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FOKEMA RN EAE MO E Ry R, Buigs . B SRR AE . [ B

RESUIE . TS0 & IEEE - F68 M E
BARARMENBIERTE 1.70 g cm™® FE KR 13% K
SER, 43I 162.9 kPa 1 23.220; KRR & B
PSR 00 R b IR 2R 3R T R DN R A A A (B R
TE L4 gem?, /K& 10% KT, 4351H 22.76 kPa
F129.08°; {5 JLIRAENS e BHL o D v 496 280 3R 0 45 KAH
(27828 kPa) HIAE 1.7 gem®, /K 10% /KF
T, MBI AR (35.56°) HBIFE 1.3 gem,
TR 5% KFT o AT, AS[E] e A0 2
SR SR T Y R SR DA A P B 5 S8
FEILT H G 5 =0 5 e ik, AR
BF 2%y, i aE ke A e % 3 pR %L ( Pedo-transfer
Function, PTFs) [HZRISHTETHH EEKE T ITREE RAL
Wei S50 FUG LIRS0 38 5 AT 3 K A i
A HAE TR S 48 L RV B AR B A sZ e, 43l
B TRERI) —FKE—FE (c-0-p) FINEE
il — KR —RE (¢-0-p) WRIERIAL, X B
RENEFAE T BRI T AN N BRI AR B AR AL LA, (R
JEARE A AL TN - e g R B R 2% . H Bk
T B HAl R [ ARBFRVAR ] b T H
SRR BT U T, IS B S R 1
R RN WAL PR AR, R AR O A ) - R A5 ) i
BEE R RL2E ST . b2 R - X A IH K EREUR
Fw, WEEEK, N KEEREY, 2K
E RO e — B LERELR, H
JUHE—METE 1.22 ~ 1.65 g em™, KLJEH P, HHE
AP AL o B =, R AR ) & A 3R S
IR, [RII i TRER PR Yy, Ui fi %
IKAPRIZNAEAY, (8.7% ~41.8% ) 21, X SLHL B HERL M
TR EHE LR, SRR
REMK, THMEAEAR L, MEBRMERT, 8 E RN HE

BRI ] ABT T AR 2 8 R H ORI &R
o AN () A A S KR KPR T A
HAZH AR TN B Z L0y o B A2, Al
DY R A% b pREOT HEATIRAIE, LAAERD 220
B BBk AT R e S %

1 RSk

ittt
F 2020 4% 7 HiF T B RS, (A1
GRYAR R E B ek (33°32'N, 115°59°E )
A 58, Y HE T A ] DR o U A ZR XS
X, YEYI A/ NE - ERBIERS, TR
R T WA A AR U RR W) T Ok ) S AR b 2 R A
X R E R G R A KRR 0~ 20 cm
T EBRIR AR . ARSI, W . i 2 mm
g . Bk B 2.69 g em™, KL (0.05 ~
2.0mm) 80gkg"', ¥k (0.002~0.05mm ) 541 gkg,
Bk (<0.002mm) 379 gkg!, HHEAHLEK (SOC)
13.6 gkg™, pH7.1,
1.2 it

ARFFER A B AR (£ 1), &T
FII ) ) A 25 R0, IR I 1.2, 1.4
1.6 g em™ 3t 3 ANKF s HAIRRK &S H K A 3L
PER_ERRAE, ARSEAT ARSI, RIS KR E
HH B R 7K /) 100% . 85% . 70% . 55% Fl 40%, 3t
5K, It 15 bR, BEANCBEE R 4 K
TP EB A SH KR L0 WSENA, B3R
IKFBE K s R AR & R AR I i AR A, HSCPRAA
Bz ol As, Rt, ARBFRIE TANE &K E AT
B AR, WL 1 R, KRRV, &
SCHETHEAEY T4, MIPIRAE,
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Table 1 Corresponding relationship between soil mass water content and wet bulk density

w
Bulk density

AT AR 12 g om

Bulk density Bulk density
1.4 gem™ 1.6 gem™

Soil gravimetric

water content JIht 7K ik (%) WA (gem”) Brit &K (%) IR (gem?) Bl &K (%) A (gem?)
Gravimetric water Wet bulk Gravimetric water Wet bulk Gravimetric water Wet bulk
content density content density content density
100% FC 40.8 1.11 36.7 1.19 31.7 1.27
85% FC 34.7 1.11 31.2 1.19 26.9 1.27
70% FC 28.5 1.14 25.7 1.23 22.2 1.32
55% FC 22.4 1.18 20.2 1.28 17.4 1.34
40% FC 16.3 1.20 14.7 1.30 12.7 1.37

