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Thermal Conductivity Measurement of Sand-Water Mixtures Used for
Backfilling Materials of Vertical Boreholes or Horizontal Trenches
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ABSTRACT: This paper presents the results of a laboratory study on the thermal conductivity
of sand (silica, quartzite, limestone and masonry sand)-water mixtures used in ground heat
exchanger backfilling materials. Nearly 150 tests were performed in a thermal conductivity
measuring system (TPSYS02) to characterize the relationships between the thermal conductivity
of mixtures and the water content. The results show that the thermal conductivity of mixtures
increases with increasing dry density and with increasing water content. The results also show
that for constant water contents and a dry density value, the thermal conductivity of mixtures
increases with increasing thermal conductivity of solid particles. The measurement results were
also compared with the most widely used empirical prediction models for the thermal conductivity
of soils.
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Table 1 Thermal conductivity measurement re- 2mmel™, AZAS F& w5 AA 2718 %
sults of standard reference materials - = ]% %xﬂgi‘ A}%s}%z}_ﬂ%ﬁ“ Az A}j
k [W/mK] wel EE f@” _Eg}flig}(f,f)? HEA S
Reference . Error dF S & AL ETH & mgton =
materials | Literatufe} Measured| - poq) Aol AHed A2 YAATS AAEE(K),
value value U %, 1+=E(porosity), 1% #(water content)

Glycerin 0.286 0.281 +2.10 o] W9 =28 Taple 20 Zé]a_s_]_saq_.
Water 0.600 0.608 +1.67 Aae Az F4 exE ted Ao WAy

3] =

4P dFAgHg ez 453 AEE 105~110T
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A1 3] Ab(limestone sand), A% 4 7= & (masonry 78] ZAstgeh £33 3 vl 2 dady =
sand)& A&tk 2t Rale] A= 0.02~ AdH3 AE Yo .5t Ax 24 A9 &%)

Table 2 Mass-volume properties of the materials tested and conditions of the tests

Materials Py kg Pd ¢ Range of water | Number of
[kg/m’] [W/mK] [kg/m’] [-] content, w [%] tests

19855 0.25 0~12.62 8
. 18759 0.29 0~15.56 8
Silica sand 2650.0 6.95 17643 0.33 0~18.93 9
1652.8 0.38 0~22.76 10
19334 0.27 0~13.98 9
. 1862.8 0.30 0~1594 9
Quartzite sand 2650.0 5.38 17593 034 0~19.10 9
1634.3 0.38 0~23.44 10
19937 0.27 0~13.59 9
. 18785 0.31 0~16.66 8
Limestone sand 2735.0 3.09 17634 0.36 0~20.14 9
16787 0.39 0~22.99 10
1931.7 0.27 0~14.03 9
1792.2 0.32 0~18.05 8
Masonry sand 2650.0 5.01 17086 036 0~2078 9
1597.0 0.40 0~24.87 10
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Fig. 2 Thermal conductivity of dry and saturated mixtures as a function of porosity.

T2 15~2089 Ad Aze
4t =3 AdnY oA
i & 20~2T& ¢

Jou do
o
e
A

FA A 53 ok

Kline'®o] #¢tat ubfiel] uwha}, &% Ao
A3k m e doleg W4 HAEE 2H3
o dArEe Ad B34 % (uncertainty)E Al

E= L =

A& A3 £3.03% %A

4 Zn o nE

41 A= AR =35t MZe L

Fig. 2% AZ NEGS =09 X3 A5(S-=1
o AAEEE FE(PY T2 e o
o} o7jd EFELS A8 A A 2
= AHe vz Ao, thf Aoz AMdEn

p=1-11

Fashe RAE 2 5 A R
29 3 BHEVSG )2 1A JdARG
AyHor AL AR #Ee Z7] "ot

a8

EE(ks)7}' 27T ]E—Q]
gozRE 24%
39 as)s @,
YHEE 5o 27 F58& AL 5

AAEEE 2A Yeh
=32 89 dHEE
22y 82 8w g
Ak,

BN

A~

2 223 AMR9 EANEE

Exs A=9
4 A74E FEEH

lojth. A7|A FEFFS

Bx3 AR 25

Az Ame Agoz Y

‘*}E}"“‘:} ageA 5

Fig. 32 3

<! '3_-( EH F71-8)
%@Ezoﬂ =

& 20

“”g
r$‘~‘

r-\m

5.0 T
w =249

45 | sat B
404 0000 mleceeef-- '.‘-?.3'_9?,-
3.5 k=318
304/ e&° T >
k =226 ]
-------- oy

= Silica sand : ¢=0.25, k = 6.95 W/mK ]
o Quartzite sand : ¢=0.27, k =5.38 W/mK ]

