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FET AR R TR R AR R R B, BIANRLR AV S & O, R fiRIE D, R R T SR, @ T ool
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T HR R A SR AR, B T S T R
EARALBERER, SECRH L S RRM T FR L. R,
F AR L, JCHRERA RS E T 30% 113K,
FE RPN 7 TH W SR B . 3 LS — 7 T A
A TR B IR ORI, 55— 5 T SO RIS AR
Hor A BB, B R L & B R R
HUE = AL BT 7 BAT -+ B X

AT T LAY [ 2R X R O A B, B4R
P BE BRI 2R 2 R N DI A, SRR A LA I
SE JFUIR L REAE R VR 45 KR S5 IRES T I R EL s
JEALE R 3 R BORASAE S 5 AR 5 2 T K A
R, W EEBUA AR T R R B RO Bk - 13
Vo #Eifr, BT SRAMSHRE R, Sk T
EH T EAIURER LSRRGS HERR, U &
AR IR TR BB SE AL

1 #RIRFEE

1.1 ARXREWESE

TE 5 MRAE K Bl X T — Ak SR (130 R R 1 4y
X, AL A il 2, 8T AL %
XM o BFFCIX AP SN 691 mm, P55
N 4.07°C, BEFEFHSIEN19.60 C, XFTFHSIEN
-13.15 °C, FHEL4HE 140d K HFHSEM/KT 0°C, 2
LAY R X

HURE i r T8 K A 2% Bk - TR 58 B v gy
200 m 4 (128.035017°E, 43.153983°N) . HUFERT 15d
WIEFEN, HRTEBUK. fEiEHE e RS, JFREH
—H1Im R E O, KA ©10 cm K 20 cm 1 #
BESR AR FRAH R 2 4k, SRR 5 i s DL SR 1 98
BHSERE AL B, R IURE VR N 20 em, & 20 ecm
S APAT HFE, SEUE PRER 4R S N B 204
BT ARIZE . BURE S HR 2N 162 cm, JEiTREL 8
EARE, FRMEANKG TR LE, B KEERZ N
175 emo SERCHUEE G, [FUEEF LIREEEE 1, 58
AES B
1.2 THEMRRSHREBNESZE

1) FARY R 5

T, T HURE IR 8 2 A7 JEOIR B T i s A A B
JRIE RS, FEAFETKE (o). RABREE (p)-
WK% B (p) MURIRLAZ 34T (particle size distribution,
PSD) . HHLREGE (00 7IE (D) M. R
¥i35% (ETRE2RME) (GB/T 50123-2019) 1
(AL TRIEHFEY (JTG E40-2007) U6 & 5 5+ 4H
St el AR ) v A WL R A AR 56 T R
1.

[EF, RARKWAE (24h) #1447 —Him A&
wRAFE (7-s) . RS, HFERE-AEIRTER
s, PR R IRE 2 60 Cs SREUFERIEN 2
TIEEVUR S E; K EREM L E AN K o
IKBE o FEANAIE L 8 JEHLR 1 3 AN ERAE AT 58

Mg, KA 22 AN I BRI EE R 10% RV 24T #
e a5 R, AW s, BOP S E AR Dl i 25 R
(R 2). A, BEFEERMAREIIR I E T 5 R
ORGKEE, R T REKEE-RE (o1 BHH
KR, A AT I L AR BT T 453 5 o
SR

®1 BERIEREMRIRESE

Table 1 Test method for physical properties of turfy soil

4 J5i Property W5 J5¥%: Determination method

£ 7KZ Water content (o) JHEF% (60 C)

RAIRE E Natural desnsity (p,) 19
WKL B Particle density (p,) RACIE (TN
FURLS¥ T Particle distribution analysis — #OWHKLEE /34X (BT-9 300 LD)

HHLF 5 & Origanic matter content (O,) 1e i (450 C)
77 f# 2 Decmoposed degree (D,) SEAANIE R Rl Y
K VRIKE & Unfrozen water content (w,) LTI ARG SLIR R 161

