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Abstract

Estimation of thermal resistivity of soils is very important for various engineering projects. Many researchers have demonstrated that, soil
thermal resistivity is a property of the soil that depends on various parameters such as type of sail, particle size distribution, and compaction
characteristics and hence its estimation based on existing empirical and mathematical models is difficult. This calls for fabrication of a device
that can be used for determining soil thermal resistivity directly. Usually, small size, laboratory thermal resistivity probes have been used for
this purpose and their efficiency in measuring soil thermal resistivity has already been established. However, as natural soils consist of various
size fractions, ranging from clay to gravel, the laboratory thermal probes cannot be used very efficiently. This necessitates fabrication of a
field thermal probe that can be used to measure thermal resistivity of a soil either in its remolded state or under in situ conditions. With this in
view, efforts were made to develop a field thermal probe, which works on the principle of transient method and is a magnified version of the
laboratory thermal probe developed by the authors. Based on the results obtained efforts have been made to develop generalized relationshiy
for estimating the soil thermal resistivity by knowing the dry density, moisture content and percent size fraction of the various particle sizes,
and validation of the proposed generalized equations have been done with the results available in the literature.
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1. Introduction However, these relationships suffer from limitations in
terms of proper incorporation of various factors affecting
Estimation of soil thermal resistivity is of great impor- Such & complex phenomenon and to overcome these limita-
are: design and laying of high voltage buried power ca- the theory that the rate of rise of the temperature of a line
bles [1], oil and gas pipe lines [2], nuclear waste disposal heat source is_ dep(_—:tndt_an.t upon the thermal conductivity of
facilities [3], ground modification techniques employing th€ medium, in which it is placed. The method has been
heating and freezing [4] and studies on soil shrinkage [5] further extended to obtain relationships between various fac-
etc. These studies indicate that soil thermal resistivity is a tOrS affecting the thermal resistivity of the soils and various
property that depends upon various factors, which may be compositions of the soils have also been tested to simulate
dependent or independent. Efforts have been made by previ@ Naturally occurring soil deposit [21]. However, these rela-
ous researchers to develop relationships to estimate thermaﬁ'onSh'pS d9 nc_)t incorporate the presence of gra\_/e! in the S_O'I
resistivity of soils, and based on their studies these rela__mass_and its influence on the soil thermal resistivity. This
tionships can be classified as: empirical relationships, which is mainly due to the fact that small, laboratory thermal

are based on data obtained by measurement and analyzearo_bf_ [_17’2]?] cannot b(_a uzed _Tfflmerr\]tly to meallsure dtherm:ill
by graphical or numerical techniques [6—16], or theoretical ;‘ZS”'; Ivily of coarse-grained solls such as gravels and gravely

equations, which are based on idealized models wherein the . L ,
. AR ) This calls for fabrication of: large, field thermal probe

actual soil structure is simplified in such a way to permit X o .
mathematical analysis [12] that can be used to measure soil thermal resistivity of a soll
' sample either remolded to the in situ state of the soil or

brought to the laboratory in an undisturbed form or under

* Corresponding author. in situ conditions. However, as the laboratory sample would
E-mail addressdns@civil.iitb.ac.in (D.N. Singh). not represent the actual in situ state of the soil mass, efforts
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Nomenclature

0 temperature ... K &k thermal conductivity of the soil .. ViK~t.m~?1

o thermal diffusivity constant........... 1 L.L. liquid limit of the soil . .................... %

& resistance per unitlength........... Qmt n soil porosity

ydry dry unit-weight of the soil .. ......... kish—3 OMC optimum moisture content ................ %

y unit-weight of the soil . .............. ki3 P.L. plastic limitofthesoil .................... %

a, b, ¢ parameters having dependence on type ofthe Q heat input per unitlength............... st
soil and moisture content r radial distance from the heat source .. ...... m

Cp specific heat of the soil ........... kgtK1 R soil thermal resistivity ............. w1

emax  Maximum void ratio s slope of straight portion of the temperature

€min minimum void ratio versus log(time) relationship

Gs specific gravity t timeofheating............................ 5

i current . ... A w moisturecontent ............. oL %

should be made to measure the soil thermal resistivity with conductivity. In the mathematical form this can be presented

the help of a field thermal probe. In this direction except for as [17]:

