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Plant roots have considerable impact on the soil shear resistance. To fully understand the mechanics
of how plant roots reinforce soil stability, controlled laboratory test has been conducted on five kinds
of pioneer plants that are generally applied to land restoration works. It aims to improve understanding
of tensile material behaviour of roots, and proposes a more accurate procedure to calculate the effect
of soil reinforcement. We selected five representative species (Alfalfa, Cynodon dactylon, Vetiver
grass, Ryegrass and Indigofera amblyantha) of the ecological restoration projects as the pioneer
plants of gentle slope in Mount Cuiping to examine these effects. Results of tensile tests showed that
the differences of root tensile strength were significant among five species, and root tensile strength
was mainly affected by several factors, such as shape, diameter, moisture and age. Curves of root
tensile deformation displayed the whole process root endure under tensile stress. Combined with
characters of strength and deformation, an evaluation model of soil reinforcement proposed in this

paper was proved to be more rational by contrast test.

INTRODUCTION

Soil erosion is a hazard that influences both natural and
cultivated lands significantly and causes considerable soil
loss (Cui et al. 2011, Vanwalleghem 2017). Plant root sys-
tems may substantially improve the shear strength of soil
(Abe & Ziemer 1991, Campbell & Hawkins 2003, De Bagts
et d. 2008, Ghetem Veylonet d. 2013, Operstein & Frydman
2000, Waldron et a. 1981, Zhang et a. 2010, Zhou et al.
1997) to prevent soil particlesfrom erosion in two types. the
hydrological mechanisms of reducing pore water pressure
(Abernethy & Rutherfurd 2001, Gysselset a. 2005) and the
mechanismsof soil reinforcement (Abdi et a. 2010, Cheng et
al. 2003, Giadrossich etal. 2012, Hejazi et al. 2012, Li etal.
2009, Mickovski et al. 2009, Pollen 2007, Waldron et al.
1981). Comparative studies of these two impacts have mani-
fested that soil reinforcement contributes much more to the
soil shear strength increase (Stokeset a. 1996).

Rootsincrease the soil shear resistance by transforming
their tensile strength into shear strength of soil (Docker &
Hubble 2008, Genet et al. 2008, Lin et al. 2010, Xiong et al .
2007). Xiong (2007) summarized the former studieson root
tensile strength, and confirmed that root tensile strength

variesin different species. In aspects of the theoretical re-
search, there are threereviews (Cazzuffi et al. 2014, Gray et
al. 1986, Wu 2000, Yang & Wang 1999, Zhang et al. 2010),
and they might be adopted to explain the mechanism of
how soil reinforcement being generated. Among these re-
views, the most preventative oneis Friction Reinforcement
Principle (Coder 2010, Schwarz et al. 2010, 2011). On the
basis of thisprinciple, thefirst model of soil reinforcement
wasprovided by Waldron (1977) and Wu (1979). Their per-
pendicular model is derived from the Coulomb equation
(Eq. 1), and root growth in the soil leads to shear stress
enhancement, asEq. (2).

S=C+o tang ..(1)
S=C + o, tan p+AS ..(2)

Where, Sissoil shear strength; Cissoil cohesion; o is
the stress normal to shear plane; ¢ is the angle of internal
friction and ASistheincrease in soil shear strength due to
the presence of roots.

In this model, the evaluation of AS simply depends on
root tensile strength (T, ) and on the cross-sectional area of
rootsinthe shear plane (RAR), asshownin Eq. (3), where, K
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ranges from 1.0 to 1.3 and is typically approximated as a
constant value of 1.2 (Wu et al. 1979).

AS =K -T,-RAR (3

The above model depends on the supposition that all
roots are fully mobilized under soil shearing (Wu et al.
1979); all rootsbreak simultaneoudy (Simon & Langendoen
2010, Waldron 1977). Consequently, the quantitative evalu-
ation of AS by this model may overestimate the measured
valueof soil reinforcement (Thomas & Pollen 2010, Waldron
et al. 1981), and hence Eq. (3) should be modified by multi-
plying with areduction coefficient K .

