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1 INTRODUCTION 

Soil-Bio engineering or the use of vegetation to pre-
vent shallow slides and erosion has long been em-
ployed in various parts of the world. This approach 
has recently received more attention among practi-
tioners and researchers around the world due to its 
sustainability, relatively low cost, and environmental 
value (e.g. Coppin et al. 1990, Gray & Sotir 1996, 
Bo et al. 2015). There are a number of bio-
engineering techniques which has been developed 
and effectively used, namely vetiver system, live 
stake, brushlayer, branch packing etc. 

Vetiver grass (Chrysopogon zizanioides) is one of 
the most commonly used plants in bio-engineering 
application in many tropical and sub-tropical coun-
tries (e.g. Hengchaovanich, 1998, Truong et al., 
2008). Normally, planted as hedgerows parallel to 
the slope contour, forming a Vetiver System (VS), 
Vetiver grass has a very dense vertical fibrous root 
system that penetrates as deep as 3-4 meter in favor-
able conditions.  

Live staking is another effective soil bioengineer-
ing method for shallow slope stabilization, common-
ly used in temperate zone. The method involves in-
serting and tamping of easily rootable woody fresh 
cuttings (usually 12 to 38mm in diameter and 0.6 to 
0.9m long) about 80% of its length deep into the 
ground. A number of practical guidelines and case 
histories of live stake application have been reported 
previously (e.g. Coppin et al. 1990, Gray & Sotir 
1996, Jotisankasa, 2013).  

In order to quantify the effects of these vegetation 
techniques on slope stabilization work, Greenway et 
al. (2004) summarized various hydro-mechanical in-
fluences of vegetation on slope stability. They sug-
gested that vegetation can exert both beneficial and 
adverse effects. One of the major benefits of vegeta-
tion on slope stability is via root reinforcement of 
soil, which is considered as additional soil strength 
or root cohesion (e.g. Wu et al. 1979, Nilaweera & 
Nutalaya 1999, Wu, 2012, Leung et al. 2015a, Joti-
sankasa & Taworn 2016). Vegetation can provide 
additional slope stabilization effect further through 
transpiration, which in turn decrease soil moisture, 
increasing the soil suction and shear strength (e.g. 
Ng et al. 2014). The roots can also affect soil’s hy-
draulic conductivities, soil-water retention and infil-
tration capacity in various ways depending on root 
percentage and growing stage (e.g. Jotisankasa & 
Sirirattanachat, 2017). It is clear that root-permeated 
soils experience various suction/moisture conditions 
which is dependent on atmospheric-plant-soil inter-
action.  

Most of the previous studies mainly consider the 
cohesion due to roots as a function of root tensile 
strength, amount of root in the soil and the orienta-
tion of the roots based on the model proposed by Wu 
et al. (1979). Only a few studies (e.g. Rahardjo et al., 
2014, Jotisankasa & Taworn, 2016) have investigat-
ed the influence of suction on root-reinforced soil 
strength. It is thus the objective of this paper to pre-
sent the conceptual model used to predict the influ-
ence of suction on root-induced increase in soil 
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strength. The model has been derived based on theo-
retical influence of suction on the characteristic of 
root mechanical properties and root-soil interaction 
(i.e. tensile strength, tensile modulus, and pull-out 
strength). 

2 MODEL OF ROOT-REINFORCED SOIL 
STRENGTH 

2.1 Root-reinforced soil strength 
Based on a number of previous studies (e.g. Wu et 
al. 1979, 1988; Gray and Ohashi 1983; Waldron and 
Dakessian 1981; Shewbridge and Sitar 1989, 1990), 
the root-permeated soils have been shown to behave 
in the same way as material with fiber reinforce-
ment. A simplified model for shear strength, , of 
root-reinforced soil in unsaturated state normally 
takes the following expression 
 

 ' tan 'n a s rc u c c        (1) 