[22—24] not many efforts have been made by the researchers.ae 920 1 90
With this in view, efforts were made to develop a field — =a<—2 . —) Q)

thermal probe and demonstrate its utility for estimating ore r or

thermal resistivity of coarse-grained soils such as gravelswheref is temperature of the soil mass,is the time of

and gravely soils. Results obtained have been comparedheating,« is the thermal diffusivity constarit= k/y Cp), k

with those computed by empirical relationships available in corresponds to the thermal conductivity (inverse of thermal

the literature [21,25,26]. It has been demonstrated that theresistivity R) of the soil, Cp is the specific heat of the soil,

field thermal probe can be used quite effectively to deter- ¥ is unit weight of the soil, and is the radial distance from

mine thermal resistivity of various soils and in particular the heat source.

the coarse-grained soils. Further, efforts have been made to  The temperature ris&0, between the times andz; may

develop generalized relationships which can be used for de-be represented as:

termining the soil thermal resistivity for natural soil deposits, 0 tr

depending upon their dry density, moisture content and dif- A6 = Ak |09e( )

ferent size fractions, in particular gravels, present in the soil.

(2)

As such, a plot of temperature against logarithm of time
shows a straight portion of slopehat can be defined as:

3)

1

2. A brief description of the “transient method” G— Q0 OR

4k 4w
For rapid measurement of the soil thermal resistivity, and

transient method has been employed by many researchers.

[17]. It has been noticed that the method is quite convenient < = ' § (4)

and to be adopted for accurate measurement. The methodvhere¢ is the resistance per unit length of the probe and

is based on the fact that the rate of temperature of heated is the electrical current. It will be noted that the average

body depends upon the thermal coefficient of the material property of the body entering this expression is the thermal

in which it is buried. The basic assumption in this method conductivity, and that the other termsin Eq. (3) are quantities

is that the heating element is straight line of infinite length readily measurable by the developed probes. Eq. (3) can be

and infinitely small diameter. And it is embedded in a written as:

homogeneous and isotropic medium of infinite extent. A .
= <2.3oaizg) s ®)
3. Working principle of the “thermal probe” 3.1. Fabrication details of the probe

A thermal probe approximates a line source of heat input A laboratory thermal probe developed by Rao and Singh
of Q per unit length, of constant strength, in an infinite [20]is depicted in Fig. 1. This probe consists of an insulated
homogeneous soil medium maintained, initially at uniform nichrome heater wire&(= 19.23 Q-m~1) inserted in a
temperature. Temperature at any point in the soil medium copper tube of 140 mm length with external diameter of
depends on the duration of heating and the soil thermal 2.5 mm, respectively. The nichrome heater wire is used
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Copper wires to power

Table 1
C Properties of the glycerol used in the present study
(7 "= le lead
| /\ Cu ermocouple leads Property Value
Weight (g) per ml., at 20C 1.255-1.260
Céﬁ ~ ggnsl‘éarnstan Neutrality A 20% solution is neutral to litmus
PP Maximum limits of impurities: Ash 0.02%
—|}=— 2.5mm Thermal resistivity value 3.49 w1
140 mm
h ) properties of the glycerol used in the study are presented in
«— ‘hermocoupic Table 1 [20].
A 1200 mm long and 100 mm diameter glass tube
glsm was used for calibration of the probe. The glass tube was

<— Copper Tube filled with the glycerol and the probe was allowed to gain
thermal equilibrium with the glycerol. The controlled power
supply was switched on followed by recording of the probe
Fig. 1. The laboratory thermal probe. temperature (corresponding to three PT100s) as a function
of time, till no appreciable change in temperature is noticed.
A typical data sheet used for recording these observations
is presented in Table 2 for the sake of completeness. Using

. 6 - .
of vgry IOV\;.IIeS'StaPC_e l(lOQ 1? . to 200x_f10 d@ s i the recorded data, temperature vs. time and temperature
used as a filler matérial so as 1o insuré uniform dissipation o log(time) relationships were developed, as shown in

of the heat generated. A thermocouple is attached on theFigS 3(a) and 3(b), respectively. The value sofor the
surface of the tube to measure the temperature of the probeprob'e is found to 'be equal to '3021(9 30.49C. and

