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1.1 #Hilsret

PN e e o S E i B A I = =R T S R = e |
(110°40'17"E, 31°12'35"N, ¥k 271 m) FAglE, 2=
e PE X AR SR b o SRR, KE)Z 30 cm JF
B A U 0 L 242 FF DUR A 3B 148, TR
S A PR & B RARK L3, rREN LA s
Z IR KA R K E SRR O TR &R . KRBT
VRN IR AR 35 B AR B K SN XCT LIS KR 4 BiA
15.0%1 5.92%, ¥ JJEMRHIEAEN 1.35 gem’. H
Rrikiis 3% pH {H A 6.80, %8 PR 62 52 125 045 4 PR
YRR 514 33.70%F0 19.70%, 575431500115 + 38 Fiki 2%
i H1>2.00. >1.00~2.00. >0.50~1.00. >0.25~0.50-
0.075~0.25 F1<0.075 mm FURL53 77 7 24.35%- 21.80%-
18.54%. 14.46%. 12.45%7%1 8.40%.

BERAR R NFE T A0S B BT =K = A Al
P (K. T8 m AN 1000 40, 50 cm) RE T 2 a
FIERER R, FREH EEE0R, NSRRI
RRIE M E AR R IKE N 84.06%, HIZA K 2.5 mm,
PEIERZ 1.5 mm, SREILT 6.58 kg/m’. YK T
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T, B R R E TR R BRI T RS
FIE T PR RN R EELS, SRJ5 N UKFE P 4°C ¥R
BN REEREAE, HT 24 h it REG .
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AR A — A T AR BT RRSG . h4% AR R,
Tebm A RO AR 2R (1 79 g S o B0 43 BL AR, JE O & B
BAFE B NP A, WEEA S PR EEMZER
0.10 mm W, FrBCRRARE A G T RE N
TEAE N s, R I AR A 25 B B A Sl 1
1350 43 B8] e D Bl AR R ot v 458 D RT3 SR SR T 3, i/ ik
PRI 7E R Je B Je g0 FAG IR i, AR IR T A
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RAEFEN 100 Ny KEFEEA 0.50% ) 3 1l G40 5 4
731t HP-100 AT FARPTHA5E, e FRFR R &bt
PL A FAGTRL R . AR RZBLRTE ARG R 0.01 mm FIEL
BUEAR R R B AR &R W v J (] 3 M B EAR, T3
ML E P EREAE TR R ER . NRIETE
PYIEARE A MRE MK R ERE, AR ACEREN
BHA S P EAMZELE 0.10 mm AR RN EKIR
FE, I 0.10 mm R RCA ARG, BHEER

R PR HIRARIEHE R N 10.0 mm/min. v 1 58 AER L
W AR B R PUh D S PR om BT SR R 54
[R] e Wi B AR 2 ot 9 45 D R 3 AR 2% DT 28 P X 56 350 10 D 2k
V6L, oz or W S A R ) 1/3 BB A IS A A
1.2.2  REAA A ARSI R T

T ARE 2 1) R BT T A AR S R K 2 A
TELFE BB 5), B Ja TONRIR BT 3 1A i B AR 24 h
EFK I, B RBTHE KR (AREKE, 15%)
TR R R R bRUES IR AR 3

RAENEB LR EEAE, BH LIEHREN
1.35 g/em®, 4R J5 1% GB/T 50123-2019 -+ T35 5 %45
) PYE R VAR AR E T 100 mmx100 mmx
100 mm (1) 1E 77 25 L g O R sk, il £ A AR B AR AR -
T E A, FREAMMEERE N 50 mm. HEERK
T, WREZFERE P SAAEARES (E 12, &
WER W BEMIA N 00, 15°, 30°, 45°, 60°. 75°F1 90°3L 7
AARERZHTTE (B 1), ARJE S R R
THIF XS 2 3007 AT 3 2605 10.0 mm/min BRARRE .
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a. Schematic diagram of root system
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b. Schematic diagram of single root with different pullout angles
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Note: a is tilled or pullout angle of branch root, (°); F is pullout force of the
whole plant, N; f; is the maximum pullout force for branch root or under each
pullout angles, N.

A1 FARRKRE T T ER
Fig.1 Schematic diagram of single root pullout test
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Kt hr 3 AP bz 5 B Y6 43 0 2.21~28.38 N Al
18.89~41.63 MPa. FrlFiiil 5 BAT R0 iR KHih /)
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(155 R 5 RE s MR AT s T s Bl (RP=0.75, P<0.001)
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b. Tensile strength vs
root diameter
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a. The maximum tensile force vs
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Fig.2 Relationships between root diameter and maximum tensile
force and tensile strength
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HIEW SRR (B34 K% (K3) .