TE: FC MK,
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1.3 HIEEARM FUNE R THEHE

H[a]R57K & ( Field capacity ) AOMIZE . 10 5 Y
TIELLA SR W22 K IRIE 2 fe, BT A &4
i NP 2 K, DA IR K o3 AE e b 5] A
FRESURH N 75 2 1) 3 3 e 260 A R 4R YT IS 1Y 60 cm®

(I EA 61.8 mm, = 20 mm ) FRiEMNER I,
XFAE 1.4 F1 1.6 gem?® i HIERES, NARUEIART]
ERERE A, SR HEREAR A S B2 R AR
JIh, R A F/NIOE . RE, B TT R
BT ROKERHET, HIIRZRE, LI EBE
BRI NECHRR K 22 WA G &, FR AV
RAKIF B G A TITS, Bk RE7E ke, T 2 ~
3 RKAf HEEALBR A E KRS, R R A
FaE JEPREE .

ANF S KR i I A R IR A F AR
RETRAK, fEMCE R E PR e, H3A
FIHbR LR KR, R PR, ZEHE
T H B4 BB RAE 48 h, (A #7785
MK IRZE R, REAS PR TIRE S HL 4 S FF 2S00 e+ 1
e R AR RS AR
1.4 HiRIERENE

- EHT Y 5 B 2R A8 ) 2 DU B 5 AY

(P LR A IR AR, ZI 85 ) EAriE o 3K
L e S0 i o = V4 NN A SN U 7 s S s 8711 )
50, 100, 200. 400 kPa [¥E M N Ty, SY P A4
f£ 0.8 mm min™', B§UI{F% S mm, HEHEM (£ T
I AR ) (GB/T 50123—1999 ) L2 HlLE Y
WREAT o X —H AT RIS, AT LA
B 4 ARV N T B ER B T, AR BT R
FESm 1R K, ARHE Mohr-Coulomb 24 Z (]
ARIGEERTT () FINEEESA (o) PY,

T=c+otang (D

X o HIEPIERE (kPa) 3 o MAEHTE L3S
YIeg ERE I ) (kPa) 5 o N HIENEEES (°)
c N EYEFEER Ty (kPa) o BRI 3EHT 5 50 5 i 2 i
B ¢ FIEEESR L o tang PHHRAT2H AN
1.5 #RAIE

K SPSS 24.0 #EATEMER 40, It UK R Ty 22
0T ( Two-way ANOVA ) 48 35K & A H &
HAREAE RS PraT s 2, F+ X8 ( Duncan )
BT ZE L, ST — &K TR R 2 E (]
DL Rl — R FARRI S KR Z A 285, SRR

K I7225001 (One-way ANOVA ) K56 1416 R 5 i 3%
P, BEIKEY R P<0.05. R Origin 2017 ¥Ef7
KIFE2H] . 3853 Matlab R2017b X 85 A0 5 38 B 2
L CURRE M EL=E = E NI G € ey =) s
B, FEECREOT PRy B S I A RO iR b HL
FEE SRR, e REL (R . B ARIR
25 (RMSE ) 1E Ry i3 sRgORs BE (PP 547

PR

D05y

1 n 2
RMSE = Jﬁzl(y,.—’y) (3)

K. n WHTFREMFEAL (33) 5y WIEIIE;
VO, R #iEE T 1, RMSE B{EE/N, W&
196 PRER P TR R s, A AR

2 FER59h

21 MEETHENMTBEXNTIESKENTET

LM 2 4 AE

w1 PR, B2 F R T - A A
TR (P<0.01) , RS KERIE NS
TR (P<0.01) o BHES/KEBME, AREXTE
RIIBIRARIA . FEUNTE 40% FC IR S/KET,
MAREM 12 gem> b E 14gem> MIEEH 1.4
gemB AN E 1.6 g em™ B}, HIEFHE 10 B K
7.07 F1 5.61 kPa; Ifi7Em LIS /KE (100% FC) %%
P, FHSR 2 B AR ) r 22 54U 0.99 1 3.42

R=1- (2

00 mwpm F P 77 40% FC
60 fokdEE 191.02  0.000 § %ZZ Eg
R ﬁi 137.98  0.000 [ 8507 FC
g SOF FUKLExAE 397 0001 []100% FC
<
£ &8yl
= 2
® 330}
*‘K}g [}
©o0f
10}
0
T4HE (gem™)
Dry bulk density