However, as this probe could not be used for measuring 54 53¢ for thermocouples PT100-1, PT100-2 and PT100-

therma! resistivity of gravels and mixtur_es of gravels due .to 3, respectively. Hence, the thermal resistivity of the glycerol
small sizes of the probe and the container used for mak'ng(obtained from Eq. (4), using the field thermal probes is

the test soil sample, a field thermal probe, as shown in Fig. 2,found to be equal to 3.38 #-W~L. An average value of
has been fabricated. This probe also works on the principle30_4ooc has been used for the field thermal probe. It can

of the transient method and is an enlarged version of the g seen that the computed thermal resistivity value is within
laboratory probe. _ . 3% of the accepted value for glycerol. This indicates that
As depicted in Fig. 2, the field thermal probe consists yhe tapricated ‘field thermal probe’ works very efficiently

of a hollow copper tube of 1000 mm length with external 54 hence this probe has been used for estimating thermal
and internal diameters of 10.5 mm and 7.0 mm, respectively. resistivity of various soils.

Nichrome heater wire is used for heating the probe by

passing current through it. MgO of very low resistance

(100x 10-°t0 200x 10~° Q) is used as afiller material soas 4. Measurement of soil thermal resistivity using the

to insure uniform dissipation of the heat generatedf the “laboratory thermal probe”

nichrome wire used for the field thermal probe i24m—1.

Three thermocouples: PT100-1, PT100-2 and PT100-3 are  Experiments were carried out to measure the thermal
provided, on the inner surface of the tube, at distances of 50yesistivity values of different soils, i.e., clay (black cotton
mm, 500 mm and 950 mm, respectively, from the bottom of soil), silt (fly ash), silty sand, fine sand, and coarse sand
the probe, to measure temperature of the probe. As depictedyt different densities and moisture contents [20]. Physical
in Flg 2, aremovable mild steel CaSing is prOVided onthe tOp properties of these soils are presented in Table 3 and
of the filed probe. This casing provides space for housing the their particle size distribution characteristics are depicted
circuitry and serves as a sitting place for a mild steel cap. By ijn Fig. 4. A metal container (150 mm long and 100
tamping this cap, the probe can be inserted in the soil massmm diameter) was used to prepare the samples of soils
However, for very stiff soil deposits a stainless steel dummy Corresponding to a particu|ar dry density_ A 2 mm-diameter
rod (1000 mm in length and 9.5 mm in diameter) must be hole was drilled in the soil sample and the thermal probe
used first for making a hole in the soil deposit followed by was fit tightly into it. The probe was allowed to achieve
insertion of the probe. This insures that there is no air gap thermal equilibrium in the soil mass and then the power

for heating the probe by passing current through it. MgO

between the probe and the surrounding soil. supply to the probe was switched on. The temperature of
the probe was recorded as a function of time and was used
3.2. Calibration of the probe to compute the thermal resistivity of the soil as explained

in the calibration section. Based on these results generalized
To demonstrate proper and efficient functioning of the thermal resistivity equations, termed as DDTHERM, have
probe standard glycerol has been used as the medium. Thdeen proposed by Singh and Devid [21]. Validity of these
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: . <—— Removable mild steel cap
Removable mild steel pipe q

PT100-3 e=——m

| l

PT100-2
PT100-1
Heater

HENANE]

il g PT100-3

Power supply PT100-2

Nichrome wire

Filler material MgO

Copper tube of 10.5 mm

A
50 mm

PT100-3

450mm

¥— PT100-2

450 mm

PT100-1

50 mm

Fig. 2. The field thermal probe.

equations has been done with the help of results available inthe required dry density of the soil mass can be achieved.

the literature [27].

5. Measurement of soil thermal resistivity using the

“field thermal probe”

With the help of a dummy steel rod (10 mm in diameter)
which is slightly less than the diameter of the prob€ 0.5

mm) a hole is drilled along the longitudinal axis of the soll
sample, followed by the insertion of the thermal probe. This
arrangement insures a proper contact between the probe and
the surrounding soil. Later, the power supply is switched on

For testing thermal resistivity of the soil with the help of and with the help of temperature readout unit, temperature of
field thermal probe, the soil was compacted in a cylindrical three thermocouplesis measured as a function of time [28].