AS =K., -K-T,-RAR -(4)

A concept of Fiber Bundle Model (FBM) has been stud-
ied extensively and been applied to modify this model of
soil reinforcement (Comino et a. 2010, Mickovski et al.
2009, Pollen & Simon 2005, Thomas & Pollen 2010), but
the specific procedure of getting the exact modification co-
efficient is quite complicated and till needsto be explored.

Soft roots can usually be treated as a specia type of
fabric material (Donald et al. 1983, Xiaet al. 2011). Soitis
reliable to measure the root tensile strength by monaxial
tensiontests. Based ontensile tests, avery useful empirical
equation can be applied to estimate the root tensile strength
according totheir diameters(D), asshownin Eq. (5) (Gray &
Sotir 1996), where « and 3 are empirical values according
to the species. Some authors indicated that root tensile
strength presents temporal and spatial variations (Abdi et
al. 2010).

TR :a.Dﬁ (5)

Therefore, besidesthe geometry of roots, it isnecessary
to consider the other factors which may affect root tensile
strength, such as root moisture content, age, spatial distri-
bution, etc. Root tensile deformation correlates with soil
particles under mechanical erosion. Studies have been car-
ried out to understand the material propertiesof roots(Li et
al. 2009, Zhu et al. 2009, Zhu et a. 2002), but made less
guantitative conclusions. Further studies, especially to the
tensile congtitutive model of roots, should be made.

In this paper, the tensile strength and tensile deforma-
tion of root system with five typical pioneer plants were
studied, and a feasible method of soil reinforcement for
evaluating the existence of rootsis established. These con-
clusions may be meaningful to optimizethe traditional cal-
culation model of soil reinforcement by the presence of roots
and conduct ecological restoration of degraded lands.

MATERIALS AND METHODS
Test site: Thetest siteislocated in Mount Cuiting of China
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Three Gorges University, Hubei province. Climate of this
area is subtropical monsoon, with temperature of autumn
higher than spring. The mean annual rainfall of thisplaceis
992.1-1404.1 mm and the mean average temperature is
13.1°C~18°C with 4-5 cold months. The sampling site, with
five sampling plots (Fig. 1), is horth-east oriented; its alti-
tude is about 100 m.

Studied species. Five species were chosen for the present
study among the most dominant in the local vegetation:
Alfalfa, Cynodon dactylon, Vetiver grass, Ryegrass and
Indigofera amblyantha. These species represent two veg-
etation types. herbaceous and shrubby plants. It is worth
mentioning that the five species are generally intruded into
ecological restoration projectsasthe pioneer plantsbecause
of their rapid growth and hardiness (Chen et a. 2013).

Rootssampling: The sampling timewasinJune, 2017. The
prominent plants in the five sampling sites were Alfalfa,
Cynodon dactylon, Vetiver grass, Ryegrass and Indigofera
amblyantha respectively. Soil natural densitiescorrespond-
ing to the aforementioned plantswere, 1.39g/cm?, 1.37 ¢/
cm?, 1.55 g/cm?®, 1.36 g/cm?, 1.52 g/cm?®, and soil moisture
contents were 27.8%, 25.4%, 18.8%, 22.9% and 12%
respectively.

By means of dig methods from up to down, roots were
obtained by separating soil particles carefully. Then adig-
ital caliper with the least precision 0.01 mm was used to
measure the diameters of these roots, each measurewasre-
peated five times so asto take an average. Relevant Satisti-
cal dataarelistedin Table 1. After thiswork being finished,
intact roots were picked out and put into freshness packets,
and then brought to the laboratory and refrigerated at 4°C.

