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Mechanical characteristics of single roots and differences in root-soil shear
strength of five soil and water conservation plants

Ru Haili', Sun Guanfang®, Wang Anmin', Dou Qiaoli', Jin Xueqin', Jiao Feng’
(1.Pingliang Institute of Soil and Water Conservation, Pingliang, Gansu 744000, China;
2.Northwest A&F University, Yangling, Shaanxi 712100, China)

Abstract: [ Objective] The study explores the tensile mechanical properties of single roots and the differences in
shear strength of root-soil composites among different plants to provide references for optimizing the configuration
of soil and water conservation plants in the gully region of the Loess Plateau. [Methods] Five soil and water
conservation plants, including Pennisetum giganteum, were selected as research objects. The WinRHIZO Pro 2019
root analysis system was used to measure the three-dimensional root architecture parameters. Single-root tensile
tests were carried out using the HLLD-500 electronic push-pull dynamometer, while layered soil shear strength was
evaluated using a ZJ-2 in-situ direct shear apparatus. Comparative analyses were performed between single-root
tensile mechanical properties and root-soil composite shear characteristics. [Results] (1) Root vertical distribution
patterns showed that the effective roots of P. giganteum were predominantly concentrated in the 0—40 cm soil

layer, with root length density in the 0—10 cm layer reaching 1.79 cm/cm®, which was significantly 40.3%~72.8%
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higher than that in the deeper layers. The root parameters of the five species showed an exponential decay with
increasing soil depth (R*=0.87~0.93). The dominance hierarchy of surface-layer species was as follows: Sorghum
sudanense (root length density 2.41 cm/cm?®) > Sorghum bicolor (2.04 cm/cm?®) > Pennisetum purpureum (1.89
cm/cm®) > P. gigantewm (1.79 cm/cm®) > Zea mays (1.31 cm/cm®). (2) Single-root tensile mechanical analysis
revealed that S. sudanense and S. bicolor showed the maximum ultimate tensile force (120 N==10 N) due to the
large proportion of thick roots (=2 mm, 85%), while P. giganteum and P. purpureum with thin roots (<2 mm,
95%) showed the best tensile strength (38.6 MPa=®4.2 MPa). A significant negative correlation was observed
between the tensile strength and the root diameter (»<<0.01). (3) Root-soil composite shear enhancement effect:
the shear strength of the P. giganteum root-soil system increased by 20.4%~33.0% compared with that of the bare
soil. Under the axial load of 400 kPa, its shear strength of the 0—10 cm layer was 1.15 times that of the S.
sudanense system and 1.60 times that of the Zea mays system. The shear curve conformed to the Mohr-Coulomb
strength criterion, with a 41.7% increase in cohesion. [ Conclusion] Among the five herbaceous plants, P.
giganteum, P. purpureum, S. sudanense, S. bicolor, Zea mays all have excellent root systems that enhance the
tensile and shear resistance of soil, making them superior soil and water conservation plants. Through the
synergistic effect of the high tensile strength (7.90~41.30 MPa) of its thin-root network and the dense distribution
of surface roots (RAD=0.0009), P. giganteum forms the optimal root-soil mechanical reinforcement system.

Keywords: soil and water conservation; soil and water conservation plants; root tensile force; soil shear strength
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Table 1 Variation values of root characteristic parameters of five plant species in different soil layers