PVC container (1105 mm long and 240 mm in inner diame-

This procedure was adopted for determining thermal re-

ter). By varying the number of layers and number of blows, sistivity of gravels (G), and commercially available standard
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Table 2
Data sheet used for the field thermal probe: Material: Glycerol, working densityr(kﬁ): —, room temperature®C): 27.5, specific gravity: 1.255, moisture
content (%): —, current: 3.5 A

Time (min) Temperature®C) Time (min) Temperature®’C)
PT100-1 PT100-2 PT100-3 PT100-1 PT100-2 PT100-3
0 272 276 27 85 629 631 617
0.25 326 327 326 875 63 633 618
0.5 352 35 351 9 634 636 621
0.75 378 376 378 9.25 637 64 624
1 396 394 397 95 642 644 627
125 415 413 414 9.75 644 64.6 63
15 432 431 434 10 647 64.8 632
175 446 445 447 1025 652 653 635
2 459 458 46 105 655 656 637
2.25 472 471 472 1075 658 659 64
25 482 481 482 11 66 661 64.1
2.75 492 492 492 1125 664 665 645
3 503 502 50 115 667 66.8 64.7
3.25 512 512 509 1175 67 671 649
35 522 521 522 12 671 67.3 652
3.75 529 528 529 1225 676 677 655
4 538 538 537 125 677 679 657
4.25 546 546 544 1275 68 682 659
45 554 555 545 13 681 683 66.1
4.75 558 558 553 1325 683 685 66.2
5 563 56.3 562 135 685 687 664
5.25 569 57 567 1375 688 689 66.6
55 575 576 571 14 69 691 66.8
5.75 58 581 576 1425 693 694 67
6 585 586 58 145 694 69.6 67.1
6.25 591 592 585 1475 696 69.8 67.3
6.5 596 596 59 15 69 70 674
6.75 601 602 593 1525 702 704 67.7
7 605 606 596 155 705 706 68
7.25 611 612 601 1575 707 707 681
7.5 613 614 602 16 707 708 682
7.75 616 617 605 1625 71 711 684
8 619 62 607 165 711 712 685
8.25 624 625 613 1675 712 713 689
100 T T T T T T T T T T T T
100 T T
ol i _
90 H—— PT100-2 i
H—a— PT100-3 ——a— PT100-3
—~ 80 - —
O(_) | Oo 80 B
o 70+ . ?2’ 70k i
N 2
g 60 T g 60} -
Q I o
GEJ S0 T % 501 .
= =
40+ - 0k |
30 1 1 1 1 1 " 1 1 1 " 1 " 1 " 1 1 1 " 1 L 30 B . | 7
0 5 10 15 20 25 30 35 40 45 50 01 1 10 100
Time (min) Time (min)

(@) (b)

Fig. 3. Variation of the probe temperature with time (for different thermocouples).
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Table 3
Soil properties of various soils
Soil type Notation Gs L.L. (%) P.L. (%) emax emin
Clay (Black cotton soil) BCS 2.72 67 34 - -
Silt (Fly ash) FA 2.14 - - - -
Silty sand SS 2.78 41 28 - -
Fine sand FS 2.65 - - 0.78 0.54
Coarse sand Cs 2.63 - - 0.76 0.62
Gravel G 2.74 - - 0.85 0.67
Standard sand
Grade | S-l 0.86 0.58
Grade Il Sl 2.65 - - 0.87 0.63
Grade Ill S 0.84 0.56
30% Standard sang 70% Gravel SG-I
SG-lI 2.71 - - 0.70 0.35
SG-lil
30% GraveH 70% Black cotton soil BCG 2.64 - - - -
30% GraveH- 70% Silty soil SSG 2.64 - - - -
— not applicable.
T T T T T
100k Table 4
Comparison of experimental results with DDTHERM
sol Soil type Yary R (mK-w~1 Difference (%)
(kN-m~3)  Presentstudy DDTHERM
8 ol | S 145 2.56 2.59 1.17
= 15.5 2.34 2.24 4.19
8 16.0 2.12 2.08 1.88
O 40+ i
o Sl 14.4 3.17 3.17 0.11
15.4 2.78 2.75 1.39
20} . 15.8 2.51 2.59 3.35
S 14.6 3.34 3.61 7.37
of e 4 15.7 3.06 3.08 0.54
sl il sl il i sl i1 a1 166 278 271 291
1E-3 0.01 0.1 1 10 G 148 562 _ B
Particle size (mm) 16.0 5.07 - -
16.4 457 - -
Fig. 4. Particle size distribution characteristics of various soils used in the | 512 212
present study. SG : : - -