; where 'c  is the effective cohesion intercept of 
non-reinforced soil, ' is the effective angle of fric-
tion of non-reinforced soil, n  is normal stress, au  
is pore-air pressure, sc  is the cohesion due to suc-
tion and rc  is the cohesion due to roots (fibrous 
roots and woody roots).  The cohesion due to suc-
tion, sc , can be expressed as a function of suction 
and an index of normalized wetted area around soil 
particles in several ways (e.g. Bishop et al., 1960, 
Fredlund & Rahardjo, 1993, Lu & Likos, 2006). The 
cohesion due to roots, rc , is normally expressed as 
follows; 

 
(2) 

 
where; 

t  = the mobilized tensile stress of root fibers de-
veloped at the shear plane; 

rA A  = the root area ratio: rA  is the root area and 
A = total area of soil; and 
θ = the angle of shear distortion in the shear zone. 
 
It should be noted that the mobilized tensile stress 
may not be necessarily equal to the tensile strength 
of the soil, rT , since the roots can undergo several 
failure modes, namely fibre break, fibre stretch and 
fibre slip (Gray & Sotir, 1996). As will be discussed 
later, the mobilized tensile stress of roots can be sig-
nificantly influenced by the suction level of the soil 
and thus the model proposed for unsaturated root 
cohesion needs to consider these aspects appropri-
ately.  

In general, root distribution and thus the root area 
ratio can vary significantly with space and time and 
tend to be anisotropic. A practical model for root re-

inforcement normally has the semi-empirical form, 
based on results from either in-situ or laboratory di-
rect shear tests, such as Equations (3) and (4): 

 
  ( )r rc a b          (3) 
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where r  = root biomass per unit volume of soil, 
normally measured in oven-dried condition, kg/m3, 
a , b , 1k , 2k = empirical constants which are unit-
dependent. A few previous studies (e.g. Ziemer 
1981; Nillaweera 1994; Docker and Hubble 2009) 
have been conducted to determine these empirical 
constants for mature trees of different species. Nev-
ertheless, the influence of suction on these empirical 
constant is rarely reported. Using these relationships, 
the influence of root reinforcement on slope can be 
estimated based on field measurements of root quan-
tities, either as root biomass or a root area ratio.  

2.2 Strength due to live-stake reinforcement and 
woody roots 

The part of woody roots or live stake embedded 
in the soil can also be considered to function as a 
small reinforcing pile subject to lateral loading (Wu, 
2012, Wu et al., 2014). The stake’s resistance to 
sliding, xT , can be estimated according to three 
failure modes, namely, soil flow mode, stake bend-
ing mode, and stake shear mode (Reese et al. 1992; 
Wu et al. 2014). Wu et al. (2014) found the soil flow 
and stake bending modes controlled the failure of 
50mm diameter poles of 1 meter in length. For such 
two modes, solutions by Broms (1964a, 1964b) can 
be used to determine xT  , taking into account stake 
size, length and stiffness, soil shear strength, drain-
age conditions, as well as end fixity. The increase in 
shear strength due to the stake, ,r sc , installed in the 
vertical direction, can be calculated using the small-
est value of xT of the three modes as (Wu et. al., 
2014): 

 
                 (5)  

 
where A is the total area of the soil stabilized by a 
single stake, and   the slope angle.  For the 
simple case of short pile with only passive re-
sistance, such as live stakes in a direct shear sample 
(Jotisankasa & Taworn, 2016), the resistance for soil 
flow mode can be estimated for cohesive soils as: 
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where os = shear strength of non-reinforced soil, d   
= diameter of the stake, H = depth to failure surface, 
and Nc = dimensionless bearing-capacity factor (Nc = 
9 for a short pile with a fixed head, according to 
Broms, 1964b, and Poulos, 1995) For the case of 

 sin cos tanr
r t

Ac
A

    