&2 FRTHERTERTHIEMSR
Table 2  Physical properties of turfy soil under different soil

depths
1 E{E . /E'T7J<$ ﬁmﬁé‘i\ﬁ _ %ﬁ;ﬂg

Depth/cm Density/(g-cm ”)  Moisture  Organic matter Disintegration

Po Ps content w/%  content O, /% Dy

0~20 1.090 1.901 154.058 39.158 62.635

>20~40 1.030 1.879 165.141 49.563 58.804

>40~60 1.131 1.617 161.026 41.496 85.478

>60~80 1.100 1.457 253.311 72.036 91.264

>80~100  1.029 1.532 290.727 80.244 92.599

>100~120 1.035 1.495 297.614 76.766 88.715

>120~140 1.072 1.490 259.249 75.334 94.955

>140~160  0.954 1.487 225.338 79.793 93.080

TEx o 1 p, 73 BN T R RSB 26 -
Note: p, and p, are natural density and particle density, respectively.

2) HERGHARH

S (ETARI M) (GB/T50123-2019) ),
KA (SHREAEECN 0279 W/(mK)) 1E AT A FRE
PERE TR A SRR EARS, HLESR
ZBHIINE R BN FORER £, BURE AP A AR
HN-13.15 Co Kk, A SO BAR T L3 T T A0 B
NT SR T SRR, WL FHRREA
PIIE FE R 20 ~10 'C, SARGLEE R LSRR
T 5E VPRI IR E N 20 ~10 “C. 2 DAMEBATE (AIBHL,
W RATVEE: —40~40 'C, KiE: 0.1°C, #IAWNE
KB ml A FEIEAE (25 cm*25 emxS cm) N HI1E
PR T 0% B e IR R I VAW 2 AN S R
(22 emx22 cmx2 cm) H0AEH ©10 cm B B FEFL,
®10 cm JEFE 2 em WA HRE T T & WERSH 3
A mV R R SO 22 AR A G PRI S VKK IR &
YIH R, ENEERSRY), BB F:

OHIEXRRER/NER, X3 N ERIETIER
e, 75 B e B A

QFRIUEAN AR S iR AR E B, I F iR A R
GEED BLEIHI AT e, 5 R HE W E R E A
g

@ ®10 cm = 2 cm 3 J], TEREAN R 1A
3IAKE, HIVIPEE A GEERIEh) s B TIFEENE
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hEa, MELHGTAMG L, RIEEEEM, MRZRZH, BRI
@4 3 A HLEFR I 1A AL 7 3 T AE R T A =0.65-0.78p, +0.60} B =1.06p,
LRERH CRESTMD AR, 3 A HERS 26 2
LB B T R oKL, AR B B4 c=l+as D=003+01p, E=4
ORI TR IR, BUE SMEW IR IR P IT A (3

TEIR, FEOEPRMOIR R B e R G, fRFFHEAT 8 hs
©®8h G n MEA RGE B HAaA, & 10 min il
FHERRE 22 A ZEA AT 0.001 mV {5
1R, AR kbR, Il R S A IR
FHEER, LR S IGR TR DL A U5
Ao 2 Upo (D
AU
X 2, ARG FARE, 0279 W(mK): AU, WA
WP AL ZE, mVs U BRI HRALZE, mV.
I PR FERT I8 K, 5 4ERF R UK &
MILEls RIS, 75 CRE H AR - e 3 - el - - A LA 5
A, oD AERRSE SRR B BRI 3 AN RRFE,
FEASTREEL 3 ANPATH IRE, “PATHE 2 57 AN O e K
B 5%, 5N EFEEE, BEFEIE R SRR EM e HE .
1.3 HSHRAEHITERE
1) Campbell 57
BT AR E KA, WK IR L, Campbell
T 1985 EHEH T — A4 SR R L e pR A 0,

A=A+BO—(A-D)e " (2)

b 0 HAEHIIBIEKE, % Ao B, C. Dy E 9%
B 5 L RIREE (p, glom®) . BRIATRE (Cpe %)

A=

2) Johansen #7Y K HATA A

B 5 T ARV AT - A AR N, B AT O R
PRI IGE 1 5 HAMAFEE (S) +4r#H5¢, JOHANSEN
T 1975 4R H T Kersten RE (K, ik T+ FH AR

g HWA L FIREE (4,0 ZWPKFR, B
TR F KRN AR SRR LT R
A:{(Am—awm;+@w S,>1x107
Ay S, <1x10°°

Johansen P 7Y 7% + 1) Kersten 240 (K,) 5IHAEM
BRI, B K=S..

