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Modeling Constitutive Relationship Based on Mixture Rule of
Vetiver—Laterite Composite at Different Growth Stages
WU Ruibin?, JI Jinnan"*, 1.1 Sicen'**
(1.School of Soil and Water Conservation, Beijing Forestry University, Beijing 100083, China; 2.Jixian National Forest
Ecosystem Observation and Research Station, Beijing Forestry University, Jixian, Shanxi 042200, China)
Abstract: [ Objective ] To establish a constitutive model applicable to different growth stages of Vetiver grass root-
soil composite, in order to precisely simulate and predict its mechanical behavior. [ Methods] Three groups of
Vetiver-Laterite composite samples at different growth stages (20 days, 40 days, and 60 days) were selected as
the research subjects. Mechanical parameters were obtained through triaxial tests. Based on the mixture rule, the
constitutive relationships of soil and plant roots were calculated using the Duncan-Chang model and the linear
elastic model, respectively, and then superimposed based on volume fraction. [ Results] 1) The two-phase
superimposed constitutive model based on the mixture rule demonstrated excellent performance in simulating the
mechanical behavior of the root-soil composite (R*>>0.89). The stress-strain curves of this model accurately
reflected the changes in the shear strength and stress-strain relationship of the root-soil composite in the triaxial

tests at different growth stages. 2) Using the Duncan-Chang model and the linear elastic model as the constitutive
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relationships for the primary and reinforcement phase, respectively, the characteristics of the stress-strain response
of the two materials during shear could be effectively simulated and accurately reflected. 3) The Vetiver grass
roots effectively reinforced the soil. During the growth cycle, with the extension of time, the number, diameter,
and volume of the roots gradually increased, while the elastic modulus gradually decreased. The reinforcement
effect of the roots progressively enhanced, leading to a gradual increase in the shear strength of the root-soil
composite structure. [ Conclusion] The proposed model not only comprehensively describes the stress-strain
relationship of the root-soil composite but also accurately evaluates the soil reinforcement effect of plant roots at
different growth stages through parameters such as root quantity, single-root elastic modulus, and root volume.

The results provide a scientific basis for slope stability analysis and the application and planning of ecological slope

protection technologies.
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Fig. 7 Fitting results of stress-strain curves of root-soil composite and mixture rule
3 it i BE L 00 B T (R7>0.896) , th 26 B & 40 1 U 7

AT S 75 AR W) AR R AR S 2 B A AR
RH M ANE B B AR A2 A AR TE = R
(4 3 2747 R, A T 4 7 AR AR AR B A AT A B4
Wl S50 o AR B2 A B AT B 5 JRE i A ) o AL I )
ST L B 3o e A TR I e I — L Y g
TN S0 o A Rl IR ] A S A AR AR R B K
JBE T AR B0 185 SR AT 4 5 AR 2R X e AR i1 i i
R R X A A A AR X A2 Bl B 0 A AR R
ML Sy o G, 7 AR AT AT LB Ol 2 — B A L
OF fif VR 2 1 0 IR B AR R ORE Y BE A R s Y T
ey, b S U B B R BB TR AR A L 4R AR
BT A EE 4 AR R, b HEURE 18] 59 AR AR ) Wkl 2
B, E— 20 SR AR R B AR

A PE T 5 A5 32 A JE 4500 R S ik U iy
iz JH R BR T 20 I il - op A BE SR % 05 05 ] &=
JEODR A MR R MR 52 A A rp O AR I A AR AR AR A AR
o 2 B Bl AR A, AR B A [R] 2R K B B s )
AR B AR R 2 50, A A A R BB 8 o A AR AR Y A
Bl A7 A Y 7 AU 45 SR 5 6 I 1 56 4 2R A

MR 525 PR BAT B PR A A9 3l I S T AT

AR RE W X AR b 52 1A B Ly - 9 A 2 AT
O B B0 TG A B 2 RO R R A D7 UE R R
T o A XB - KA R e (A R g - R O AR
BEAT A, AT LA S M i e 3R B AR = Al 6 69 AN [
B B b B8 A TR AR AR AR AR, Ol i SR 2R B RAR R AR T Y
TR Jin B B HE A o X6 AR AR 2R R T A A A T R
FE R, 0 58 5375 FEAE WU AR AR B0 B RH A 50RT 52 00 R A
HRAR B SRR B A R AR BE U 4 4 B AR AR
RARRIVE AU BT & 52 PR 0 B AR 0 [ 5
XA AR Btk g b BT 30, LR XS 0 F a f BB A
TS, A5 A [ A B2 B AR BT R 45 B AT it
I AT B0 5 Wi AR 0, 0 3 43 25 18 =l i 56 B T 0
LR AR R AR TG AN [ AR A O T AR
R GIA iR AN 2 A rh AR U B A A
A 38 3 TSR AR A R AR XS 2 B 3 D S
5T AR AR 5G AR K 48 2 R o A (RS O R
Z MR 2R BRORS HE DA B2 R ORAIE