,
cosx

r s
Tc

A




x o cT s N dH



cohesionless soil, the resistance, xT , can also be es-
timated according to Broms (1964a) : 

 
     (7) 

 
Where 'v   is the average vertical effective stress 
along the soil height, and p

K   is the Rankine coeffi-
cient of passive earth pressure. For live stakes in un-
saturated soil, various unsaturated soil models (e.g. 
Bishop et al. 1960; Fredlund and Rahardjo 1993; Lu 
and Likos 2006) may be employed to estimate the 
shear strength,  os  using Equation (1) The effec-
tive stress 'v  in Equation (7) can be calculated 
taking into account the effect of suction by using ex-
pression such as Bishop’s effective stress as follows. 
 

 ' ( ) ( )v a a wu u u         (8) 

2.3 Influence of suction on root-reinforced soil 
Recent study by Jotisankasa & Taworn (2016) 
demonstrated that the rate of shear strength increase 
due to root percentage, , obtained from curve fit-
ting of test data using Equation 4, is dependent on 
suction value. Typical results on Jatropha curcas 
live-stake-reinforced clayey sand in large direct 
shear box (290mm diameter) is shown in Figure 1. 
The tests were carried out on samples with Jatropha 
live stake grown for a different periods (up to 
270days) and were of different root contents. The 
root cohesion, rc , was calculated as the difference 
between ultimate strength of root-reinforced soil and 
non-reinforced soil. The stress-displacement curve 
was strain-hardening and the ultimate strength corre-
sponded to a horizontal displacement around 25mm 
for a 290mm diameter sample with 150mm height. 
The root cohesion clearly increases with increasing 
root content, shown as root area ratio measured at 
the sample side. Interestingly, the rate of increase in 

rc also depends on saturation condition. In their 
study, the unsaturated condition corresponded to 
suction value of about 23kPa. In other words, the 
root cohesion, rc , not only depend on the root con-
tent but also on the soil suction/root moisture condi-
tion. It has been hypothesized that the ratio,  , be-
tween unsaturated root cohesion and saturated root 
cohesion is a function of suction and can be estimat-
ed using various correction factors as follows, 

 ( ) = ∙ ∙ ∙       (9) 
where 

 	is the correction factor for the suction effect on 
bond stress;  	is the correction factor for the suction effect on 
average root tensile strength; 	is the correction factor for the suction effect on 
average root tensile modulus; 

	is the correction factor for the suction effect on 
shear zone thickness and root orientation. 
 

Figure 1. Shear strength increase due to root, rc , Jatropha 
curcas live-stake-reinforced clayey sand in large direct shear 
box in two saturation conditions (unsaturated condition corre-
sponds to suction of about 23kPa), Jotisankasa & Taworn 
(2016) 

 
The three possible modes of stress mobilization in 

the roots during shearing of root-reinforced soil, as 
explained in Gray & Sotir (1996), consist of fiber 
pull-out, fiber break, and fiber stretch modes, which 
are expected to be influenced by suction. These are 
accounted for by the correction factors, 	, 	, 	 
and 	 respectively. These correction factors are 
suction dependent and can be estimated as follows.  

The correction factor for the suction effect on 
bond stress, 	, is related to the fiber pullout mode. 
It can be estimated as a ratio between the unsaturat-
ed shear strength and saturated shear strength of 
non-reinforced samples as follows, 

 
 
 
 
  (10) 

 
This expression is based on the hypothesis that the 
bond strength can be taken as equivalent to shear 
strength. As a corollary, the correction factor, b , is 
expected to be dependent on both suction and nor-
mal stress. In theory, the function ( )b s could also 
be related to Soil-Water Retention Curves of the 
soils, given that the unsaturated strength has been 
shown to relate to SWRC. The value of sc is estimat-
ed using SWRC according to Vanapalli et al. (1996), 
Lu & Likos (2006) as follows: 
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Figure 2 shows the hypothetical variation of b with 
suction for a possible range of normal stress ex-
pected in root zone as calculated from the SWRC us-
ing test data of Jotisankasa & Taworn (2016).  