45r

WRHEE
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Fig.3 Tensile stress-strain curves of single root with different
diameters
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I 7 B AR 5 2 MRS S B PEAR IR S PR AR TR B, Bl
JE I8 3 B 827 A 24 AR R T A6 2 el 24 0 7 B v
SIBIEAR TR BO B i AR SURISE I, IR BIAR ZR N IR
MRARDLWT SRR 3 AN B [N, BRI,

MR ARTESAMEAR T BN 7 B S AR 2 R R B AR R ELAR
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Jyi Hi KN ) (PTRsRE) Ok, AN IR (i
K NARFEARLE 0.73%~1.48% 2 (Bl 5381k, RAE AN
PP AR FIFEMA AR, X5 A 22 P2 g — 3
2.3 ZHRUAFREARKINKE I

FERZ R N EHT T 40 WEBEHOREE, Brik
ISR R EARTEE N 0.28~2.18 mm. ZHKk A H 0°.
15°, 30°. 45°, 60°. 75°H1 90°HIHE 5 40 YKikge i KL
WATTEE > 0.48~2.71. 0.59~4.16. 0.79~4.08.
0.95~4.47. 1.86~5.39. 2.20~6.39 Fl 2.95~7.46 N; #H
L) e R PUiR SR LG L 43 3l A 0.93~7.80 1.14~6.21,
129~8.30. 1.30~12.59. 1.66~9.13. 2.10~10.61 #lI
2.86~18.55 MPa. A, fEMFMIMRARER T, FEESZ
AT IR, BRI KW 2R 1B EE N, R
T PR R R (B 4) o SR KT, FREN
e KB TR 5 5 o o R R L A8 1 K T 34 m AN 9
/N, BRBE R I R IR R B RS KBk 1T
WERERI R R (K 1D o WHRARZ RIS FE iR s
TRV fERARSHE T, RASHIE SR
HOFIR T 2 MR IR, SZARIUR A 004 15°, 30°. 45°,
60°. 75°F1 90° 2% W IR AR R &= 40508 04 1. 24 3.
3.4 R SR, KERS I8 0. 032, 043, 0.43, 0.49,
0.52 F1 0.46 mm. #EARKBL, BEEMRRZRBUAMEK,
B W IR AR REE B2, AR T I SR AR

AR Wifh Pullout angle/(°)
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a. The maximum pullout force vs root diameter
20

PR
Pullout strength/MPa

05 10 15 20 25
4% Root diameter/mm
b. ARG TURGREL R FR
b. Pullout strength vs root diameter
B4 REZERAEA T RRIRA AR L 5B X F
Fig.4 Relationships between the maximum pullout force and
pullout strength and root diameter with different pullout angles
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Table 1 Function relationships between the maximum pullout
force and pullout strength and root diameter under different pullout

angles
& ARPUIR T Prik epng e RETECE
Maxi llout Pullout strength PVt H
%Viﬂ)ﬁ% aximum puliout 1orce ullout s rengt The be c
Pullout & 77F% WA IR number of mtm ?1‘ 0
angle/(°)  Fitted R Fitted R rootsfor ootC
tion equation test failure
equa q roots
0 y=1.39x"%  0.95%* y=1.77x"" 0.93% 40 0

15 y=1.90x"  0.95%* =242 0.95%x 40 1
30 y=2.18x"0 091  y=278x"1" 091%* 40 2
45 y=2.60x"77 0.88%* y=325x" 0.97% 40 3
60 y=327x"78 0.95%F  y=4.17x"2 0.95%* 40 3
75 y=3.68x"81 0.97%* y=4.60x"1° 097 40 4
90 y=5.06x"%  0.99%*  y=6.46x" 1.00%* 40 5
%, P<0.001.x AR R EAR, mm: y ARKPIHR ST (N Bihidksm fE (MPa) »

Note: **, P<0.001. x represents root diameter, mm; y represents maximum pullout
force (N) or pullout strength (MPa).

2.4 REZHRIRDUBER

H SR TR R -BLF Hh LARA FUER 72 7 A
Ko BRI AR R B2 SR8 90° 915 73 BT AN [RTAR SR BA TE X
NHUR - ER (B 5) o ERIBORR, AR
PR SR K RS HO 3G 0 2 LS R d b T Je R T FE
Jagete T HERARGIM MERBIAR, RA
DU IR SR L RS O3 I LSRG BT, kb a AR
APURITRE RN E 0. P BIR AR R 1 2
3 FEMRARZ MR 90°H R4 0.35 mm IR F 2K Wil A
B, HAbS BRI PH IR .