I 1.95 1.95 - -

I 1.95 1.95 - -
sands of various grades Grade | (S-1), Grade-ll (S-1l) and gce 14.0 3.79 _ _
Grade-IIl (S-111). Particle size distribution characteristics of 15.0 3.06 - -
these soils are presented in Fig. 4. For the sake of com- 15.8 2.78 - -
pleteness, physical properties of these soils are presented 165 2:39 B B
in Table 3. To demonstrate proper functioning of the probe SSG 13.7 3.90 - -
under in situ conditions, where all size fractions (such as 15.3 3.01 - -

. . : 15.7 2.90 - -
gravel, fine and coarse sand, silt and clay etc.) of soils ex- 16.5 567 _ _

ist, various soil mixtures such as 30% sand and 70% gravel
(SG), 70% black cotton soil with 30% gravel (BCG), and
70% silty soil with 30% gravel (SSG) were also tested. Par-
ticle size distribution characteristics of these soils, silty soil However, as the laboratory thermal probe could not be used
(SS) and Black cotton soil (BC) are also presented in Fig. 4 for estimating thermal resistivity of the gravely soils, the
and their physical properties are presented in Table 3. Theobtained thermal resistivity values for gravels could not be
temperature vs. log (time) response of these soils was ob-compared. This calls for modifying DDTHERM to incor-
served to be similar to the response depicted in Fig. 3. Hence porate effect of gravels on thermal resistivity of a soil with
for the sake of brevity and to avoid repetition, response of gravel fraction present in it. This has been achieved by fol-
these soils is not being presented. The obtained resistivitylowing the methodology presented in the following sections.
values for standard sands have been compared with the val- From the data presented in Table 4, it can be noticed
ues obtained from the DDTHERM [21], as shown in Table 4. that for standard sands the maximum difference between the

— could not be obtained.
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2 T T T T
—m— Crushed rock (Johansen 1975
—v— Gravel (Experimental)
—A— Crushed rock (Vanpelt 1976)
—e— Gravel (Vanpelt 1976)
€
X
O 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6

n

Fig. 5. Comparison of experimental results for gravels with the results
reported in the literature.

experimental and the values obtained from the DDTHERM
is approximately 0.1 to 7.4%. This indicates that the field

thermal probe works quite efficiently and is reliable. It can

also be noticed from the data presented in the table that a
dry density increases, the value &ffor a particular soil

decreases. This is due to the improved contact between the

soil grains that leads to better conduction of heat [20,29,30].
It can further be noticed that for the finest sand (S-Ill) the
value of R is quite high, for almost comparable dry density,

as compared to the coarsest sand (S-1). This is in accordance

with the fact thatR increases with decrease in the particle
size [20,29]. Contrary to this, for gravels (particle size higher
than sands)R is quite high as compared to sands. This may

be attributed to the fact that for the same value of dry density

S

49
Table 5
Value of ‘a’ for various soils
Soil type a
Clays 0219
Silts
Silty-sand 0385
Fine sand (B40
Coarse sand .080
Gravel 021

shows that the field thermal probe can be used for measuring
thermal resistivity of soils with very large particle size.
Another interesting information which can be obtained from
Fig. 5 is that porosity of crushed rocks and gravels plays a
very critical role in defining its thermal conductivity and its
influence is almost negligible for porosity0.4.

6. Proposed generalized relationships for estimating soil
thermal resistivity

Based on the experimental results obtained by using
fabricated field thermal probe, the following generalized
relationships have been developed for estimating the soil
thermal resistivity.

6.1. Dry (single-phase) soils

For dry soils (single-phase) the following relationship to
éstimate soil resistivity is being proposed:

1_

= ™

0.01 x [a - 1030062434y ]

gravels would yield higher void ratio due to a high specific 6-2- Moist (single-phase) soils

gravity.

In order to generate more confidence in the proper and 8-2-1. Clays and silts

efficient functioning of the field probe for its application
in determining thermal resistivity of natural soils (i.e.,
soils with various range of particle sizes), the obtained
thermal resistivity valuesR, have been converted into the
thermal conductivity valuest (=R~1), and the same are
compared with the results obtained by using Eq. (6) [25]
and the experimental results reported by Vanpelt [26], for
the crushed rocks and gravels, as depicted in Fig. 5.

k =0.03% %2 + 25% (6)
wherek is the thermal conductivity of crushed rocks (in
W-K~1.m™1) andn is the porosity of the soil (in fraction).
However, as the material for which Eq. (6) can be used
is not explicitly mentioned, in the literature [25], it has been

To obtain resistivity of moist clays and silts (single-
phase) the following relationships are being proposed:

1_ 0.01 x [b - 10-3+006243ary] -
R
1
= =0.01x [1.07 logw) + ¢] x 10~3+0.0624%ary ©)

Where,R is the soil thermal resistivity (f/K-W—1), w is the
moisture content (%) angqry is the dry-density of the soll
(kN-m~3). Parametera, b andc depend on the type of the
soil and its moisture content and their values are presented
in Tables 5, 6 and 7, respectively.