Figure 2. Soil-Water Retention Curve and the estimated correc-
tion factor for the suction effect on bond stress ( )b s based on 
SWRC results from Jotisankasa & Taworn (2016) 
 
It can be seen that the rate of increase in b with 
suction is non-linear both in natural and logarithm 
suction scale. The rate of increase in suction also de-
crease with increasing normal stress. In other words, 
the influence of suction on root cohesion could di-
minish at a greater depth where normal stress is 
higher. 

The correction factor for suction effects on aver-
age root tensile strength, 	, and on average root 
tensile modulus, 	, needs to be determined from 
root tensile strength tests at different suction values. 
Jotisankasa & Taworn (2016) conduct the tensile 
strength tests on Jatropha roots under different con-

ditions. Firstly, after completing their large direct 
shearing test on root-reinforced soil, fibrous roots of 
specimens were exhumed by washing out the soil 
particles around it. The second set of tensile strength 
tests were performed on intact root samples (not 
from sheared specimens) that had been soaked in 
water for three days. The third set of tests was car-
ried out on intact roots equilibrated by means of a 
vapor equilibrium method using a saturated NaCl 
with a total suction of approximately 39,300 kPa. 
The suction of the root tissues were expected to 
equilibrate with the vapor above the saturated NaCl 
solution. The purpose of their tests was to find the 
range of possible variations in root tensile strength 
with water potential. Figure 3 illustrated the tensile 
strength tests on Jatropha roots. It can be seen that 
the smaller roots were of lower tensile strength and 
lower modulus. This trend is similar to previous 
studies on root tensile strength (e.g. Nilaweera & 
Nutalaya, 1999, Leung et al., 2015). The drier roots 
appeared to be of slightly higher root tensile 
strength. The roots collected after shear tests howev-
er appeared to be much smaller than the intact roots. 
This was thought to be an indication of the tensile 
yielding of the root when the reinforced soil speci-
mens were sheared.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

        
 

Figure 3. Tensile strength and Modulus of Elasticity of 
Jatropha roots under three conditions; collected after shear 
test; intact soaked and intact dry at a total suction of 39,300 
kPa (Jotisankasa & Taworn, 2016) 

 



The moduli of elasticity also appeared to vary in-
versely with root diameter and becomes higher if the 
root was in drier conditions. The soaked roots from 
sheared specimens had higher moduli than intact 
soaked roots, while having lower tensile strength. 
One possible reason may be that the roots from 
sheared samples had already undergone stretching 
during shearing, and therefore the tension test of 
roots may have involved root reloading which nor-
mally exhibited a stiffer response than that of the 
first loading (as in intact roots). 

In order to determine the average tensile strength, 
the percentages of fibrous roots according to their 
size needed to be determined by weighing. The av-
erage tensile strength, ( RT ), can then be determined 
as follows: 

 
(12) 

 
where iT  is the strength of roots in size class i. iR  
is the ratio between root weight in size class i, iW , 
over total root weight of all sizes, TW .  
 

i i TR W W          (13) 
 
The correction factor for suction effects on average 
root tensile strength, 	, and on average root tensile 
modulus, 	, can then be estimated as, 
 

          
 (14) 

 
       (15) 

 
where ( )RT s is the root tensile strength at a given 
suction, , and ( ) the root modulus at a given 
suction, . Jotisankasa & Taworn (2016) proposed 
that linear interpolations could be invoked between ( + 1) and ( ) as well as ( ) to de-
termine variation of 	and 	 . These correction 
factors, 	 and 	, were based on the assumption 
that the root suction has equilibrated with the soil 
suction during shearing. This condition is likely if 
there is no transpiration taking place and no substan-
tial hydraulic gradient across the sample. Such con-
dition was expected to exist during large direct shear 
testing carried out by Jotisankasa & Taworn (2016). 