/fi;)ijf%ﬂ +2/cm D/mm L/cm M/g ( crrlf%i)rrf*'%) RCSA/m? (kIr{nl\fHIil/"") RAR
0—10 0.63+0.08" 97.334+12.33*  0.70£0.05" 1.7940.03" 0.0000 005*  11.60+£1.23"* 0.0009"
. 10—20 0.62+0.05" 87.67+11.00" 0.18+0.02" 1.4640.02" 0.0000 003* 3.06£0.80" 0.0045"
B 20—30 0.50+0.04¢ 24.6745.23¢ 0.02+0.00° 0.41+0.01° 0.0000 002* 0.39+0.05" 0.0008"
30—40 0.26+0.03¢ 16.50+1.35¢ 0.01+£0.00° 0.28+0.01¢ 0.0000 001* 0.16+0.04°  0.0009"
0—10 0.88+0.12" 71.674+8.98° 0.51+0.05" 1.204+1.02° 0.0000 006" 8.50+2.30" 0.0051"
o1 b 10—20 0.80+0.10" 61.6046.56° 0.21+0.02" 1.0341.00° 0.0000 005* 3.44+0.85" 0.0052
20—30 0.6940.08° 12.00+1.20" 0.10£0.01° 0.0240.00 0.0000 004* 1.61+0.20" 0.0001*
30—40 0.5840.01¢ 18.67+1.03" 0.0340.00" 0.31£0.69¢ 0.0000 003" 0.50£0.03° 0.0015
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. 10—20 1.09+0.10° 41.33+2.20° 0.30£0.02° 0.69+0.02 0.0000 009" 5.0041.00"  0.0065
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30—40 0.5040.02¢ 30.004+1.53" 0.0540.00" 0.50£0.01° 0.0000 002* 0.83+£0.05° 0.0010°
0—10 1.984+0.15" 83.984+5.63" 0.94+0.02° 1.40+0.08" 0.0000 031*  15.6141.53* 0.0429°
e 10—20 1.082£0.08" 69.4744.23" 0.7240.01° 1.16£0.05 0.0000 009*  12.06+1.02* 0.0106"
"o 20—30 0.64=40.05° 67.334+2.10" 0.21+0.01° 1.124+0.03° 0.0000 003" 3.5040.56"  0.0036"
30—40 0.0340.00¢ 24.004+0.32" 0.03+0.00" 0.4040.00" 0.0000 000" 0.50+0.02° 0.0001*
0—10 1.4040.12° 37.334+1.20" 0.2540.08° 0.62+0.12° 0.0000 012* 4.004+0.12*  0.0003"
oK 10—20 0.334+0.02" 27.674+1.02° 0.12+0.02° 0.46+0.08" 0.0000 001" 2.00£0.03*  0.0004"
20—30 0.27£0.01" 14.33+0.85" 0.06+0.00° 0.24=+0.02° 0.0000 001" 1.00£0.01*  0.0002°
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Fig. 1 Variation trends of single-root tensile force with
root diameter for five plant species
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Fig. 2 Variation of tensile strength with root
diameter for five plant species
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Table 2 Shear strength of root-soil composites of five plant species

¥ Sk IR EAE R P8 T R/ kPa 4
iz I fem ﬁ/ﬁf 100 200 300 400 e RZ ﬁk?’?/ ?ﬁgfi")
0—10 8.49 9.9660  15.0900  26.4623  29.4700  Y=0.0699r+2.7763  0.9539  2.7736  3.99
. 10—20 8.34 9.6220  11.6500  17.4340  23.7130  Y=0.0481z+3.5905  0.9581  3.5905  2.75
PR 20—30 847 20.6200 32.6700  36.3950  46.7386  Y=0.0821r+13.586  0.9659 13.5860  4.69
30—40  10.23  20.6200 253690  38.1470  47.4260  Y=0.0932r+9.5915  0.9736  9.5915  5.32
0—10 8.70 7.1860  11.3410  19.9327  24.7440  Y=0.0613r+0.4845 09818 04845 351
g 10—20 9.05 85917 151213  19.7608 254313  Y=0.0552r+3.4367  0.9960  3.4367  3.16
20—30 712 102170 16.1523  20.9637  31.9610  Y=0.700r+2.3127  0.9643  2.3127 4.0
30—40 9.81  17.8707 21.5890  33.3357  38.4907 Y=0.0736z+9.4198  0.9603  9.4198 4.2l
0—10 7.73 8.3240 127157  18.0000  25.6604  Y=0.0573z+1.8516  0.9833  1.8516  3.28
-~ 10—20  10.54 8.5917 17.1833  26.8060  29.7035  Y=0.0730z+2.3316  0.9599  2.3316  4.18
20—30 1115 9.9663  13.0250  19.9327  23.0257  Y=0.0461z+4.9660  0.9731  4.9660  2.64
30—40 1201 13.2300  19.5300  29.0130  35.0230  Y=0.0749r+54835  0.9921 54835  4.28
0—10 8.59 7.9000  9.5900 154960  18.5880  Y=0.0380r+3.4010  0.9605  3.4010  2.18
—_— 10—20  10.10 9.2700 154650  20.9360  23.0250  Y=0.0467r+54900  0.9599 54900  2.67
20—30 825  13.0590 19.2450  21.9946  25.9460  Y=0.0414r+9.7085  0.9736  9.7085  2.37
30—40 1000 151213  23.0250  29.2110  35.0540  Y=0.0660r+9.1068  0.9947  9.1068 3.7
0—10 10.72 72170 85916  13.7466  18.4770  Y=0.0389r+2.2743  0.9535  2.2743  2.23
) 10—20 9.26 45822 841983 11.6846  13.5748  Y=0.0302x-+2.0047  0.9790  2.0047 173
X 20—30 9.51 9.6226  14.0903  19.4171  28.8680 Y=0.0631x+2.2338 09672 22338  3.61
30—40 1059 17.4650  21.9946  24.05660 26.4650  Y=0.0291r+15.2300 0.9652 152300  1.67
0—10 10.14 7.9000 11.3410  21.3000  24.6500  Y=0.0602r+1.2455  0.9546  1.2455 345
10—20 1098 122000 17.9300  21.9500  24.7100  Y=0.0416x+8.8100  0.9750  8.8100  2.29
e 20—30 1078 11.6800  20.2700  28.5200  30.8700  Y=0.0658z+6.3800  0.9505  6.3800  3.76
30—40 1399  17.8700  19.9600  24.4000  26.4900  Y=0.0303r+14.6050 0.9765 14.6050  1.74