Root moigture content: A dryer was applied to measurethe
root moisture content of each plant. The measurement
process was as follows. cleaned roots in the alcohol with
concentration of 15%; then weighed them after the alcohol
adheringtorootsvolatilized; finally, placed theserootsinto
the dryer and roasted them at atemperature of 105°C. Loss
contentsof root moisture can be cal culated asEq. (6), where,
Wi s the loss content of root moisture, m, is the weight be-
fore being roasted; m, is the weight after being roasted for
thetime.

m, —m
m

W =

x100% ..(6)

0

Root tensile strength measur ement: The tensile strength
of the root was measured by uniaxial tensiletest. With refer-
enceto previousresearches about root tensile strength (Tosi
2007), a set of apparatus was selected in the study. It was
composed of aHP-500 digital pull tester with maximal range
of 50 kg and minimum resolution of 0.01 kg, a support
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Supppori fr
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Fig. 2: Pictures of tensile apparatus and its support frame.

frame, a displacement scale with minimum resolution of
0.01 mm, two clamps and aterminal processing computer
(Fig. 2).

The damaged roots were removed before the tensile test
started. Then the sel ected rootswoul d be cleaned in al cohol
with concentration of 15% (Bischetti et al. 2005), and be
fixed between the two clampsaxially, at last, axial tensions
were applied.

The roots of these five species were soft and their
diameters were small. Hence, the roots in this study can
definitely be treated as typical flexible fibres without
considering their bending rigidity. Root tensile strength
maybe calculated as Eq. (7) if the following three conditions
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are satisfied: (1) the tensile direction is completely axial;
(2) the position of tensilefailurefor each root isdistributing
within the two clamps; (3) the shape of each root can be
considered to be ideal cylinder. In Eq. (7), where, o, isthe
root tensile strength; F isthe ultimatetensileforce; D isthe
root diameter.

_4F

o, = D (7

In tension procedures, another two problemsneed to be
paid attention to: (1) several attempts should be carried out
to determine adaptive clamping forceto anchor theroot; (2)
pretension should be made properly to render the root in
pre-stressed state when the tensile tests begin.

Root tensile defor mation measures: The digital scale (in
Fig. 2) was used to record root tensile displacementsin the
measurement process of tensile strength, then root tensile
strain can be calculated as Eq. (8), where ¢, is the tensile
gtrain; Al is root tensile displacement corresponding to an
axial load, and presumably L isthe axial |oad.

- ;
s L ( )
RESULTS

Root Tensile Strength

Thispart shows the relati onship between root tensile strength
and root diameter of these five species. Furthermore, Alfalfa
being taken an exampl e, the effect of root moisture content
onroot tensile strength is presented; Indigofera amblyantha
being the representative plant; it is investigated how root
age affectsthe root tensile strength.

Root tensile strength ver susroot diameter : The resultsof
the tensile strength tests are shown in Fig. 3. For these four
species: Alfalfa, Cynodon dactylon, Vetiver grass and
Indigofera amblyantha, the root tensile strength decreased
withincreasing root diameter following the power relation-
ship given by Eqg. (5). But for Ryegrass, the correction be-
tween root tensile strength and root diameter was not sig-
nificant. Functional relationships between root tensile
strength and diameter are listed in Table 2. The analysis of
Table 2 showed that the root tensile strength was noteworthy
and differed significantly among species. Standard devia-
tion of root tensile strength values was larger for thicker
roots (Alfalfa: 52.32; Indigofera amblyantha: 36.91;
Cynodon dactylon: 28.24; Ryegrass: 12.51.). Except
Ryegrass, valuesof the decay coefficient §inthe other four
fitting relations were nearly -1 (Alfalfa: -0.912; Cynodon
dactylon: -0.992; Vetiver grass: -0.829; Indigofera
amblyantha: -0.892).

Nature Environment and Pollution Technology @ Vol. 17, No. 3, 2018
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Table 1: Diameter ranges, max lengths and shapes of roots for the selected five species.