A series of tensile strength tests have been recent-
ly carried on Vetiver grass roots at two suction con-
ditions, zero and 20kPa. The roots at 20kPa were 
equilibrated by hanging the roots in the air over wa-
ter which was under tension of 20kPa. The tension 
was imposed on water using a hanging water column 
technique. Figure 4 shows the test results. It can be 
seen that the Vetiver roots at 20kPa were of slightly 
smaller tensile strengths, yet having slightly higher 
moduli than the soaked roots. Earlier tests on 
Jatropha roots nevertheless showed that drier roots 
were of higher strengths and moduli. The reason for 

the opposing trend between Jatropha roots and Veti-
ver roots is still unknown. Still it should be men-
tioned that the two sets of tests on dry roots were 
carried out at different suctions. Given the entirely 
different kinds of plants, Jatropha being a tree, 
while vetiver being a kind of grass, the difference in 
behavior is perhaps to be expected. All in all, it ap-
pears that the root tensile strength may either in-
crease or decrease with suction, depending on the 
suction level as well as plant species. 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Vetiver root tensile strength and modulus of elasticity 
versus diameter in soaked condition compared with suction 20 
kPa  

 
The correction factor for the suction effect on shear 
zone thickness and root orientation, o , can be de-
fined as the ratio between the bracketed terms  
 sin cos tan   in Equation 2, at any suction, 
s, and at zero suction, 

 
   

 
 (18) 

 
In theory, the angle of shear distortion in the shear 
zone, , could be affected by the suction value. 
There is no direct evidence at the moment how the 
shear zone of reinforced zone could change with soil 
suction level. The angle of friction,  , has been 
shown to remain relatively constant, except at a very 
high suction (e.g. Jotisankasa et al., 2009). By and 
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large, as suggested by Wu et al. (1979) and Gray & 
Sotir (1996), the bracketed term [sin +cos 	tan ]	is considered to be relatively insensitive 
to normal variation in  and  and can be as-
sumed to be a constant value of 1.2. It is initially as-
sumed that the bracketed term is also insensitive to 
variation in suction and the value of o equals 1. 

3 EXPERIMENTAL RESULTS AND 
VALIDATIONS 

This proposed model has been validated by large di-
rect shear results on clayey sand reinforced with live 
stake as explained Jotisankasa & Taworn (2016). 
Table 1 shows that the calculated overall correction 
factor for the suction effect on root cohesion is (23	 ) = 3.553, which is similar to the meas-
ured correction factor of 3.516. As a first step, this 
model for suction effects on root cohesion gives a 
very promising result and could be used to estimate 
the likely effects of suction on root cohesion. Further 
tests will be required to confirm the validity of this 
model on a wider suction range and various kinds of 
plant species.  

 
Table 1. Correction factors for suction effect on Jatropha root 
cohesion at a suction of 23 kPa (Jotisankasa & Taworn, 2016) 
Estimated parameters Measured 

parameter 
b t m   
2.162 1.069 1.538 1 3.553 3.516 

4 CONCLUSIONS 
 
This paper explores theoretical variation of root me-
chanical behavior with suction as illustrated with 
experimental evidence. The following conclusions 
can be drawn: 
 The rate of strength increase due to the root of 

Jatropha reinforced soil was affected by the 
soil’s suction by a factor of 3.5 if the conditions 
change from unsaturated (at about 23 kPa suc-
tion) to fully saturated. 

 A new model was proposed to predict the change 
in root cohesion with suction by accounting for 
the suction effects on bond stress, root tensile 
strength, root tensile modulus, and shear zone 
thickness. 

 The influence of suction on bond strength be-
tween root and soil could diminish at a greater 
depth where normal stress is higher. The influ-
ence of suction on root tensile and root modulus 
can be either positive or negative depending on 
suction level and plant species.  