H 7, Johansen #7135 T RS HAL AL A 87
FBCAT Z AR, H 1975 4F DSRBANET N 560E
RSk, BN B R 2R R T i ST M AR,
BARTHRESH St B 3 fras . HIRSHR ARG
Sk AR B K B RN — B R S,
TERHS I EE RS, BARNE 3. SHS SR
RECTFEHREM S (0>300%) « KRR AL )
Rt ALY R4S JE FR N IR S UK R 0, 55
TALBRE n 5 0, W20 . HEHE FE0 3% 2L b 1) i il
HEIRME 5, A RR LRGSR T, #iEN-3 C,
R ORI BN 55%7,

4

%<3 Johansen {REI R HATHERR
Table 3 Johansen model and its derivative models

FEFHRAEL TR+ SR

Thermal conductivity of dry soil 4,,, Thermal conductivity of saturated soil

ERY VRS FS 1
Thermal conductivity of soil
particles A

il Kersten £ %
Models Kersten coefficient K,

_{ 071gS,+1  005<5,<0.1 _ 0.135p;, +64.7 B R N = _ il
Johansen “—{@&H 5,>0.1 A = 2700-0.947ps WY el <y A= Ao
, [ 1es, 41 T=T) _ . - 71 _ 8:8Csana +292Ceiy
Farouki K. = { s, T<T; IF] Johansen £5 2% I7l Johansen H{F A= Csand + Celay
KSy _ -
C&K K. = To DS, Adry = x X 107" [ Johansen 1% %! [7] Johansen #%i%Y
8.8C sand +2.92C 14y
Luo K. =1-exp(-9.85,) Agry = x X 107M [7] Johansen #5784 Ay = o end T2y
Cmml + C('Iay
K = kS )
Nikoosokhan T I+kx-DS, Adry = 0.087C gqnq +0.186p4 Asat = 0.53Cqnq +0.98p4 [ii] Johansen #5714
k=4.4Cupq +04
E&T K, =1-exp(-9.8S,) [ Johansen #5784 [ Johansen %! [ Johansen F 74
Lu2007 K, = em(1-5r-133) Ay = —0.56n+0.51 [ Johansen %! [F] Johansen 157

S KE:gm(l—Srm"'”)
4 1 = =0.5863C 1y +0.9451C i +0.108C g +0.0567Cop

{ K. = e(n_ﬁiﬁ)

, HASHUA Lu2007 F7L

Men @ =0.493C4nq +0.86C i +0.014C,,, +0.778

B =0.736C_14y +0.006C,,, +0.222

vE: Su e Men BB R T HHEEHURAS M. n HEARILBRE, % 6, ATEFRKMERDE, %: 6, WG PRGBS, % TALEERE, C;
T N ERIRESIREE, Cs g NATESE, % Kiags UKl AT LGP 5 10 S A FIRE 5 %8 0.57, 228+ 7.7, 2.0 Wm "K',

Note: The model considered soil organic matter (Su and Men models). n ALAEFLIEER, %; 6, NEAEFKIEIRGE, %: 0., HELHKEIRSE, % T RH:E
BRE, Cs TALKRKMGEERE, C: g NAREE, % 7Kl K AT AT WA 1 SHABIE AN 0,57, 2.287 7.7, 2.0 Wm "K'

n is soil porosity, %; 6y, is the volume fraction of liquid water in soil, %;0,. is the volume fraction of ice in soil, %; T is soil temperature, ‘C; T, is the freezing temperature of
soil, ‘C; q is the quartz content, %; The thermal conductivity of water/,, ice 4.~ quartz and other mineral components are 0.57. 2.28. 7.7. 2.0 Wm K, respectively

, HAZHF Nikoosokhan FE4Y

R T BRI - BURLRL AR 0 A 2 e X S IR O SR
M, FAROUKI™ T 1981 4F4 7 % e -+ 358 Joi i 1) e sk

