cven while subjected to

high temperatures for prolonged periods.

Out of the additives used in this study to treat dunc sand backfill
materials, clay and fine limestone dust were found to be more
cffective. Compared to untrcated dunc sand which has a dry
thermal resistivity of 256°C-cm/watt, the addition of 5% clay and
10% finc limestone dust to the dune sand resulted in dry thermal

resistivity of 90 and 115°C-cm/watt which mecans a reduction of
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about 65% and 57% rcspectively.

10. Bascd on thermal resistivity data of backfills, it appears that the
particle size of the additive affects the minimum dry thermal
resistivity of the backfill. The finer is the particle size of an additive
the lower is minimum dry thermal resistivity that can be achicved
for the samc basc malcrial. This bchavior can be probably
altributed to an incrcasc in packing cfficicncy of smaller sized
additive particles in the vicinity of the basc malcrial grain contact

points.
5.3 Recommendations

Bascd on the results of and the conclusions drawn from this study,

the following recommendations for futurc work arc suggested:

1. The influence of geotechnical propertics on other thermal propertics
such as heat capacity and thermal diffusivity of soils although they
arc less important than thermal resistivity in practice should be
studied for better understanding of heat transfer characteristics of

soils.

2. A thermal stability study of natural soils and backfills should be
conducted to asccrtain thc cablec opcration paramcters and the
associated time required to dry the initially moist soil for diffcrent

initial moisturc contents and different power inputs.

3. It is very common for multiplc heat sources to be locatcd within a
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closc cnough proximity to cach other that the assumption of a
single, independent hcat sourcc may not be valid. It is
recommended that future cxperimental studics incorporale this
factor in order to provide information on the heat transfcr
characteristics of underground thermal systems which cannot be

considered as a singlc heat source.

Long-term, ficld experiments should be designed and conducted to

cvaluate the performance of the various backfill matcrials.

A comprchensive cost study should be conducted to identify the
design situations for which the usc of thermal backfills is

cconomically justifiable.

Because of the low dry thermal resistivity of sand clay backfills,
additional- thermal resistivity data should be conducted on other
available types of clay. Further study on limestonc as an additive
should be conducted. Also, diffcrent chemicals available

commercially should be studicd as additives to sand.
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APPENDIX

X-ray diffraction and X-ray fluorescence

analysis for tested samples
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Fig. 2: X-Ray Diffraction Analysis of Sample #4 (Jubail Sand)



R T e 2 - e, fii e wmm - wsp: mmem mp e

TUDREEE ToTVRARE =: RASTSTY = TS e 1 Pt EXSS Fat=~=
RS w i S e T S Trets = =C BRI A. Rt ot B TLPoi R
2! Tt e e 33 5 e e S Ce s — : - - by T -— — - 3l - - - - -

- = = = —_— o — b —-—— = LA
o P P PR A PeY. =i uF ] et ¥
—-— W —_— e — L = - W = = B

Fig. 3: X-Ray Diffraction Analysis of Sample #6 (Sabkha)



ereeareses®

"t""'!‘

peperrtritn i LU LI Al SR

TR TR

1+
e

]

_—
Rl

i

eressssrense

e,
00

Fig. 3:

1 ]
et

£’

H
_—
T ]

E

o

[3

- Y
-, =
$3 13
D=7
i
s k3
y
-

gr
]

L

X-Ray Diffraction Analysis of Sample #6 (Sabkha) (Continued)

erereerpesaaterIneiey

o}



- —em - sia memn e s - e RIS I - Ti3: = W N
-s=mini = i r s I -3 e 3 ] e ] IS
2 -l e NRE sttt i P P TR I - Wi RT e W 2 i
- ead
e .
3 -
s S
: i 53
s ki P Y 3
- - = EEs & e
= = -— = — —_— =
i ek T R0 ol R Y =we
t
.- - - = - P - - = -— - e m =
E3=y = ) T E5 05
- s JERRCE XY P — W =T E It - T Wt e