FE ARG FEAREAMF 5k P RR S B MR8 % (P<
0.05) ; R KEFEACEMF AT FARE LS K225 %
(P<0.05) .
E1 TEEKEMEFENWEETMENNIIN
Fig.1 Effects of soil water content and bulk density on cohesive
force of Shanjiang black soil
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kPa, #7522, LIES/KEMIEINEISS T EER 0T
HEAR N, AL, FEEAENIGN, FERT
Bifi - 498 5 7K AR AR 03 A T R, RO 0
HAEEXRH W EIEAEEH 12 gem?*HE 14 gom™
T 1.6 g em™ B, FHR IR T A9 L IX KK
4 13.05, 19.13. 21.33 kPa,

b2 56+ F )2 R B A R ] 1 K
MEEARmN 2SS (K 2) o SEERIIAF,
Bl S EoK EERG N, PN R AR S e AR
JEaTRE A S, BRI E A N RRARA
BEEAPL. MK H 40% FC BN E 55% FC BN
FEEE A E N, FIEREMN 12 gem> B R
1.4 g em™ L2 1.6 g em™ B, PIEEHE A 43 il B AIK
14.2% ., 20.5% F 11.5%. M5, HHESKEHT
55% FC B}, PIEESE XT38 K S 1 g o 1 0%
AREXES (P>0.05) , F—FEFET, M
K L[] N RS AR 0 22 S e KSR 1.51°, AR ETE—E
I FEm a2 R N EE AN AL, YA EN
12gem3 L E 1.4 gem® FIFEH 1.4 gom BN
% 1.6 gem Bf, H/KEN 40% FC 1IN EEE A
SRIEAIN 11.36% F 2.23%, 17K &N 100% FC 1)
TIENEEIBEAIGIRA K, 53510 5.46% . 2.76%:

V7272 40% FC
NN 55% FC

IS
(=]

[ AESmkIR FoP

Y B 70% FC
FOKHE 24.84 0.000 I $5% FC
32f F®E 890 0.000 [ 100% FC
TKEXAE 223 0.001 Aa
Aab
24+ Ab Bb BCa BaBa
- b

RS (°)
Internal friction angle
>

e}
T

7N\
1.4 1.

T (g em™)

Dry bulk density

B2 HREKEMFENWEETAEZEHBFN
Fig.2 Effects of soil water content and bulk density on internal
friction angle of Shajiang black soil
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c = ae” (4)

Kb, O NHIESIKE (%) , a, b REKHEL

=
o [
o [

% R B0 2 BB KR Ko B A IR B R 1
TEMC 5 38 K B —— X IR R ST -0-p'
3% PR %k, 32 ] Matlab R2017b #£17 £ 7 MIH L4,
FFRNEER S A K

c=a e’ ? (5)
X, p N HIERAEE (gem™) , ay, by, cJE=4%K
W, R=0.972, RMSE=1.505, .

b5 RFE LB A5 2 L Sk R B
BN AL, PN N DR AR B X

@ = a,e™” (6

A, ay, bREZAKRFE, R=0.852, RMSE=0.92,

[ R /N W L R S e ] o e 0 = 1 LT
AEXPUE R E S, R HAE 0.85 DL L.
iz H Matlab R2017b Z: il c-0-p'F1 ¢-0-p') — 4 il
B, & 3T, R P EEE A IR R A e
FEIZRAEL G I T B Oi, B 5R 7 RN P B4 A il e 5
KB IG I 2 IR R AR, B T N
BT 208N, BRI AR 2 M+
TR RBOR ORET, ZEER I MINBEEA A BT
OB, HIEETIM R, & =4 Ehe Rk E
BHIR TR N EEAE A B REVR A E A I 2R R K 2
RI1 ¢ MINEEA o WEAZ 35 7K i A28 2 1Y B —
PR R, [RIA3Z 2 S Bosg ), HY
7E S K EN 100% FC M E A 1.2 g em ™ B A%
/MA

¥ (5) Fik (6) AL (1), HBEIL
Mohr-Coulomb 5 232X R FE Al b 22 B 4 H 5 535
(1) PTFs:

7=a,e""*"” + otan (aze(bzp/(‘q)) D

2, ABRAE T LIS KE . BAE N
A AP 2E PR B BY 5 B AL 3 RN
222 LA EBBAREGIIE  HIETRAIIY
ST R BB BT RE PTFs 9FMAE /7, fdi454%
W PRBRENS ) 2 N T e s B AR e, R AN
TR AL PR TS0, PR 1.2 2 1.6 gem™ 55
[ERERY 3 AN, FFREALINE AN [F] F K 2 50 T 1
Uy RELAE, dL1t 33 28R . LA 50 kPa Ry ffil, iz H
A7) TR BB, SR S S T
(EIEATLRMERIA 0T, th3 2 nlA, AR
1 c-0-p'. @-0-p'FN -0-p' =~ PTFs ¥l 1o i 3 P K
¥, HAE P<0.001 KF 3.
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Fig.3 Side view of response surface of shear strength parameters
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Table 2 Significance test of pedo-transfer functions
ik PR SEIr A H A EE FlH PlH
Pedo-transfer function Sum of squares Degree of freedom F value P value
c-0-p' 1355.259 1 326.546 0.000
p-0-p' 673.947 1 188.364 0.000
-0-p' 2173.945 1 505.132 0.000

FIE 4 AT, AbZEER - PUBTSRIE PTFs FYLE R
R IRF) 0.942, WOMME S SCMMEA A A TE 1 2 1
R (P<0.05) , UiHA P @405y 58 B PTFs Filjl
KR R4, HARRME M. ik, EHEBETCH
B EM S KENBOT, o LA %
N S BUAS [R] ALK 2K far 25 28 T Bt 55 58 (%) BT 4b
.

R*=0.942
" RMSE = 2.13 g

B W D
(=] (=] (=]
T T

P BTR BN (kPa)
Estimated soil shear strength
W
S

0 0 e
S5 (kPa)

Measured soil shear strength

B4 TRMEEEFNESSIUERELER

Fig4 Comparison of estimated and measured soil shear strength
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SEIBGINTE N . I — A5 R 5 A A0 7R 1L
PaH R B+ BRI A RARRL, 1 SR LIRS A
= X BT 2 R A — 3 FILIRSEAAE A E
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JeE DI, HLRE IR R KA 43 3 A K
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FE W BT, XTIl SR 1 A 2 SR T K oy
B, W BLAEJR L LI i R R AR 1 K S Uk Lk P
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TE/NFARJLIRAEDS FEHEHE (111.5 kPa) FIAG k(4
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TAHSCHERT, AT REJE R R HERRURTE, HAMLER
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RN, FERE TS KE X, RS
IKEEIT, b2 R A AR RO K THE S Rl R 4K
TR [B) B ek, ARV R ME R R, N EEHE AR A
R, BEE A BKSEN, ERLETYZER
KA A HERIURE 2 17T 24 W R AAE T, ek
B o — 2 K A PR AE R MRS )2 8],
FORARE R 1Y, 0 G BRI 5 1 Sl RS AH I P sk
AN TR, HER R 2 B o 2 o iR R R SR AR
WOk R A B RS S AR IS R S, LR A R A IR
TP, BRI N, HIEEKETER T 20 %
ZG, WERBENEEATGE TR, UF 1.51°
DI, Su 2509 Fil Cokea 2500 fRFST L5 R RE
SEIE, RIS K B A I Sl R N A P R 1
ST L2, LA AR ETE, R
SRR BRI R, BRI AEX R DL T TR

K U8 51 B PTFs 4 1l -0-p'f1) = 4 vR £ 1A
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ARIFRE. METERAE, &K RN
FIEEME Ry ot . AHIEGE R, B AT BY
M/ MEH E R — R AT, H2F S5+
Bk WA TR N AL, B, PrEyeR
FEARE EE WG T LR R T, (ERNSEZ—HN
JEEPEE AR ) R A /s . B S RTAT, bR R 4K
ok 40% HASE N 1.6 gom™ B, HUBREEECK, b
i - LS R AR e, MULMURERE S B, HRGE
BRI MUY X TRk 7 s AVES AR K
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Fig.5 The predicted diagram of shear strength of Shajiang black

soil
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Ho, ARHTSER A A4 0 58 B A 128 pR RO 18 T D22
S o DRI 2 SR IR G S (WRT RS R (D
AR 2 —, AT SR AR, X
AWCAIHT R . H ., BULIRSE Ny 1 B
SR+ c-0-p Fl 9-0-p Z B RREC R, PIFP L
BRR NI PIAT RSS9 M e SR, NS
MR EH T PESE, TRMCNER, AFT)
A . Wei G500 0,89 g8 37 =i b X 28 8+ c-6-p
il p-0-p BB RE, JEAAHXTRIA, (HR SR ILIR
SIS FITARAA S — A AN DR gL, Garcia
SR 3 RS TACRIE T 7-0-p T7He, BRI,
A5 LA Mohr-Coulomb A, #y THPZE R BT
BSRBEAL B PR AL, X RO E BN ZS R (R =
0.942) , WM HALEA 5 AFESHL, 1Lk mEsh
(A B, A7 B RS 2 B L B 5 T AT ]