A, X Kersten &% (K,) M EPR SHEH (1) W
WETAMEH TR, sbih, TR DT A SO
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TESE 2005 4E AN K2 # COTE 2P 48 7 — R ik +
TSR ARE A, SABRE (o) LEFHKH KR
(C& KA, H—0HFE T HE LM LIEY S HT
SREFEmW, ¥R T LR SERAEOTEEEH
TR, a7 LR SERARBTMAEE . E R
N AT I HERA T . 2000 4, T E 2 B B A @
Tk o v v R A R K, PR T
KA R LI BE v n A AL T R T i S 800Ul
(Luo #iH1) ,

NIKOOSOKHAN 2P - 2015 4E42 7 —Fh ik
LB T H A LR SRR A, TLERERE A,
MAR R e, ROFET LT p, IR R
TR E ARG, B X T A L, PR AT
FL 4NN Nikoosokhan 5 7 H F 11 5 F ok + (1 5 R %L
BEAh, AT 78 R BT 2T Johansen #5574 24033t ) Ewen
& Thomas (E & T #i%4). Zhao. Yang. Lu2007. Lu2014
RIStk b T % = 3 R

ZEEVRASEWM Su. Men BB FE5 L&
THREEENRRE, 2R sl e T a0+
SHRAEPESHMLBEEREZER, HEBENRS
IR E] TR SRR K, 2016 45, J5
A DA DL Lu2007 BERCAFERE, NG HUE & KR
WS T Kestern REFITH A, B LB HLUR)R
®=H C,, (gkg), PN T HIESHABETHEBA S,

2020 £, F:F Johansen LAY, 7R DL+ 35 R
B AYUFR R, #xS AR SR AREEHE
IR Kestern REGHAT THEIE . 2B FH T F0000 >k
H A e 7 AR aR . S5 [ 52 far e AR X I 19 A
HUR & E7E 0.07%~21.65% AP+ e & L SR %, B
BT BT, A TR Sus Men IR L%
FEE WU 2 1) S IR 45 2R

3) R0 PG AR A —Tian A5

PSRRI J5TH, DE VRIES ¥ ok fl K 40 4 3%
SLVRA N, FET A b R S L R, SREX
BCE R TERE T ES 3R TR & H o3 LT
WMABI TTIER A, BT ARSI AR HOT FE BB
RO PR BN ED, SRESEER L, LS
PR B T AE LAPIE SZIL, TIAN &P 7 — A2
W& 7 AR KB B R RIAL TR . AT 7S AR
FR TN AR L, RIS KE (65%~80%) 21T
FLBRR (70%~80%) , TERIIRE TIELIMIAT. R
AR ARG, B R T IR B
(0.025 W/(m'K)), Kb w] DUE & BRI AE T3 Ak
SRARBET B R LN R H . BT R Tian
BT 70, FoR LSRR (5 IHHEAH:

_ Oiig v + kiceOiceAice + k0, A,y (5)
A+ kicoBice + k0,

A, A2 IR EARTORL 1 S IR, 0, S TR AR R
WAL, 4, CARALE k, UL R 5 S

/lm — /lC.mnd/lCHn/lCzlm (6)

sand ““silt *“clay

2 -1
k, ==

3 "3

-1
11+(§i—1y1—z&4
D)
A A Asisn B A A TAR A OHL AL 0 R HL ) 5 A
2B, RN 7.7 2.0 R 1.93 W/(mK), 7%k [35] B
fH, g, ABRET, HEWNT:

8agmy = 8aisanayCsand F 8agsiCsitt + 8aetay)Coetay (8
X 8agsand)>  8agsity™  arelay) SRR RN R (0.182)
Bkl (0.0534) KMZRL (0.00775) FRIAIIERET, M
SCHR [36-37] ZEHUA .