PAT AR LA R AR B, G S B A5

http. // stbexb.alljournal.com.cn



8 K A ARFF AR

%039 %

BRI sk AR R A, 32 BN H AR 42 A R
ARG PEA, il = 6t oK R U & A T RE P I I B
T AR EMHYR AN SHR A ERE
Bk SRR R R AR B RS B DR A O BN AR &
A A RN A A i [ e A AR S A B B B
FEFHMTAETEA B ENESE L, ATt
TR, $i e TR & e A S s .
4 4 8

DIFIRADEN A E MR 25 ERPHE
INAS KGR A AERAUAR + 5 B 0K 1 2547 R 5 1 RUR
PR (R*>>0.89) o Z A HUAALL (14 7 g - 1o % il 26 BE %
Bk R 1 b 8 SRR 2 A R AE =l i B By
S8R K N g N A G R AE R TR B i AR AR 3

2 XS - AR 7R B 4 s M AR R 43 ) I T AR
AE 50 A5 AR 04 T 2 AT SRRl R A AR 2 Pkt Rl A%
e 22 5 o off b S e — 3 7 B DD A AR b i
73 - g A% i 1o A

3) A MR R AR R AT ACH R R A AR A
P, AR A T R, S0P A /), (AR R Y B
B ARG A, I OR B
BE Tk

[1] PARTOV D, MASLSK M, IVANOV R, et al. The
development of wooden bridges through the ages: A review
of selected examples of heritage objects. Part 2-the iconic
structures from the western slavdom area and those that
inspired them[J].Czasopismo Techniczne,2016,2-B:e107.
HNRAL, BERAT, B A, 45 O [ 3% b Oy 2R A R ) &
1A SR AR R B0 AR ZR B Ty g s [T ). K s £ e
3%,2021,28(6):25-31.

LIUW J, ZHAO Y K, DUAN Q S, et al. Effcets of dif-
ferent sowing patterns of herbs on soil aggregates charac-
teristics and consolidating soil ability of roots[J].Research
of Soil and Water Conservation,2021,28(6) :25-31.
BrARDL A2l 04, EUk A5 A BN P A I AR TR R AR
T B 5 O A5 R R OC & [T ] K R R FFBF ST, 2024,
31(6):130-138.

DUANJ Q, LIJ X, WANG B, et al. Tensile properties

of root systems of four suitable herbaceous plants in the

[3]

subsidence zone and their relationship with microstruc-
ture [ J]. Soil and Water Conservation Research, 2024,
31(6):130-138.
BRI R A K B B IR AR S
TR R A — Bk A A A AL [T, 7K & ) 2 e, 2024,
38(6):97-104.

WU R B, JIJN, YANG Y Z. Duncan-Chang constitu-

tive model of vetiver root and soil matrix at different

[4]

growth stages [J]. Journal of Soil and Water Conserva-

[5]

[6]

[7]

(8]

[9]

[10

[11

[13

[15

]

]

]

]

tion, 2024, 38(6) :97-104.

FFAE LT SRR, A AT AL RE T T A A A AR AR
I L 3 ML 52 [J/OL ] 5 £ T %4, 1-10[ 2025~
01-19]. http://kns. cnki. net/kems/detail/32.1124. TU.
20250109.1706.002.html.

JIANGBY, HEN, ZHANG GR, etal. Researchon mecha-
nism of soil reinforcement and slope protection of herbaceous
plant roots in advanced rainfall pattern[J/OL].Journal of Geo-
technical Engineering, 1-10 [2025-01-19]. http://kns. cnki.
net/kems/detail/32.1124.TU.20250109.1706.002.html.
RV, R AR TS, e BT R A AR AR T R AT Y
(T] BH 81T 5 R, 2025, 15(1) £ 74-78.

MING Y J, YAO QY, GAO X N. Progress in soil con-
solidation experiments of plant roots [J]. Technological
Innovation and Application, 2025,15(1):74-78.

MAO Z. Root reinforcement models: Classification,
criticism and perspectives [J]. Plant and Soil, 2022,
472(1):17-28.

WALDRON L J. The shear resistance of root-permeated
homogeneous and stratified soil[J].Soil Science Society
of America Journal,1977,41(5):843-849.

WU T H. Investigations of landslides on Prince of Wales
Island: Geotechnical engineering report [ R]. Civil Engi-
neering Department. Ohio State University, Columbus,
Ohio, USA,1976.

POLLEN N, SIMON A. Estimating the mechanical
effects of riparian vegetation on stream bank stability
using a fiber bundle model [J]. Water Resources
Research, 2005,41(7) :e2004WR003801.