Species Diameter Max length Shape of the roots
Alfalfa Fiber roots <1 mm, taproot 1~3 mm 15 cm Approximate cylinder
Cynodon dactylon <1 mm 12 cm Approximate cylinder
Vetiver grass <2 mm 30 cm Approximate cylinder
Ryegrass <1 mm 10 cm Approximate cylinder
Indigofera amblyantha 0.6 ~ 5.8mm with many fiber roots 40 cm Approximate cylinder
Table 2: Fitting relations between root tensile strength and root diameter.

Species N D (mm) F (N) o (MPa) o, = oDP R?

mean + sd mean + sd mean + sd

Alfalfa 21 1.13+0.61 39.20+£25.69 56.40+52.32 G, =42.168 x D-oew 0.939
Cynodon dactylon 21 0.32+0.17 7.42+3.67 104.72+28.24 G, =29.853 x D02 0.910
Vetiver grass 60 0.82+£0.39 15.80+8.95 34.14+17.10 G, = 24471 x D08 0.899
Ryegrass 21 0.35+£0.23 11.06+19.78 82.53+£12.51 G, = 71.249 x D-ous 0.125
Indigofera amblyantha 28 1.04+0.58 33.11+9.37 54.89+36.91 G, = 40.996 x D082 0.770
Table 3: Tensile tests of Alfalfaroots in different root moisture contents.

T w (%) N D (mm) o (MPa) o, = aDP R?

mean + sd mean + sd

0 44.30 25 0.98+£0.64 67.09+57.45 o, = 44.45xD 0% 0.928

10 min 38.33 25 1.02+0.72 67.36+42.33 o, = 55.43xD078 0.906

20 min 28.28 25 1.26+0.55 67.36+42.33 o, = 68.06xD 08 0.931

40 min 17.09 25 0.91+£0.51 59.99+35.95 o, = 48.86xD0% 0.645

100 min 11.68 25 1.12+0.71 51.06+39.15 o, = 43.78xD0% 0.531

480 min 8.19 25 1.18+0.41 25.75+14.57 [ 26.94xD080 0.142
Table 4: Basic information about the three different groups of plants.

Group N Crown diameter (m) Plant height (m) Base diameter (mm)

mean + sd mean + sd mean + sd

Young 10 0.40 = 0.05 0.50 = 0.04 453 + 0.23
Adolescent 10 0.65 = 0.05 0.80 * 0.06 6.70 £ 0.45

Mature 10 1.10 £ 0.10 1.50 £ 0.20 11.71 + 0.53

Root tensile strength ver susroot moistur e content: Tak-
ing Alfalfaasan example, measures of root tensile strength
indifferent conditions of root moisture content were carried
out. The curve of w (root moisture content) versus T (roast-
ingtime) isshownin Fig. 4. Theresultsindicated the mois-
ture content l0oss processwas composed of two stages: firstly,
stage root moisture content changed dramatically with T,
then changed gradually. There was a distinct turning point
(T = 40 min). This point could be considered as the toler-
ancelimit of Alfalfato moisture variation.

Thefitting relations of o_(root tensile strength) versus D
(root diameter) are listed in Table 3. The analytical results
showed that root tensile strength exerted dynamic change
with root moisture content. There was a strength increase

when T waslessthan 40 min and the power rel ati onshi ps of
oD given by Eq. (5) were significant. Subsequently, root
tensile strength calculated asEq. (7) was decreasing.

Root tensile strength versus root age: Three groups of
Indigofera amblyantha were selected (listed in Table 4) by
three important indexes (crown diameter, plant height, base
diameter), which might be used to distinguish the plantsin
different growth periods. Therearethethree growth periods
qualitatively (young, adolescent, mature) and also provide
estimated ages for each growth period (young: < 6 month;
adolescent: 6-12 month; mature: >12 month).

All these plantswere sampled in the same plot with iden-
tical soil condition and atitude. Thefitting relations of o -
D in different growth periods are given in Table 5. Results

Vol. 17, No. 3, 2018 @ Nature Environment and Pollution Technology
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Fig. 4: w-T curve of Alfafa.

of Table 5 indicated that root tensile strength was varying
with growth plant periods. There was a gradual strength
increase with the growth (matures) > group (adolescent) >
group (young). In addition, fitting relations between o and
D were significant as Eq. (5), and the values of the decay
coefficient presented an increasing trend [group (young):
-0.63; group (adolescent): -0.34; growth (mature): -0.29].