ZE BRI, AWHFTZX T 2R A SRR BT
SRR T Bk T i & P, Ho Johansen. Farouki.
Coté& Konrad & Tian BEALEH TR+, HARBEAA T
‘i T A T AR B T B

2 GBRESH

2.1 FEXERTSHRABUNERTUNLER

RUREEFOR LR SRR 8 AR T 25 5L an
Kl la foR, SELFRDCREES, FRAKEEHEA 0.51~
0.66 W/(m'K), HWIFIFE (7-s) (0.57 W/(mK)) K
(3-h) (0.61 W/(m'K)) Hill &5 RE KRR TEE TFEM
SR

/lw

A
1+(—"—1)ga

:Q 20t . WEE
=19 i Measured values
< 18 --a-- Farouki
5 %g I - Yang
s » Lu2014
Wz st —— Su
% S 13F --- Ewen&Thomas
TElg s Campbell
o210t Johansen
E 0.9 --v-- Coté&Konrad
5 0.8 Lu2007
=071 --e-- Nikoosokhan
= 0.6 P,
(2 0.5 %", ' BT St S LI e He
13 2.3 33 43 53 63 7-3 83 7 3-h  Zhao

FFE/(Z 5 -FE D) Soil samples/(Layer - No.) Men

a. RIREF R+

a. Unfrozen turfy soil

o327 . R
é 3.0F N Measured values
£28f PN --a- Farouki
:ﬁf 2 2'2 ik S AT, ) Johansen
oA *
g oy U - Coté&Konrad
%S 1y v
£8 °(
T 916+
s
é 14+
S 1.2}
=
1ot
RO8tb

OIS AN AN MR
+FE/(JZ5-FF ) Soil samples/(Layer - No.)
b. YR4h R 4
b. Frozen turfy soil
B 1 A R B0 R AT 45 RAT
Fig.1 Comparison of thermal conductivity measurement and
prediction results

St A B A HUR - R SEHR L, RIESSRE T
(5~30 C), B EMSFHAKEEMET FKELL 50%
FEARRRK L (0.65~1.14 W(mK)) B¥ &4 KL
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P+ (0.65~1.15 W/(mK) By, X2l FER LR
T3 E (0.20~0.43 g/em®) A% T TRk TR Y8 %+
(0.879~1.098 g/em®) KEAHUHRE L (1.1~1.5 glem®),
FoR LA AT 2 R R 2
% 4 J8/R T K RMSE. MAE & MBE ##3i& 7 Il 2%
TP 9 FOBERLG T Rk - SR BTM R, B
FH A B 4 T 2R 11 /2 Nikoosokhan 1 %Y . Campbell
B o BRAE T R e BT 2% A VLR IS, 5642
WS T R L RF . Johansen 55 iy HLATAE MY ) Kestern
RE (KD R AFRL SRR, M S dee 7 T acoR .
AR, ERORL S ERE (FRL 1.93 W/(mK)
FHRE 2.0 W/(mK) K& RL 7.7 W/(mK)) 2w T A HLUR
A SIMABH ORI 0~0.3 W/ m-K)W, A4
AR o SR, BLRIXTE N S HEA R, 15 K,
J oy RAERAA R & & S AR PR BRI . (R,
B RS FOR A LR A5 S IR BRI B B
“EAGT N, AT, T# B p, (Nikoosokhan 15
AL LB n (Lu2007 #E84) RGN E L C,,
(Men #E8) 55 BRAE RAE B L A7 PE 2 50hk 5] N R
B, 7ESHRABOHE PR TARMERA S 15m, KiE
Pem TR LRI AR TR
F4 BERISHRERTUNRESH

Table 4 Error analysis for prediction of thermal conductivity of

turfy soil

Bt} eit) RMSE MAE MBE
Type Models Wm'KDH (Wm'K") (Wm'K"

Johansen 0.251 0.247 0.247

Farouki 0.379 0.371 0.371

- Coté&Konrad 0.374 0.366 0.366

ABRGESE el 0.858 0.843 0.843

Unfrozen turfy soil -\ josokhan  0.073 0.064 ~0.058

Lu2007 0.130 0.118 0.118

Ewen & Thomas 0.198 0.192 0.192

Johansen 0.947 0911 0911

YRGB 1 Farouki 1.252 1.568 1.219

Frozen turfy soil ~ Coté&Konrad 1.224 1.187 1.187

Tian 0.289 0.214 0.147

7: RMSE. MAE K& MBE 43 JI A 7 iR 2% .~ 8 4 %0 % 2 Jo~F 34 1w 2%
.