0 A Masonry sand : = 0.40, k =5.01 W/mK
0 5 10 15 20 25 30 35

Water content, w [%]

Thermal conductivity, £ [W/mK]
(2]
w

Fig. 3 Thermal conductivity of sand-water mix—
tures as a function of water content.



gk gho] 09 AeE A ATz AR)
2 93, wes ¢A EIJEN(ES A E)9
FEeE g uigy, dAHez EXxs A
59 dAEEE Ziz Azt 23 AR EA

55 g Abolel &g I 4 Uk 2 o
o 24% A=Y UP(W} A&, TES] FARH
S (silica ™ quartzite)dl = 4R A==}

.|_,

a8z gAY @HAEES FAE A2 (quartzite
H masonry)dll e HEEC] EFRES] FIAER
wale] & 9&S vHS AT F AUk
Fig. 4 %3 AN29 dd=x &4 2H4E
¥ 3% (degree of saturation, S)% A& AR
L2 Fd42 3o el Aotk ¥A Fig. 3
oM BEo|, ARY NFEEE BZYE) B

” 4.5 T T T T

g 401 Slllca sand P,

= k = 6.95 W/imK \
T O\
=~

= 3.04

S 25

2 2.0

i . s,

5 15 = 1652.8 kg/m’, $=0.38 ]
= 10d. © p,=17643 kg/m’, $=0.33 ]
E ; 5 p,=1875.9 kg/nt, ¢=0.29
o 0.5+ R 1
£ o v p,=19855kgm’, §=025

0 02 04 06 08 10
Degree of saturation, S [-]

(a) Silica sand

— 2.5 T T T T

% Limestone sand P

£ k =3.09 WmK ¢

= 204

B3

2 1.5

2

8

=] - 4
g 10 p,= 1678.7 kg/m’, ¢=0.39
Tt 05 0 p,=1763.4 ke/m’, ¢= 036
g ‘ & p = 18785 kg/m’, ¢=031
= - E.
S v p,=1993.7kgm', $=027

0 02 04 06 08 10
Degree of saturation, S, [-]

(c) Limestone sand

AN EAEA Bl

-E EYEY d4dEE 3 M7

A wabdEle] SEEF e w2A deE
A QA Abele] 5 AA T, F

AA s A} g Tapretn Hofstn
Aol At 47

& 28 AEe

dxeeh go UEE ojgste] tad 2ol

Az
AdE 5 9ok
w  Pd

T 100 ¢p, @

Fig. 414 7zte] 2% ABe 4Ann:
EZHEH 3HE5E, &
e Frsar obge

— 40 T T T T

M Quartzite sand

§ 357 k =538 WmK s
— 3.0

« ——————
2 2.5 -

=

S 2.0

=

—c 3

s 1.5 o = 1634.3 kg/m’, =038
73 1.0 o p,=1759.3 kg/m’, $=0.34
E (5] A p=1862.8 kgm’, =030 ]
L . 4

£ o v p,= 19334 kg/m', $=027

0 02 04 06 08 10
Degree of saturation, S [-]

(b) Quartzite sand

— 3.5 T T T T

M Masonry sand p,

£ 304 % =501 WmK [
1" e

= 254 ¥V AT
=

5 2.0+

2 1.51 @

g . = p,=1597.0 kg/m’, p=0.40
= 107 o p,=1708.6 kg/m', $=0.36 |
g 0.513 4 p,=17922kg/m’, §=0.32 |
£ v p,=1931.7kg/m’, =027

0 02 04 06 08 10

Degree of saturation, S [-]

(d) Masonry sand

Fig. 4 Thermal conductivity of sand-water mixtures as a function of degree of saturation(Sr) and

dry density{(p,).



348 &

E
W

Silica sand, , = 1652.8 kg/m’
Quartzite sand, p, = 1634.3 kg/m”
Limestone sand, p, = 1678.7 kg/r'n3 i b
Masonry sand, p, = 1597.0 kg/m’ L

by
=
"

[
w
1
® » O m

P, = constant |

Thermal conductivity, £ [W/mK}
—_ NN W
A A

0 02 04 06 08
Degree of saturation, S [-]

1.0

Fig. 5 Thermal conductivity of sand-water mix-
tures as a function of degree of satu-—
ration(Sr) and thermal conductivity of
solid particles(ks).

Hslg ¥3
o 1A Ao dAEE (k)Y T4 T

9%

ExE 2y 9
A9 dAxsd FFL wE AL B 4+ ok
Wetd 7t AR GAEE Aol AT FA
;A YAt GHEES BHE B UL

T T

T
Silica sand

Quartzite sand
Limestone sand

g PO Bm

Masonry sand

predicted
[
|

k

0.8

ee
o
LT

e
o

02 04 06
Degree of saturation, S [-]

<

(a) Kersten model

3
2.