6.2.2. Silts, sands and gravel

assumed that the response of the crushed rocks is similarto Eq. (9) can also be used to predict resistivity of silts and

gravels to an applied thermal field. It can be noticed from
the trends depicted in Fig. 5, that in genekatlecreases as

sands.
In order to facilitate computation of thermal resistivity

porosity increases and the experimental results, for gravels,of a multi-phase soil system, generalized relationships have
match very well with the results reported in the literature been developed, assuming that soil consists of six-phase
[25,26] for the crushed rocks and gravels, respectively. This system (clays, silts, silty-sand, fine-sand, coarse-sand and
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Table 6 whenw (%) > 1 (12)
Value of ' for clays and silts Weight= a of the phase, whem (%) < 1 (dry soils) (13)

w (%) Soil type ) . . )

d-w>2 Clays 0.243 However, if a certain phase is absent, the weight for the
Silts 0.254 phase is assigned as zero. Sum of the resistivity values,

5>w>4 Clays 0.276 so obtained, yields the thermal resistivity of the naturally
Silts 0.302 occurring soil (or a soil mix).

\T/ZEJE Z,f ¢’ for various soils 7. Validation of the proposed generalized equations

Soil type ¢ w (%) For establishing efficiency of the proposed generalized

glll?zlszl ash) :8';‘31 =5 equations, and termed as MDDTHERM, the experimental

Silty S;/nd 012 o1 results reported in the literature [27] have been used, as

Eine sand @0 depicted in Table 8. From the table it can be noticed that the

Coarse sand .03 proposed equations predict resistivity values, which are very

Gravel 08 close to the experimental results particularly when the test

is conducted for the dry state of the soils. However it must
be noticed that the clay fractior<(Q.005 mm), as specified

in the literature [27], which is greater than 0.005 mm has
been considered as the silt. This highlights efficiency of the

gravel). For a naturally occurring soil, the resistivity of

different phases is calculated by using Eqgs. (7)—(9). These
resistivity values are multiplied by certain weights, which X . o i g
can be computed on the basis of their phase fraction.pmposed equations in estimating soil thermal resistivity.

The weights assigned to different single-phase soils can be . Further validation O.f MDDTHERM has peen conducted
. ) with the help of experimental results obtained for the two-
obtained as follows:

phase soils (i.e., SG-I, SG-Il, SG-lll, BCG and SSG).
As depicted in Table 9, the % difference between these
resistivity values is only 4 to 13.5%. This indicates that the
MDDTHERM works very efficiently and can be employed
for estimation of thermal resistivity values of natural soils,

Weight= (phase %), when 5 w (%) > 2 (10) knqwing the percentage fractio_ns of various particles and its
moisture content and dry density.

6.3. Weights

For clay and silt phase

Weight= Minimum of the (Absolute: value or phase %),

whenw (%) > 5 (11)
8. Concluding remarks

Silty-sand, fine-sand coarse-sand and gravel . . )
Based on the results and discussions presented in the

Weight= (phase %« ¢ of the phase}- phase %, previous sections of this paper, it can be concluded that

Table 8

Validation of the proposed generalized relationships (MDDTHERM)

Soil Gravel Coarse sand Fine sand Silt Clay Ydry oMC R (mK-w~1)