398 7 SO S

33 %

3 45w

(1) SFE Y% AR R 2 5Bl )2 O RE 19 hin i 2k
TR R A B ek B M R RO D . S AP A ) A% )R A
WAS B ZE S B F P B RKEE R
FRT HAb A FRLY) , o P R FOML AR B AR
W R R T A 4 R
(2) SRR R X R BB B BT HIRE 1, Hoh LA
TR R SR R AL R (1~120 ND AR FR A7 7 Bl
MRARBG RMIHG R, A B LMEEAH G, SF R PihL
SR JE i R B S £1 R R L T A, L TR R AL
RK/NH10~50 N/em?®, HIH IR /INBE 3 AR AR A9 36 T D6
AN BEE R SRR R, 4 PR AR R
MRBTHLRE S 00 T8 W oK, HAHA T HoAb 4 R 1
WAL, FUR AR R 0 BAR BT ) 2 PERE RO
(3) AH R Al 6] fr 24 T, B B AL R R RIAR -
452 G RTE 25 )2 8 v it 55 DD ot 2R AR A AR R B 5T 1)
2z b, PR e SR T K 3 A B S T B AR -
SR AR A TR v Y 9 7 5 2 R R A B AR A
Il A5 /0y , B B RE A ) AR A S 2 A R AR
BSREE E . BT EK0—10cm + 2R -+E 41k
58 B K T 10—20 em £ 281, A5 v H Al 4 Fb A
Yy R 28 BT 57 51 B2 1 B 4 J2= TR RE B8 O
Gl BERE AR SR HERE ENE
oK 5 AR P AR AR R R 1 R b AT R B AR D YK &
PRAF I AR Y, H DL E B AR &R 5 R BT hr g 2 4
AE M1 5 - AT BT BE ) i, 0 T 5 MR ) 4 v
PUBY 9 1 B0 AR B AR &K R W i — P
AT I, A BE ST AT O Bl AR o v IR0 AR XK £
TREFIF I $ A — 7 AR} A A
2 2% 3 ik (References) :
(1] 2t o8, kR, 45 B 3 b DA Tl AB ) AR &R 0 4t
IR ST [T ] K ARSI 5T, 2023, 30(4) : 122-129.
Li H B, Zhang X, Yao C, et al. Study on root tensile
mechanical properties of six typical plants in the loess
area of northern Shaanxi[J]. Research of Soil and Water
Conservation, 2023,30(4):122-129.
(2] &, XUR MK, e W, % 20 e X A AR P AR 3R
PR 1R LT ] K BRI SE , 2019, 26(3) : 259-264.
Su X M, LiuJ E, Zhou Z C, et al. Root tensile and
mechanical properties of three typical plants in the Loess
Hilly Region[J]. Research of Soil and Water Conserva-
tion, 2019,26(3):259-264.
(3] WM, AR, E 1 Pt £ X AR YR J 3 A it 57
BSR S HTLT]. K R RFFIFSE ,2020,27(3):357-363,371.
Pan T H, Du F, Wang Y. Analysis of root distributions

and shear strengths of slope protection plants in the loess

[4]

[6]

[7]

[9]

[11]