< A 4 9lv)

Fig. 62 7]& @2 23 dAd=n A4 2
Het 54 A3E H@g Aot Kersten" e o
Y FH9Y EU%soi)dl sl 52 Arel(frozen
state)®} " F 4 A= (unfrozen state)o)d &3
FE ZEstd GAREE FHT T Ao L
E&3do. olg A7 006 mm ©]del ke
g o] 50% oAl A BE AE-AEAE (glit-
clay soils)Z, 50% w7kl 7 ¢l = AMA E(sandy
solDZ TFE3TH 2 23 A 59 FA%F o]
&4 Al E(unfrozen sandy soil)ol] gt Aaha)
< &7 2.

k=0.1442 [0.7log(w) + 0.4] ™, 100.6243p,,

@l AxLEQ p2 &9 g/em’olth
Johansen(18)2 U3 HE=
S x3 Eg9 EA

EGY dAEZ(kK)E 95T $

gest 2ol AAlsa.

kr — ﬂd_.
ksat - kd
k, =0.7log(S ) +1

)
10

20NN k2 F3%29 42 FojR= FExb
¥ €A %% (normalized thermal conductivity)Z

2.0 T T T T
®  Silica sand
181 ¢ Quartzite sand 1
1.64 4 Limestone sand J
o v Masonry sand
3 1.4+ R
2121
= 1.0
308
= 0.6
0.4 R
0.2 T T T T
0 0.2 0.4 0.6 0.8 1.0

Degree of saturation, S [-]

(b) Johansen model

Fig. 6 Comparison between the measurement results and the existing correlations for the thermal

conductivity of soils.



ATdudy] ¢4 ol 3 £4 EAA AHEAZA Y-8 EFEQ AL 54 349

SR Ri=

A AzAdE e JFEL(crushed rocks)
9o dAEEE AUDNE 2 AXAHY HA
E%(natural soils)d] dAEZE AU2)E 7274
ARET, 23 B¢ dAERE (1322 A
=

k, =0.039¢ *?+25% (11)
0.135p, +64.7
= 4
Fa = 3700 = 0.947p, — 20% (12)
ksa[ = k’517¢)k’f} (13)

21(13) A k= B9 HEE(06
W, ke A YAHE
4 (quartz) ol we} oS3 Zo] AE

ky = k1% 2.00 7% for ¢ > 20% (14)
k, = k!x3.0"77 for ¢ < 20% (15)

21(14) ¢k A (15) A ko= Mg ddxzelw, 3%
< 769 W/mKe]t}.

Fig. 6914 ®W%o] KerstenZdol] 93 AAZA
Iz AZEAed & HolE& K<l ¥hd, Johansen
2de Aoz g AT AW L=

7F 52 G H(S, <04)9 A JohansenE ol 2 &

Audazs AgdAse) tha Ao]E Bt o=
EEzst Fe 9o & HE EFEY 7139
R0 717 6 2e B0 dHERd T
77l Wi o9k g Ayt X Ao
#edn}, 71& 2o thaf Farouki'?i=, w52
ALAES Z3%7}F 02(20%) olA4Y W, Johansen

484 + v Hrtsan. ole ¥ 34 234
oF FAEE At & ¢ Qlrh
HAEH OS2 JohansenELd2 Al59 A
#glol KerstenZdwo) Hgiaes J&a
r A
A
Cl

By

< AHA EXE

s
o Aol dA AsE 5 e B
=

rE M

wo rr I
(o)

2t oot

T

o,

t ofN

£ 124
El
it
N
m

2

ﬁ
o,
i
$ N
2
hu
>

o

I
e W
S b

e
r2 oH

44

| o
i

rh

rlo
£ e

e L oo oop L
{a
£
oH
: ~
T
2
Y
e
L

S
o

oy BN
n
S
bl
L)
>,
all
1o
ug dlo
Y
k1
i
A
)

BT

=3

&

R
S
°

Iy

i
&
ol Xy

i
Bt
_?L

S
ta

b o ¥Q I
=1
ot
Plote
e
a

Hi o
N
|

N
_(.?L
heta
RN

0N -
o O N >

T oy
IS
J

it
o,
o
B~
mg{:
ol
duoB
>
i
do
w
2L ol

op M2 g 2
e
b

O e O
«
o ﬂl ‘Z:" W
R s
o B
)
i
e
i

B
>,

ox
ol
-

1
K

= %
o GHEE #gx ZA YEREC
< Kersten® &

h
fd
i)
ol
o
=
jab}
=
w
a
=1
3!
)

o2 & XA AN 25Tt
F<04) oM = & AFE AR G
]