Fig. 4: X-Ray Diffraction Analysis of Sample #7 (Marl)
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Fig. 6: X-Ray Diffraction Analysis of Sample #9 (Clay)
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Fig. 7: X-Ray Diffraction of Limestone
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Fig. 8: X-Ray Fluorescence Analysis of Sampie #1 (Dune Sand)



Table 1: The Chemical Composition
of Sample #1 (Dune Sand)

Component Conc (%)
AL OXIDE 2.555
St OXIDE 36.645
S OXIDE 0.904
K OXIDE 4.259
CA OXIDE 55.636
TOTAL 100.000




Table 2: The Chemical Composition
of Sample #2 (Beach Sand)

Component

Concentration (%)

AL OXIDE
SI OXIDE
S OXIDE
K OXIDE
CA OXIDE
TOTAL

2.555
53.201
3.043
4.447
37.054
100.000




Table 3: The Chemical Composition
of Sample #3 (SCECO Backfill)

Component Concentration (%)
AL OXIDE 2.539

SI OXIDE 62.472

S OXIDE 1.418

K OXIDE 5.571

CA OXIDE 28.000
TOTAL 100.000
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Fig. 9: X-Ray Fluorescence Analysis of Sample #4 (Jubail Sand)



Table 4: The Chemical Composition
of Sample #4 (Jubail Sand)

Component Concentration (%)
AL OXIDE 1.044
SI ODIXE 22.650
S OXIDE 0.500
K OXIDE 1.570
CA OXIDE 69.128
T1 OXIDE 0.328
CR OXIDE 0.319
FE OXIDE 1.846
SR OXIDE 2.614
TOTAL 100.000
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Fig.10:  X-Ray Fluorescence Analysis of Sample #5 (Riyadh Sand)



Table S: The Chemical Composition

of Sample #5 (Riyadh Sand)
Component Concentration (%)
AL OXIDE 3.782
SI ODIXE 36.564
K OXIDE 3.452
CA OXIDE 35477
TI OXIDE 3.794
CR OXIDE 0.673
MN OXIDE 0.316
FE OXIDE 15.942
TOTAL 100.000
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Fig.11:  X-Ray Fluorescence Analysis of Sample £6 (Sabkha)



Table 6: The Chemical Composition

of Sample #6 (Sabkha)
Component Concentration (%)

AL OXIDE 1.450

SI ODIXE 16.866
S OXIDE 11.536
CL OXIDE 15.739
K OXIDE 3.560

CA OXIDE 50.849
TOTAL 100.000
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Fig.12:

X-Ray Fluorescence Analysis of Sample #7 (Marl)



Table 7: The Chemical Composition

of Sample #7 (Marl)
Component Concentration (%)

AL OXIDE 0.875
ST ODIXE 5.701
S OXIDE 0.429
K OXIDE 1.745
CA OXIDE 91.251
TOTAL 100.000
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Fig.13: X-Ray Fluorescence Analysis of Sample #8 (Sandy Clay)



Table 8: The Chemical Composition
of Sample #8 (Sandy Clay)
Compohent Concentration (%)
AL OXIDE 1.361
SI ODIXE 7.410
S OXIDE 0.766
K OXIDE 1.268
CA OXIDE 79.789
TI OXIDE 0.815
MN OXIDE 0.233
FE OXIDE 6.970
SR OXIDE 1.388
TOTAL 100.000
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Fig.14:  X-Ray Fluorescence Analysis of Sample #9 (Clay)



Table 9 : The Chemical Composition

of Sample #9 (Clay)
Component Concentration (%)

AL OXIDE 6.567
SI ODIXE 40.008
S OXIDE 3.529
K OXIDE 22.225
CA OXIDE 27.670
TOTAL 100.000
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Fig.15:  X-Ray Fluorescence Analysis of Limestone



Table 10:  The Chemical Composition

of Sample #10 (Limestone)
Component Concentration (%)
AL OXIDE 0.316
SI ODIXE 0.826
S OXIDE 0.130
K OXIDE 0.223
CA OXIDE 97.957
MN OXIDE 0.066
FE OXIDE 0.482
TOTAL 100.000