5 ACKNOWLEDGEMENTS 

This research was financially supported by the 
Chaipattana Foundation and the Kasetsart University 
Research and Development Institute (KURDI).  

6 REFERENCES 

Bo, M.W., Fabius, M., Arulrajah, A., & Horpibulsuk, S. 2015. 
Environmentally friendly slope stabilization using a soil 
nail and root system in Canada. Ground Improvement Case 
Histories: Chemical, Electrokinetic, Thermal and Bioengi-
neering Methods: 629-654.  

Coppin, N. J., Barker, D. L. & Richards, I. 1990. Use of vege-
tation in civil engineering. Butterworths, London. 

Gray, D.H. & Sotir, R.B. 1996. Biotechnical and Soil Bioengi-
neering Slope Stabilization A Practical Guide for Erosion 
Control. John Wiley & Sons. 

Greenwood, J.R., Norris, J.E. & Wint, J. 2004. Assessing the 
contribution of vegetation to slope stability. Proceedings of 
the Institution of Civil Engineers Geotechnical Engineering 
157(4): 199-207. 

Hengchaovanich, D. 1998. Vetiver grass for slope stabilization 
and erosion control, with particular reference to engineering 
applications. Technical Bulletin No. 1998/2. Pacific Rim 
Vetiver Network. Office of the Royal Development Project 
Board, Bangkok, Thailand. 

Jotisankasa, A., Coop, M. & Ridley, A. 2009. The mechanical 
behaviour of an unsaturated compacted silty clay. Geotech-
nique 59(5): 415-428. 

Jotisankasa, A. 2013. Application of local plant species for live 
stake as a bio-slope stabilization method in Thailand. Pro-
ceedings of the fourth Tokyo Tech-KU Joint Seminar on In-
frastructure Development: 145-150. 

Jotisankasa, A. & Taworn, D. 2016. Direct Shear Testing of 
Clayey Sand Reinforced with Live Stake. Geotechnical 
Testing Journal 39(4): 608-623. 

Jotisankasa, A. & Sirirattanachat, T. 2017. Effects of grass 
roots on soil-water retention curve and permeability func-
tion. Canadian Geotechnical Journal. 54(11): 1612-1622.  

Leung, F.T.Y., Yan, W.M., Hau, B.C.H. & Tham, L.G. 2015. 
Root systems of native shrubs and trees in Hong Kong and 
their effects on enhancing slope stability. Catena 125:102–
110.  

Lu, N. & Likos, W. J. 2006. Suction stress characteristic curve 
for unsaturated soil. Journal of Geotechnical and Geoenvi-
ronmental Engineering 1322: 131–142. 

Ng, C.W.W., Leung, A.K., Kamchoom, V. & Garg, A. 2014. A 
novel root system for simulating transpiration-induced soil 
suction in centrifuge. Geotechnical Testing Journal 37(5): 
1-15.  

Nilaweera, N.S. & Nutalaya, P. 1999. Role of tree roots in 
slope stabilization. Bulletin of Engineering Geology and the 
Environment 57(4): 337–342. 

Rahardjo, H., Satyanaga, A., Leong, E.C., Santoso, V.A. & Ng, 
Y.S. 2014. Performance of an Instrumented Slope Covered 
with Shrubs and Deep Rooted Grass. Soils and Foundations 
54(3): 417-425.  

Truong, P., Van, T.T. & Pinners, E. 2008. The vetiver system 
for slope stabilization, an Engineer’s handbook. The Veti-
ver Network International. 

Wu, T. H., Mckinnel, W. P. & Swanston, D. N. 1979. Strength 
of tree roots and landslides on Prince of Wales Island, 
Alaska. Canadian Geotechnical Journal. 16(1): 19-33. 

Wu, T. H. 2012. Root reinforcement of soil: review of analyti-
cal models, test results, and applications to design, Canadi-
an Geotechnical Journal 50: 259–274. 