Root Tensile Defor mation

In this part, relations between tensile force (F) and tensile
displacement (DL) aregiven. And correlations between ten-
sile modulus of roots and their diameters are displayed for
the two species: Alfalfaand Indigofera amblyantha.

Tendleprocessof roots. Resultsof root tensile deformation
about Alfalfa and Indigofera amblyantha are presented in

Fig. 5. Heretherootsbeing tested werein different diameters.
The curves of Fig. 5 indicated that the tensile deformation
behaviour of roots were as the same as genera fibres in
some extent. The whole tensile process of roots might be
divided into two phrases. In initial phrase, tensile
deformation exerted a drastic increase with tensile force,
and then the increasing trend decreased until the tensile
failure come out. Besides, the curves between F and Al
differed with root diameter; the roots with lager diameters
had steeper curves, whichreflected rootswith lager diameters
had a strong resistance to the tensile force.

Tensile modulus of roots. Tensile modulusis an important
index to evaluate the capacity of resging tensile. Such an
index can be computed as Eq. (9), where, E_ is the tensile
modulus; o iscalculated asEq. (7); ¢ iscaculated asEq. (8).

Nature Environment and Pollution Technology @ Vol. 17, No. 3, 2018



734

Table 5: Tensile tests on roots of different ages.

Lun Zhang et al.

Groups N D (mm) F(N) T, (MPa) o, = oDP R?
Y oung 28 0.88+0.37 32.74+24.64 49.94+8.27 o, = 30.81xD08 0.791
Adolescent 28 1.02+0.56 32.49+24.64 53.57+7.18 G, = 46.41xD 0% 0.785
Matures 28 0.81+0.32 32.50+21.66 60.71+10.04 G, = 54.25xD 0% 0.788
o broken models. For Eq. (11), tensile failure of part 11 occurs
E,=— .(9) earlier than part |; for Eq. (12), tendlefailure of part | occurs
€

According tothe relations between F and Al (Fig. 5), the
curves of tensile deformation can be simplified as Fig. 6,
where the stage of tensile deformation exerting drastic in-
crease can be considered asappropriate linear change. Lin-
ear part isthe main contributiontoresist tensile stress. Ona
basisof Eq. (7), Eq. (8) and Eq. (9), tensile modul us of linear
part can be calculated as Eq. (10), where, tan@ isthe line
slope, shown asinFig. 6; E_ isthetensile modulus of linear
part.

_4L-tan@

For Alfalfa and Indigofera amblyantha, the relations
between E, and D are givenin Fig. 7, respectively. There
was a significant power function as the similar type of Eq.

-
DISCUSSION

..(10)

Tensle strength tests confirmed that there was apower rela-
tionship between root tensile strength and root diameter
(Table 2). Thiswell-known relationship (Comino & Marengo
2010, Norris 2005) reveal sthat thin roots are more resistant
totendle sressesthan thick roots, whileit was not observed
from Ryegrassin thisresearch. Thereasonisthat root archi-
tecture contents and their proportions determined root ten-
sile strength essentially.

Rootsare composite material. The architecture of peren-
nial roots is formed by four parts: periderm, secondary
phloem, microtubule formation layer, secondary xylem and
primary xylem; the architecture of herbal rootsiscomposed
of three parts: epidermis, cortex and stele (Gibson 1970).
Tensile characters of periderm differ greatly with the other
compositions (Zhu et al. 2009). To smplify the analysis,
the root architecture was divided into two main portions:
part | stands for root bark and part |1 stands for the other
compositions except the root bark. Define tensile strength
of part | asc,; tensile strength of part |1 as o; root sectional
area as A and sectional arearatio of part | asA. Based on
these assumptions and definitions, root tensile strength can
be deduced by Eq. (11), (12) or (13) in different tension

earlier than part 11 and for Eq. (13), tensile failure of two
parts occurs simultaneously.