(%) (%) (%) (%) (%) (kNm~3) (%) Wwilliam (1960) MDDTHERM
OMC DRY oMC DRY

A - 392 47.3 70 6.5 18.5 13 0.41 1.94 0.49 1.99
B - 368 48.3 70 7.5 17.5 e 0.53 2.34 0.71 2.33
C - 369 58.1 74 7.6 19.7 a7 0.38 1.55 0.51 1.74
D - 380 46.5 90 6.5 17.8 10 0.45 2.20 0.54 2.23
E - 2710 62.4 55 5.0 16.2 16 0.54 2.90 0.59 2.80
F - 139 71.6 70 7.5 19.5 23] 0.40 1.63 0.55 1.85
G - 135 70.0 85 8.0 17.4 8 0.52 2.35 0.72 2.53
H - 109 73.1 85 7.5 15.7 1 0.66 3.32 0.90 3.26
I - 285 62.0 50 45 17.1 17 0.51 2.46 0.58 2.43
J 12.5 315 415 85 6.0 17.8 18 0.49 2.20 0.62 2.44
K 5.8 805 11.7 12 0.8 18.3 5 0.50 2.01 0.48 1.73
L 7.6 464 37.0 30 6.0 19.3 a7 0.40 1.68 0.47 1.78
M 17.0 320 28.0 155 7.5 19.8 16 0.36 1.51 0.53 1.94
N 28.6 244 32.4 106 4.0 18.8 13 0.39 1.83 0.46 2.34

—not present.
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Table 9 [10] D.A. DeVries, Het Warmtegeleidings Vermogen van Ground, Ph.D.
Comparison experimental results with MDDTHERM Thesis, Rijksuniversiteit te Leiden, Leiden, Netherlands, 1952.
Soil type  Dry density R (m~K-W—1) Difference (%) [11] %(?irgsnt, The thermal conductivity of soil, J. Appl. Phys. (1950)
(kN-m~3)  Experimental MDDTHERM [12] A. Gemant, How to compute thermal soil conductivities, ASHVE J.
SG | 19.9 212 221 a Section, Heating, Piping and Air Conditioning (1952) 122-123.
1l 20.2 1.95 2.12 el [13] H.C. Burger, Das Leitvermogen Verdunnter Mischkristallfreir
M 21.0 1.95 2.03 0 Legierungen, Physikalische Zeitschrift, Leipzig, Germany (1919) 75—
78.
BCG 14.0 3.79 3.96 4 [14] M.S. Kerstan, Thermal properties of soil, Engineering Experiment
15.0 3.06 3.44 10 Station Bulletin, No. 28, University of Minnesota, Minneapolis, 1949.
15.8 2.78 3.06 a ) . .
16.5 239 277 15 [15] M. van Rooyen, H.F. Winterkorn, Theoretical and practical aspects
of the thermal conductivity of soils and similar granular systems,
SSG 13.7 3.90 4.34 10 Bulletin, No. 159, US Highway Research Board, 1957, pp. 58—135.
15.3 3.01 3.45 13 [16] W.A. Sinclair, F.H. Buller, C.B. Benham, Soil thermal resistivity,
15.7 2.90 3.25 10 typical field values and calculation formulas—IV. Soil thermal char-
16.5 2.67 2.98 16 acteristics in relation to underground power cables, AIEE Committee

Report, 1960, pp. 820-832.
[17] F.C. Hooper, F.R. Lepper, Transient heat flow apparatus for the deter-
the ‘field thermal probe’ works quite efficiently. It has mination of thermal conductivity, J. Amer. Soc. Heating Ventilating

s Engrg. (1950) 129-140.
been demonstrated that the thermal resistivity of sand and[18] L.A. Salomone, W.D. Kovacs, T. Kusuda, Thermal performance of fine

gravels, obtained from this probe, match very well with the =~ raineq soils, J. Geotechn. Engrg. ASCE 110 (3) (1984) 359-374.
results reported in the literature for sands, gravels and the[19] K.J. Mitchell, T.C. Kao, Measurement of soil thermal resistivity,
crushed rocks. The generalized relationships for determining ~ J. Geotechn. Engrg. Division ASCE 104 (1978) 1307-1320.
thermal resistivity of various soils have been developed and [20] M.V.B.B.G. Rao, D.N. Singh, A generalized relationship to estimate

it is observed that these relationships are quite efficient in ;hfémal resistivity of soils, Canad. Geotechn. J. 36 (4) (1999) 767~

predicting thermal resistivity of various soils. [21] D.N. Singh, K. Devid, Generalized relationships for estimating soil
thermal resistivity, Exp. Thermal Fluid Sci. 22 (2000) 133-143.

[22] V.V. Manson, M. Kurtz, Rapid measurement of thermal resistivity of
sail, in: AIEE Summer General Meeting, Minneapolis, June 23-27,
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