4 %

ARSI H T LIS K BRI E 2R LR
USSR E SR, BRI RN B AR 5
KA Z B PRI HOEWOC R, 5 A E R LR N
KF o s HZIotlAG Ikt T b2 R 100
AE SUKEDN AR B T BT 9 R 1 R KL
A1 PREGE 275 08 T b3 R R I K B A L
AR . BT R Al g b2 2R R 4 M R
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Table 3  Effects of soil water content and bulk density on soil shear strength
%18 bR
Pt 4 Pedo-transfer function Sk
Test soil HES & e o FroymIE o Source
Cohesive force Internal friction angle Shear strength
e (—2.88 + 3789In6-1578(Ind)* +  0.977 10.12-6.120 + 0.706*— 0.973 - - 5 ILIRAEL
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Influence of Soil Water Content and Bulk Density on Shear Strength of
Shajiang Black Soil and Its Pedo-transfer Function Construction

ZHANG Hong-xia'"-?, PENG Xin-hua'?*, GUO Zi-chun', GAO Lei!,

CHEN Yue-ming"?, SHAO Fang-rong®
(1. Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China; 2. University of Chinese Academy of Sciences, Beijing,
100049, China; 3. Longkang Farm Co. Ltd., Anhui State Farms Group Huaiyuan, Anhui 233426, China)

Abstract: [Objective] Shear strength can reflect the stability of the cultivated soil structure as well as its suitability
for work. When soil overburden pressure exceeds shear strength, soil structure is severely damaged, resulting in
decreased farmland productivity. Shajiang black soil has a high soil bulk density, a high clay content and swelling clay
minerals, and is classified as a Vertisol in USDA soil classification. It’s typically characterized by structural obstacles
like poor workability, which are closely related to soil shear strength. The key influencing factors of shear strength
were investigated for establishing its pedo-transfer function to improve soil structure and workability given various
undesirable traits of Shajiang black soil. [Method] Typical Shajiang black soil was selected to study the two key
factors that affect the soil shear strength: the soil bulk density (p) was set at 1.2, 1.4 or 1.6 g cm™ and soil water
content (0) was set at 100%, 85%, 70%, 55%, or 40% of field capacity, respectively. The Mohr-Coulomb formula was
used to calculate shear strength parameters such as cohesive force (¢) and internal friction angle (¢) using a direct
shear apparatus. The effect of soil bulk density and water content on soil shear characteristics were investigated, and
the pedo-transfer function of soil shear strength was established by multiple regression fitting. [Results] Our results
indicate that: (1) The cohesive force (c) of Shajiang black soil decreased as the water content increased, but increased
as the bulk density increased. The shrinkage and swelling properties of Shajiang black soil have been considered
sufficiently, and the wet bulk density (p') is used as one of the independent variables to establish Pedo-transfer
functions. The relationship was well fitted by the regression equation ¢ = a,;e®* =9 (R? = 0.984, P < 0.001). (2) With
increasing water content, the internal friction angle () decreased at first and then stabilized. It showed that bulk
density had a linear relationship with it. The relationship between ¢-6-p’ was well fitted with equation of ¢ = a,e®*'/?
(R*=0.856, P <0.001). (3) Combined with the Mohr-Coulomb formula, the soil shear strength pedo-transfer function
was finally established with 7 = a,e®***? + o-tan (a,e®'®). This function could predict the shear strength of Shajiang
black soil effectively (R*> = 0.870, P < 0.001). [Conclusion] It can be concluded that soil water content is the most
important factor influencing Shajiang black soil shear strength, and cohesive force has a greater impact on shear
strength than the internal friction angle. The findings can be used as a guide for improving the structural stability and
workability of Shajiang black soil.

Key words: Vertisol; Shear characteristics; Cohesive force; Internal friction angle; Soil structure pedo-transfer

function
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