o, =0, ..(11)
o, =0y ..(12)
o.=Ao+ (1-D) oy ..(13)

Sectional area ratio of part |l increases when the root
diameter becomeslarger (Zhu et a. 2009), hence, root ten-
sile strength might definitely correlate with diameter. In
this study, different fitting relations between root tensile
strength and diameter were analysed (Table 2). Except
Ryegrass, there existed significant function between F (ten-
sile force) and D (root diameter); the phenomenon of the
other four kind of roots satisfied the state of Eq. (13). Ac-
cording to the rupture phenomenon tensile tests showed,
thetens on broken model of Ryegrassroots satisfied the Eq.
(12), in this state, the root tensile strength of Ryegrass ex-
erted uncorrelated rel ation with root diameter.

Asfor root architecture variability, many other factors
can influence root tensile strength excluding soil proper-
ties, such asroot bark, root age, root structure, etc. (Genet et
al. 2007). Besides, root moisture content may definitely af-
fect the flexural rigidity of roots. The test phenomenon of
root moisture content measurements indicated that the
flexural rigidity of roots increased with the root moisture
content decreasing. On account of this phenomenon, it is
not correct to consider roots as soft fiber when theroots are
in low moisture content, and the effects of flexural cannot
be ignored. By thistime, the values of root tensile strength
calculated asEq. (7) areirrational. That iswhy root tensile
strength of Ryegrass decreased when the moisture content
was|ess than 28.28% in this study. In order to consider the
influence of rigidity, Eq. (14) should be selected instead of
Eq. (7).

4F M
sT 2t

zD® W

InEq. (14), where M isthe additional bending moment;
W isthe cross sectional moment of inertia of roots, and W
can be calculated as Eq. (15).

O

.(14)
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Among the factors affecting root tensile strength, root
age is another important one. In this study, Indigofera
amblyantha was taken as a representative plant, and the
root tensile strength measurements were carried out. The
results showed that there was a gradual tensile strength in-
crease. Thetensile strength increase could be seen from the
increasing of coefficient « (group I: 39.81; group 11: 46.41;
group |11 54.25), and decreasing of coefficient g (group |:
-0.63; group I1: -0.34 ; group I11: -0.29 ). Essentially, in
different growth periods, root architecture is different and
the mechanic characters of root componentsare al so varied.
That iswhy root age can make an influence on root tensile
strength. It is believed that the distinction among root com-
ponents may be diminished with the root age increasing,
therefore, the increase of root tensile strength is not limit-
less. For the mature roots, the format of relation between

root tensil e strength and root diameter would not be changed
any longer.

As for root tensile deformation, the curves (Fig. 5) of
Alfalfa and Indigofera amblyantha differed significantly
among different diameter roots. In addition, according to
the shape of curves, tensile deformation process of roots
could be divided into two stages. elastic defamation and
plastic deformation. It is known to usthat elastic deforma-
tion can bring elastic resistance, and plastic deformation
may lead into non-elasti c deformation accumulation. Inview
of the elastic stage being the main stagein Fig. 5, therefore,
an elagtic-perfect plastic constitutive model might be
adopted to describe the behaviour of tensile process.

Tensile modulus is usualy applied to evaluate the ca-
pacity of material sresisting tensile deformation. I n our study,
it could be found that the predominant stage of tensile de-
formation was approximately nearly linear. Hence, the
modulus of this part deserves special attention. Results of

Nature Environment and Pollution Technology @ Vol. 17, No. 3, 2018
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Fig. 7: Relations between E, and D for Alfalfa and Indigofera amblyantha.

tensile deformation in Fig. 6 showed that there was a sig-
nificant correlation between tensile modulus of linear part
and root diameter. Such acorrel ation relation corresponded
to the relation between root tensile strength and root diam-
eter. The study made by Wu (1979), also confirmed these
conclusions.