WA AR
Roots diagram/mm
—=— 035
——0.51
——(.72
—v0.98
——1.14
——133
——1.53

P4k 71 Pullout force/N

{7 % Displacement/mm

B 5 90°%KMAMIEKN GG XER
Fig.5 Diagram of pullout force and pullout displacement with the
pullout angle of 90°

3 %

TR AR R e KPihr 71 B A3 K 2R R R
NI, T A B D) I A K R R O R U
X5 A A T IR AR F P B R R
MR AR U 5 B el /0> 1) SR T R e S5 A AR JR e B A 4 5
AKREGEAXRPY, EERANEK, WEMN, KA
A GRS R R A, S BUR R W Hih o
PR, ARG TS HAR R nRE S AN R AR
N 2223 (B 2b) , AEXHT I e P AR B 2 A
BRELRE (32.31) /b, RIARIG A5 20 & B i hL

580 J5E /N At 2 0 A BT AR I PR RS o X W] e AR
FOR TR RAEKER . R &ESIAMAGEERE
K, MARAKZEAFAIMMFER S MSHIES, N
WAHE 2R S R Hep i g 2, Ak O e AR R
T AN E R 450, Koo 5. B4 H1N 140, 140, 120 mm
FA A T, HOZ SO AT KR B R A K 2 2, %
PREE R 0 A AR B T EAE RIS 98 B 5 AR K K IR IR
oY RIS 4E RS LR RS, HAREAR R KK AIA 2 m.
MAEAM T, BT FE AR TN T ER R R AEK
MK, XnlRefm P AR ERRNEE, A 7
RAR S ERE . R R I RPUIR 7 B B 138 K 25 R 5
JRARBEN, MU U B AR K R R R Bk R
N, XSk SR C R T s AR 7E A R R A
i, BEEMRBERA, Mg o, AR
5 EEE (AR R I R A TR BiR AT .

TEMR R BERAARN, [ 2R, MR
RINZWITEKR, XE5ARGAA FIRAZIEHARE
Ko XTIR R ZARIS B2 SER AT AR (K 6) , i
RABABRIN, WRAZH EHEE (HET) HE
71 G BN, — 5 s SR R BT R E 19 7
(Gsina) ¥4h0, 55— 75 i3 5 52 B2 05 i AH I I VE F
(Geosa) BHI/N . K F153 F1¥ N Btk & 5 3
JEE P FT3 N, AT BRAR R BUER A3 n s 1 52 B 5 A AH
SR 3088 ) BRI E Be s il /MB RPTi, PiE
FEAEF, XU I7iE B . 8 A 3G e, AT BE R
F343 338 T i R 2 K 52 4 7 TR AR I B R FE )
TIFEI, 38 BR8P T 6 1A 0385 o T 328 47 448 o
X AR HE POV 50 % DU AR R BRI, R R AT
WAFRIA: B FAEKT R RN TRFAEK SRR
INFIE FAEKTT AR R, TR R A KT
R RZ 2 E LB E R T HAAE KT AR R . Kk,
ANTE A KT 1) AR AR 2R T A 32 1) TR S AS [ 3 A [
A KT IR R PR I E R

I F

10 em KR F
Root in length of 10 cm

Gsina

NS
S
W e

10 cm

Scm

10 cm

T GMA RIS, Ny BRI AR R RIS B I A4
Note: G is soil gravity above the roots, N; Shaded area represents the soil that
causes pressure on the roots.
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Fig.6 Influence principle of pullout angle on root pullout force
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60°. 75°F1 90°fHif N E LI FLAR R ELE 0 WIN 0.03.
0.04. 0.07. 0.12. 0.15. 0.16 1 0.30 mm, % Wi N
R A FTREAZ ER W 71 (B 7 Pidk hAfl & 21t
SRR AT s A 2R A T I o 7 PR AR R 3T ) a0 il R
0. 2.78. 4.49. 4.49. 5.54. 6.09 F15.00 N. 4+ i
it R EAAR AN 00 032, 0.43. 0.43. 0.49. 0.52 Fl
0.46 mm, R W 7173514 0+ 0.98. 1.09. 1.64. 1.96.
2.26 1 1.94 No n[ W, BRIFAN 0B RIKWHE &R, HAh
A7 A7 O T S bRk T AR R B KRR 3 R T ERfl, H
TE T AR B BTAR 2 ELAR B N ) SE bR 7 713/ F
BB 7. David 207588 1+ R I AR RGOS AR
HOfRAEAE TR TR, TR TR AR K AR IR N, IRAR
A KA A S /N BB A IE B FE AR R 100 . AHE S AR
AT HARPT R R IEI DAEEIE AR (A1) 173 BB o i Rt i =
A W B N ROBE WL R A A 3 3T P TS 4 K
T 7r, BRI FE ot IR 4 4 W )5 4 1 2
MRS IR A A= KA /N S5 A7 B s [RIB B AT Pk 5
[ AR AE ) 4% ) 75 4 BY PR LIR30 73, X B R
M9, IXERS 5T A AE SR 2 S A N AR kT
FEUR R BT
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30 Pullout angle/(°) 13