1/ 2

b o 2 g e o
o2 o

B2 R

L
N
-

7|

ok

2 AT AR F/duUA BT 2006
A QA A 7] &R AE (2006-N-GE02-P-
02)c oo FHHAFUT ofedl, B =59 ¢
7 &2 oA e ¥ ets 2007 shAlEEE F o 5
ol A EES HE(07-5-043) 1 Ytk

]

f1

Mo
ek

1. IGSHPA, 2000, Grouting for vertical geother—
mal heat pump systems : engineering design
and field procedures manual, International Gr-
ound Source Heat Pump Association, Still-
water, Oklahoma.

2. Salomone, L. A. and Marlowe, J. 1., 1989, Soil
and rock classification for the design of ground
—coupled heat pump systems : field manual,
Special Report(EPRI CU-6600), Electric Power



350

b
ok
o

Research Institute.

. Sohn, B. H,, Shin, H.-]J. and Park, S. K., 2005,

Evaluation of effective thermal conductivity
and thermal resistance in ground heat ex-
changer boreholes, Korean Journal of Air-
Conditioning and Refrigeration Engineering,
Vol. 17, No. 8, pp. 695-703.

. Lee, S. K., Woo, J. S, Ro, J.D. and Kim, D. K,

2006, A study on the estimation of soil for-
mation thermal conductivities and borehole
resistances with one-dimensional numerical
model and in-situ field tests, Korean Journal
of Air-Conditioning and Refrigeration Engi-
neering, Vol. 18, No. 10, pp. 783-790.

. Sohn, B., 2007, Evaluation of ground effective

thermal conductivity and borehole effective
thermal resistance from simple line-source
method, Korean Journal of Air-Conditioning
and Refrigeration Engineering, Vol. 19, No. 7,
pp. 512-520.

. Zhang, Q. and Murphy, W. E., 2000, Measure-

ment of thermal conductivity for three bore-
hole fill materials used for GSHP, ASHRAE
Transactions, Vol. 106, pp. 434-441.

. Kavanaugh, S. P. and Allan, M. A,, 1999, Test—

ing of thermally enhanced cement ground heat
exchanger grouts, ASHRAE Transactions, Vol.
105, pp. 446-450.

. Lim, H. J., Kong, H. J., Song, Y.S. and Park, S.

K., 2005, Thermal conductivity measurement
of grouting materials for geothermal heat ex-
changer, Korean Journal of Air-Conditioning
and Refrigeration Engineering, Vol. 17, No. 4,
pp. 364-369.

. Sohn, B.H. and Shin, H.-]J., 2006, Thermal

conductivity measurement of grouting materi-
als for ground heat exchanger borehole, Korean
Journal of Air-Conditioning and Refrgeration

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Engineering, Vol. 18, No. 6, pp. 493-500.
Carslaw, H. S. and Jaeger, J. C., 1947, Cond-
uction of Heat in Solids, 2nd ed., Oxford Uni-
versity Press.

Rohsenow, W.M., 1973, Handbook of Heat
Transfer, McGraw-Hill, New York.

KSA, 2002, KS F 2302 : 2002 Test method for
particle size distribution of soils, Korean Sta-
ndards Association.

KSA, 2000, KS F 2306 : 2000 Test method for
water content of soils, Korean Standards As-
sociation.

KSA, 2006, KS F 2308 : 2006 Test method for
density of soil particles, Korean Standards
Association.

KSA, 2006, KS F 2324 : 2006 Method of clas-

sification of soils for engineering purposes,
Korean Standards Association.

Kline, S.]., 1985, The purpose of uncertainty
analysis, J. Fluids Engineering, Vol. 107, pp.
153-160.

Kersten, M. S., 1949, Laboratory research for
the determination of the thermal properties of
soils, Research Laboratory Investigations, En-
gineering Experiment Station, Technical Re-
port 23, University of Minnesota, Minneapo-
lis, MN, USA.

Johansen, O., 1975, Thermal Conductivity of
Soils, Ph.D. thesis, University of Trondheim,
Trondheim, Norway. (CRREL Draft English
Translation 637, US Army Corps of Engineers,
Cold Regions Research and Engineering Labo-
ratory, Hanover, NH, USA.).

Farouki, O. T., 1982, Evaluation of methods for
calculating soil thermal conductivity, CRREL
Report 82-8, US Army Corps of Engineers,
Cold Regions Research and Engineering
Laboratory, Hanover, NH, USA.