For soil reinforcement, what we exactly concern isthe
method of quantitative evaluation. The study above, just
discussed the tensile behaviour of each single root. These
discussions were not enough to describe potentials of the
root reinforcement. Previous researches (Pollen 2007, Tho-
mas & Pollen 2010) confirmed that theoretical values cal-
culated asEq. (2) might overdate the root reinforcement. So
asynergigtic effect should be understood, and thefollowing
problem needs to be solved: How the tensile force distrib-
ute among each single root. Pollen (2007) proposed that a
Fiber Bundle Model might be used, and a correction factor
could be introduced to make a modification asEg. (3), but it
was difficult to get such a factor exactly. Several attempts
should be required.

Tensile deformation of rootsreflect the change process
of root tensile strength to some extent. So, the tensile modu-
lusis an effective index, and the index can be applied to
calculate thetensile strength of root systems. Based onthese
analyses, we designed averification experiment.

In the verification experiment, agroup of Alfalfaroots
with diameters 0.79 mm, 0.40 mm, 0.47 mm, 0.77 mm, 0.33
mm, 1.17 mm and 1.34 mm, respectively, were chosen. Fol-
lowing the tensile procedure mentioned earlier, we meas-
ured the ultimate tens on of thisgroup of Alfalfaroots, which
was 125.7 N; tensile strain (Eq. 8) of each single root was
6%~8%. Based on Eq. (16), the ultimate tens on of thisgroup
of Alfalfarootswas calculated as176.8 N by accumulating
the ultimate tension of each single root, and this result was
much larger than 125.7 N. While using Eg. (17), the ulti-
mate tension wasjust 118.2 N.

Lo, -nD?

F=2 " ..(16)
i=1
L E, . -&-7D?

F=d = -(17)

i=1
The calculation value based on elastic deformation
nearly equals to the test value, and the error is only 5.9%.
Thismethod may be applied to modify thetraditional W& W
model proposed by Wu (1979), Waldron & Dakessian
(1981).

Taking the soil and roots asawhole, roots present three
deformation modes: (1) root breaking, (2) root pullout, and
(3) root tension (Ennos 1990, Pollen 2007). Based on the
processof tensile deformation, it may be availableto deter-
mine the accurate failure modes of roots, by thisway, the
calculation val ue of soil reinforcement will be closer to ac-
tual conditions.

CONCLUSIONS

Taking five kinds of plants- Alfalfa, Cynodon dactylon,
Vetiver grass, Ryegrass and Indigofera amblyantha as the
study objects, tensile tests were carried out to the roots.
Then the relations between root tensile strength and root
diameter were analysed. Relevant conclusionsare stated as
follows. (1) Therelations between root tensile strength and
root diameter are significant power functions; (2) root ten-
sile strength varies with the change of root moisture con-
tent, and if the root moisture istoo low, root tensile strength
should be calculated by an equation of eccentric tension;
(3) root tensile strength presents an increase with the growth
of the plants and then may tend to be stable. In order to get
the exact root tensile strength, the root structure, root mois-
ture content and root age should be made an overall consid-
eration, including theroot spacedistribution if the root dis-
tributionisinalarge scale.
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The charactersof root tensile deformation are assameas
general fiber materials, and the deformation processis com-
posed of two parts- elastic deformation and plasticinforma-
tion. In the stage of elastic deformation, the relations be-
tween tensile modulus of roots and their diameters are sig-
nificant power function; in the plastic stage, accumulation
deformation lead into the tensile failure of roots.

The method based on tensile deformation wasproposed
to calculatethe tensileresistance of root systems. Results of
theoretical calculation and test value showed that the
method was effective to be used in evaluating the soil rein-
forcement well. So, thetensile deformation can helpto dis-
tinguish the development of tensile strength, and can be
applied to modify thetraditional calculation models of soil
reinforcement.
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