[12]

region of northern Shaanxi [J]. Research of Soil and
Water Conservation, 2020,27(3):357-363,371.
256 AT RIAAE YR 2 B 09 D) O (D] R A
TEPE Al K2, 2021
Li Y. Study on the mechanical effects of four herb roots
on soil reinforcement [D]. Nanchang: Jiangxi Agricul-
tural University, 2021.
AR WD, A2l AR AR RN B HE AR
Py b M0 R R (], K B AR R AR AR, 2017, 31
(3):96-101.
LiH, Huang Y H, Jiang F S, et al. Effects of two herbal
plants'roots on soil shear strength in a collapsing gully
alluvial fan[J]. Journal of Soil and Water Conservation,
2017,31(3):96-101.
JAMRTE KB SC, R, FER K AR AR R Sy
FRPE IR AT 2 [T]. N BB, 2019,41(5) : 90-95.
Zhou L H, Liu C' Y, Hu X S, et al. Experimental study
on the mechanical properties of four herbs roots in cold-
arid areal J]. Yellow River, 2019,41(5):90-95.
PR AT i A SR A 2 B DX A R R Y e
SR AID ] AR AR AR BRORE, 2017.
Lin C M. Selection and application of Juncao technology
in typical ecological fragile areas of the yellow river basin
[D]. Fuzhou: Fujian Agriculture and Forestry Univer-
sity, 2017.
TR, A SRR AR A b DX DU D B A R AR R BT
PR R S 5 A o W S R LT ] G K R OR
2021,33(4):9-15.
Huang Y H, LiS S, Yue H, et al. Relationship between
root tensile properties and its main chemical components of
four kinds of herbaceous plants in Benggang area[J]. Sub-
tropical Soil and Water Conservation, 2021,33(4):9-15.
IRAS G SR B, 45 SR I DXy S e R R RO
HE ) AR TR 7 2 R PR R (7] K R AR R IE 4R, 2024,
44(6):1-11.
Xu D Z, Zhang X, Chen Y, et al. Experiment study on
single root tensile mechanical properties of sod layer in
alpine grassland in ngoring lake area[J]. Bulletin of Soil
and Water Conservation, 2024 ,44(6):1-11.
Gray D H. Reinforcement and stabilization of soil by
vegetation [ J]. Journal of the Geotechnical Engineering
Division, 1974,100(6):695-699.
Gyssels G, Poesen J, Bochet E, et al. Impact of plant
roots on the resistance of soils to erosion by water: a
review [J]. Progress in Physical Geography: Earth and
Environment, 2005,29(2):189-217.
XN F5 L BRI AR R0 S IR R IE A 03 AR 1 43 TB
ST T] K AR B R, 2007, 27(1) :47-50, 54.
Liu X P, Chen L. H, Song W F, et al. Fractal analysis

on morphology distribution of the Pinus tabulaeformis



513

TR TN A5 5 T K CRATL ) AR g 2 e M S AR 0 0 M 0

399

[14]

[19]

[20]

[22]

Carr. Root system[J]. Bulletin of Soil and Water Con-
servation, 2007,27(1):47-50,54.

ol AL 2R AR L R 3R RE AR+ E G
R 1) 059 5 B2 F 7 [T ], 0K = SR EF BT 5T, 2022, 29 (1)
295-300, 310.

Yang L, Du F, Qin J J, et al. Research on shear
strengths of root-soil complexes of three dominant
shrubs in loess region [J]. Research of Soil and Water
Conservation, 2022,29(1):295-300, 310.

Stokes A, Lucas A, Jouneau L. Plant biomechanical
strategies in response to frequent disturbance: uprooting
of Phyllostachys nidularia (Poaceae) growing on land-
slide-prone slopes in Sichuan, China[J]. American Jour-
nal of Botany, 2007,94(7):1129-1136.

Tosi M. Root tensile strength relationships and their
slope stability implications of three shrub species in the
Northern Apennines (Italy) [J]. Geomorphology, 2007,
87(4):268-283.

ZIE, RIS 05T, A RTT B i X 8 R AR
PIAR A RUARAEL T ). BEAL 24412, 2018,27(10) : 215-222.
LiSS, Si X J, Jiang F S, et al. Root architecture of
eight Gramineae plant species in the Benggang area of
Changting County[J]. Acta Prataculturae Sinica, 2018,
27(10):215-222.

De Baets S, Poesen J, Reubens B, et al. Roottensile
strength and root distribution of typical mediterranean
plant species and theircontribution to soil shear strength
[J]. Plant Soil, 2008,305(2):207-226.