- n() *00

< 75 ]

g 25 LR 2 %
_& 2 v 45 20 Jé
5% o gy 1 S e
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Fig.7 Comparison of root tensile force and pullout force
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Mechanical properties of roots of Vetiveria zizanioides as protection slope
plants under tensile and pullout conditions
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Yan Rubing?, Zhang Lun'?*, Yang Yueshu'?
(1. Key Laboratory of Geological Hazards on Three Gorges Reservoir Area, Ministry of Education, Yichang 443002, China;
2. College of Civil Engineering & Architecture, China Three Gorges University, Yichang 443002, China)

Abstract: Root anchoring in the soil can provide significant resistance for plants to erosion and potential soil shear failure on a
slope. Typical failures of plant roots can be found under the pullout and tensile conditions. The pullout angle varies greatly for
the different roots, where the root penetrates various directions in the soil. However, the influence of pullout angle on the
characteristic of mechanical properties and failure types of plant roots under tensile and pullout conditions can still far from
being fully understood so far. Among them, Vetiveria zizanioides has been widely used for ecological slope protection, and soil
and water conservation, due to its excellent adaptability, strong resistance, and well-developed root system. Taking the
Vetiveria zizanioides as the study material, a series of tensile and pullout tests were conducted to determine the mechanical
properties and failure types of roots. The roots were also planted in a plant groove of 100 cm in length, 40 cm in width, and
50 cm in depth. A single root tensile test was firstly performed on the roots with different diameters (0.20-1.40 mm). A pullout
test was used to simulate the root in different directions in the soil, particularly with the different pullout angles (0°, 15°, 30°,
45°, 60°, 75°, and 90°). Some parameters were recorded, including the tensile stress-strain curves, the maximum tensile force,
and tensile strength for the tensile test, while the pullout force, the pullout displacement curves, the maximum pullout force,
and pullout strength for the pullout test. The failure types were identified, according to the resulting relations of the maximum
tensile force, tensile strength, the maximum pullout force, and pullout strength to the root diameter. The results indicated that
the maximum tensile and pullout force increased, with the increase of root diameter, whereas, the tensile and pullout strength
decreased, indicating the power function of the relationships (R*=0.75, P<0.001). The maximum pullout force increased in the
range of 0.48-2.71, 0.59-4.16, 0.79-4.08, 0.95-4.47, 1.86-5.39, 2.20-6.39, and 2.95-7.46 N for the pullout angle of 0°, 15°, 30°,
45°, 60°, 75°, and 90°, respectively. The failure type of the root depended mainly on the root diameter and pullout angle. The
thinner root was a more likely failure with the pullout failure, while the number of tensile failure roots and the critical root
diameter increased with the pullout angle for the tensile failure type. The numbers of tensile failure roots were 0, 1, 2, 3, 3, 4,
and 5 for the pullout angle of 0°, 15°, 30°, 45°, 60°, 75°, and 90°, respectively, and the corresponding of critical root diameter
for the tensile failure type was observed at 0, 0.32, 0.43, 0.43, 0.49, 0.52 and 0.46 mm, respectively. Specifically, the root ,
suffered the tensile failure, when the root maximum tensile force was smaller than the maximum pullout force, due to the snap
during the pullout test, and vice versa, the root suffered the pullout failure, when the root maximum tensile force was higher
than the maximum pullout force. Therefore, the influence of root diameter and pullout angle on the failure type of the root was
attributed to the increase in the maximum tensile force. As such, the root diameter and pullout angle posed significant effects
on the root pulling resistance and root failure type. The finding can provide a strong reference for the mechanism of root
reinforce soil, particularly for slope stability, erosion, surface landslides, and geological hazards prevention.

Keywords: roots; mechanics; slopes; failure type; reinforce soil; tensile and pullout effect; Vetiveria zizanioides