Note: RMSE, MAE and MBE are root mean square error, mean absolute error and
mean bias error, respectively.

X UR 28 B 1 I 3 AR R B0 i S T 45 SR an & 1b A
N, BE LRSS . KUKAHAS, A HOR LSRR
BETE, 3 1.00~1.62W/(mK). FEHFRL: (HE
0~0.8 m) TEHL G RRALCEIIEN 1.38 W/(mK), #E
T FESRLT R 0.8~1.6 m) “FEMH 1.22 W/(m'K).
G HAD S AR L2RME, R LSRR
TR T CEVLRSEZN 10%, FKE 20%~
60%) TR (0.8~1.3 W/(mK)) ¥, BT A%
W X () CHHLR & & 12%~18.78%) & A MR E +
(0.55~1.04 W/(m'K)), BIET CAMLEEE 1~10%)
SHIFE L (1.33~2.1W/(mK) ¥, sHER, &5
ARG KBNS (5200%), HREEER LN GIKE
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Improvement of the thermal conductivity model for turfy soil in view of
organic matter content and decomposition degree
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CHEN Yong'? , ZHANG Xianwei*
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3. College of Construction Engineering, Jilin University, Changchun 130026, China; 4. State Key Laboratory of Rock and Soil Mechanics
and Engineering, Wuhan Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan 430071, China)

Abstract: Soil thermal conductivity is one of the most important parameters to determine the heat transfer performance of the
soil layer, leading to the ground temperature distribution, soil environment, and crop growth. The composition of organic
matter is directly related to the thermal conductivity of high organic soil. However, the current model of soil thermal
conductivity cannot consider the organic matter content and decomposition degree. This study aims to analyze the influence of
the undisturbed turfy soil on the thermal conductivity in the different layers. Additionally, more than 10 improved models of
soil thermal conductivity were proposed and then compared on the turfy soil. The results indicate that: 1) The thermal
conductivity in each layer of unfrozen turfy soil was similar (0.51~0.66 W/(m'K)). There was a significant difference in the
thermal conductivity among the layers (1.00~1.62 W/(m'K)) after freezing, indicating that the freezing altered the composition
of the soil. The higher proportion of components was found with the low heat transfer performance, due to more organic matter
components and pores in turfy soil. The thermal conductivity of unfrozen turfy soil was lower than that of other organic soil
with higher dry density. Most water in the soil was turned into ice after freezing, indicating the greatly improved thermal
conductivity. The high content of water greatly contributed to the thermal conductivity of frozen turfy soil. Furthermore, a
correlation analysis was carried out between the fundamental physical properties of turfy soil and the thermal conductivity. The
soil particle size distribution, organic matter content, and decomposition degree depended mainly on the thermal conductivity
of unfrozen turfy soil. 2) Most prediction models of soil thermal conductivity (Campbell, Johansen, and their derived models)
failed to directly consider the proportion of organic matter components in the turfy soil, leading to overestimation of the
thermal conductivity of organic matter in the solid phase. Alternatively, the soil thermal conductivity model was used to
consider the dry density (Nikoosokhan model) and component weight (Tian model), indicating the excellent applicability to
predict turfy soil. It indirectly quantified the low performance of heat transfer in the organic matter components and pores,
according to the density differences after the calculation of soil thermal conductivity. The high level of accuracy was still
difficult to achieve (RMSE>0.07 W/(m‘K) for unfrozen soil; RMSE>0.28 W/(m‘K) for frozen soil). 3) According to the soil
properties, the parameters were introduced to characterize the turfy soil, including organic matter content (O.) and
decomposition degree (D,), in order to improve the model of thermal conductivity. The improved model was obtained to
comprehensively consider the low dry density, high water content, and high organic matter of turfy soil. The parameters were
modified to reduce the overestimation of the thermal conductivity of organic matter components. Furthermore, a better
prediction (R* > 0.75) of the soil thermal conductivity model was achieved for both unfrozen and frozen turfy soil with high
organic matter, in terms of applicability and accuracy. The research findings can provide a strong theoretical reference for the
thermophysical properties of seasonal frozen turfy soil with high organic matter in agricultural cultivation and engineering
construction.
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