FF LA, AR A — L AR 0 TR A A A
BI[T] 4 £ TR, 2014, 36(7) :1326-1333.

WANG L, ZHU B, LIJ C, et al. Two-phase constitu-
tive model for fiber-reinforced soil[ J|.Chinese Journal of
Geotechnical Engineering,2014,36(7):1326-1333.
KL 2 BOW RS VE S EE S L ORORIR AR FR O T
DI b 21 F - e oy o B Y 52 [T, 2440, 2022,
59(6):1527-1539.

ZHANG L Y, DUAN Q S, FAN M P, et al. Effects of
maize and soybean roots on topsoil shear strength of red
clay on sloping farmland in central Yunnan[J].Acta Pedo-
logica Sinica, 2022,59(6) :1527-1539.

VOIGT W. Ueber die Beziehung zwischen den beiden
Elasticitatsconstanten isotroper Korper [J]. Annalen der
Physik, 1889,274(12):573-587.

DIAMBRA A, IBRAIM E, MUIR WOOD D, et al.
Fibre reinforced sands: Experiments and modelling [J].
Geotextiles and Geomembranes, 2010,28(3) :238-250.
MICHALOWSKI R L. Limit stress for granular compos-
ites reinforced with continuous filaments [J]. Journal of

Engineering Mechanics, 1997,123(8):852-859.

http. // stbexb.alljournal.com.cn



5 3]

SBR[ AR R B B A AR R -2 R A AR Wk T A O R A 9

[16]

[18]

[20]

[21]

MACHADO S L., CARVALHO M F, VILAR O M.
Constitutive model for municipal solid waste [J].Journal
of Geotechnical and Geoenvironmental Engineering,
2002,128(11):940-951.

T3 AR AL ) =R IR RS (D
LR RF, 2021,

WANG Y. Study on the triaxial wetting deformation

1.7

characteristics of unsaturated laterite in Fujian[D].Xi'an:
Chang'an University, 2021.

A RSN B A S R . 1 T Uy i AR
#E:GB/T 50123—2019[ S]. db 5t « v 340 s iat , 2019.
Ministry of Housing and Urban-Rural Development of
the People’ s Republic of China. Standard for geotechni-
cal testing method: GB/T 50123—2019 [S]. Beijing:
China Planning Press, 2019.

TG AR A5G BT 0 B 5 e R 2R 0BT B AR A A
WEFELD AL 5 O el 5 TR 2 B, 2023.
WANG W M. Analysis of influencing factors on shear
strength of root-soil composite and study on constitutive
model [D]. Zhangjiakou, Hebei: Hebei University of
Architecture and Technology, 2023.

MAO 7Z, WANG Y, MCCORMACK M L, et al.
Mechanical traits of fine roots as a function of topology
and anatomy| J].Annals of Botany, 2018,122(7) : 1103-1116.
ZHANG Y, LIU W, HE S M. Effect of vegetation
growth on morphological traits of vegetation and biome-
chanical features of roots [J]. Plant and Soil, 2024,
494(1):395-411.

[22]

[23]

[24]

[25]

[26]

TYGETE  S00E , ShAEAE S AR R TR A S o TR R LR
Hi B R AE W A T 96 R R PR ST [T ). AR SR 4
2025,34(3):432-441.

YIN X T, GUO D, SHI W J, et al. Study on submer-
gence tolerance and soil consolidation characteristics of
wetland transplantings enhanced by preconstruction of
heterotopic root morphology [J]. Ecology and Environ-
mental Sciences, 34(3):432-441.

BURCT A 25 B R A A R B R 3 AR kv iy T
[J]. P EKE , 2024(24) : 105-107.

HUANG J P. Application of ecological protection engi-
neering in controlling embankment slope erosion [J].
China Water Transport,2024(24) :105-107.

PhEL L LT midas GTS/NX B LB AR R AES
el N T [T ], Sl A4, 2024(3) 1 11-16.

SUN Z Z. Study on ecological slope protection and soil
consolidation effect of root system of Amorpha fruticosa
shrub based on Midas GTS/NX [J]. Transportation Sci-
ence and Technology,2024(3):11-16.

He A e, 7, XA 45 B TR G MR AR 4 5 kA
PRI T[T 750 T4 41, 2024, 41(2) : 396 -402.
JIANG XY, WANG W M, LIU J, et al. Study on con-
stitutive model of root soil complex based on the mixture
rule [J]. Chinses Journal of Computational Mechanics,
2024,41(2):396-402.

LIY P, WANG Y Q, WANG Y J, et al. Effects of root
spatial distribution on the elastic-plastic properties of soil-
root blocks[ J].Scientific Reports,2017,7(1) :e800.

http. // stbexb.alljournal.com.cn