Mahannopkul K, Jotisankasa A. Influence of root suc-
tion on tensile strength of Chrysopogon zizanioides
roots and its implication on bioslope stabilization [J].
Journal of Mountain Science, 2019,16(2):275-284.

B BRPAR A BRI RS K
AW IR T ] AR 2SR, 2020,40(7) : 2242-2251.
Tong R, Chen Q B, Zhou B Z, et al. Structure and bio-
mechanical properties of underground system of Moso
bamboo and Lei bamboo [J]. Acta Ecologica Sinica,
2020,40(7):2242-2251.

KR R, SR A 3 R AR A SRR SR R
PO KR [T]. TR IXHIE, 2022,39(2):572-583.
Zhang Y, Zhu H L, Zhang K, et al. Relationship
between tensile properties and microstructure of single
root of three riparian plants [J]. Arid Zone Research,
2022,39(2):572-583.

AR SC T M R A T DX 9 D AR AR AR
A ALRERTIE[D )N - AR Al TR~ B, 2023.
Xie W W.Study on soil reinforcement and slope protec-
tion efficiency of root systems of 9 herbaceous plants in
guangzhou baiyun mountain scenic area [D]. Guang-
zhou: Zhongkai University of Agriculture and Engineer-
ing, 2023.

Bedk sl , 2 flE e, kL 55 4RI IO A AR R A

[23]

[24]

[25]

[27]

[28]

[29]

PR R 5 OS5 1 195G R [T K 2 ARFFAT 5T, 2024,
31(6):130-138.

DuanJ Q, LiJ X, Wang B, et al. Relationship between
tensile properties and microstructures of four kinds of
herbaceous root in the water-level-fluctuating zone [J].
Research of Soil and Water Conservation, 2024,31(6) :
130-138.

T LN S B L b T X RE AR RO S R
PEWFFELD ] REFIIE 45 - N 5l ROl R, 2024,

Wang J R. Study on root morphology and tensile charac-
teristics of quinoa in the northern foot of Yinshan Moun-
tain in Inner Mongolia [D]. Hohhot: Inner Mongolia
Agricultural University, 2024.

BRI, 364, 0 B S0, 56 75 1 W3t XSS AR AR 2
PRI T[T ] DK £ OR4F, 2017(4) :44-48,69.
He Z 7, Dang S, Liu C Y, et al. Experimental study on
mechanical characteristics of herbaceous root system of
the Qinghai Lake areal J]. Soil and Water Conservation
in China, 2017(4):44-48,69.

RV 2T BT A Il X2 i SRR E TR 4 A S B IR BT O
[J]. g4t 5446, 2020(12) : 238-239.

Liang Y H. Stability analysis and prevention of highway
landslide in loess mountainous area [J]. Construction
Materials &. Decoration, 2020(12) :238-239.

RUGH AT RALE S EWREW K AR R E L)
FHLHIDETE D ] S - P e 5238 K2, 2022.

Yuan H L. Study on soil consolidation mechanism of
herbaceous roots based on roots based on root morphol-
ogy and hierarchical structure[ D]. Chengdu: Southwest
Jiaotong University, 2022.

SRS , BOE MY, 45 R 2 Y 84 2138 AR R AP AE
X AR A 52 A BT BT R P RS2 (D] ARl TR AR,
2024,40(4) :138-146.

Zhang C, Xie X R, Duan Q S, et al. Effects of root
characteristics on the shear characteristics of root-soil
complex in wood fiber reconstructed red soil[ J]. Trans-
actions of the Chinese Society of Agricultural Engineer-
ing, 2024,40(4):138-146.

WK L0, XS, £, 5 B AR S T 0T 5 B Y
T 2% 22 A KRBT S [T ], K R R FERT 5T, 2007, 14(3) -
287-288,291.

Yang Y H, Liu S Z, Wang C H, et al. Experimental
research on the relation between increasing value of
shearing strength with root system [J]. Research of Soil
and Water Conservation, 2007,14(3):287-288,291.
EA L BT, SR AE L B KRR A XN [
B 2 Y 300 3 - g 0 8 9 A 52 e [T]. K b AR 4
#%,2018,38(6):88-94,102.

Wang N, Zhao Y P, Guo X P, et al. Effects of soil
moisture content and dry bulk density of different vegeta-
tion types on slope soil shear strength [J]. Bulletin of
Soil and Water Conservation, 2018,38(6):88-94,102.



