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Outline of presentation
• Introduction - Slope failure and erosion 

problems – Typical field response of slope
• Influence of suction & root concentration on 

root cohesion & root properties
• Field monitoring of change in root 

concentrations in bio-engineered structures 
and its potential use

• Conclusions



Landslide and erosion in Thailand 

Petchaboon, 2001

Uttaradit, 2006Nakonsri-Thammarat, 1988

<0.5-3 
m

Widespread shallow slides to 
debris flow in a large area: This 
type of failure can be prevented 
and remediated using vegetation 
and bioengineering 



Source: Department of Highways

Vetiver grass system for erosion prevention 
and shallow stabilization

• Chrysopogon zizanioides or formerly 
known as Vetiveria zizanioides

• Traditionally planted as hedgerows 
parallel to the slope contour

• Of  very dense fine vertical root system 
that penetrates as deep as 3-4 meter in 
some applications

• Effective for shallow slope stabilization, 
reduction of runoff erosive energy and 
sediment trap

(Hengchaovanich, 1998, Truong et al., 
2008)
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Implemented for erosion control and 
slope stabilization along highways
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Live stake & Live pole
• The technique involves inserting and tamping of easily rootable woody 

cuttings (usually 12 to 38mm in diameter and 0.6 to 0.9m long) relatively deep 
into the ground (about 80% of its length)

• Live pole is the term used to describe a bigger version of a live stake, normally 
50mm in diameter, and installed to a depth of about 1 meter vertically in a 
pre-drilled hole.

• Normally considered to act as a small reinforcing pile when installed. 
• Standards and various practical handbooks available (ASTM: D 6765 – 02; 

Coppin et al. 1990; Gray and Sotir 1996; Eubanks and Meadows 2002; 
Goldsmith et al. 2014). 

Source. Lewis, 2000



Erosion control cover system
• Different Soil cover systems/Soil blanket (natural fibre)/Soil log/Erosion control mat/Geocell)/ 

what are the relative performance??
Sawangsuriya, A., Jotisankasa, A., Sukolrat, J., Dechasakulsom, M., Mahatumrongchai, V., 
Milindalekha, P. and Anuvechsirikiat, S (2013) Comparison of Erosion Susceptibility and Slope 
Stability of Repaired Highway Embankment. Geo-Congress: Stability and Performance of Slopes 
and Embankments III Geotechnical Special Publication, Vol 231 

Need to use in conjunction with engineering solution like 
horizontal drains or reinforced soil slope

GEOCELL

Erosion control 
mat

Soil blanket& 
Soil log
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A total of 5,000 live stakes of 7 native plants were used to peg into the jute sacks.

1. Garuga pinnata Roxb.
2. Choerospondias axillaris (Roxb.) B.L.Burtt & Hill
3. Pterocarpus indicus Hasm.
4. Lagerstroemia tomentosa Presl
5. Erythrina subumbrans (Hassk.)
6. Cephalanthus tetrandra (Roxb.) Ridsdale & Bakhf.
7. Elaeocarpus hygrophilus Kurz.

Nature restoration
PTT’s Natural Gas Pipeline Network

Thailand-Myanmar



Live stake + Jute sack + Vetiver grass and horizontal drains



Plant selection based on Plant succession 
• Plant succession

http://en.wikipedia.org/wiki/Ecological_succession

AS ALL LIVING THINGS, PLANTS ALWAYS IN A CONTINUALLY 
CHANGING STATE
Usually suitable plants for bio-engineering purposes are “pioneer 
plants”

http://en.wikipedia.org/wiki/Ecological_succession


Important research questions and 
practical needs

• How to quantify the vegetation 
effects on slope stability in the 
field and lab?? Root cohesion, 
Suction induced from 
evapotranpiration, root effects 
on soil/pore structure etc.

• Vegetation changes with time 
according to plant succession 
principle/maintenance. How 
would these changes in plant 
(in root reinforcement?) affect 
on slope stability in the longer 
term?? 

• Vadose zone normally 
subject to large variation 
in suction/moisture. 
How would this affect 
the root reinforcement?

• How to maximize benefit of 
plants used in combination 
with engineering techniques 
such as soil 
bags/geotextiles/cover 
system???



Research approach

Numerical modelling 

slope stability,  rainfall-

infiltration, run-off, 

scenario analysis

Laboratory investigation

Root cohesion,

Soil permeability,

Soil-water retention curve, 

of root-reinforced sample

Field observation

Actual root distribution 

(Root area ratio)

Pullout-capacity/Field 

direct shear test

Empirical 
knowledge/ 

experience from 
practitioners

FIELD

LAB

NUMERCIAL 
SIMULATION

EMPIRICAL 
EXPERIENCE



Root-soil mechanics
• As soils in root zones are normally of air and water. 

Unsaturated soil mechanics are needed. 
• Unsaturated seepage- permeability and moisture are function 

of positive & negative pore water pressure
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• Shear strength (considering root reinforcement and  suction)) -

τ = 𝑐𝑐𝑟𝑟 + 𝑐𝑐′ + 𝜎𝜎𝑛𝑛 tan𝜙𝜙′ − 𝑢𝑢𝑤𝑤 tan𝜙𝜙𝑏𝑏

Root reinforcement Affected by infiltration (not 
considering transpiration)

• Program used – Finite Element Modelling – Seepage; Limit 
Equilibrium – Stability analysis (Geo-studio)



A simple mechanistic 
model for root 
reinforcement

(Wu et al. 1979)

𝑐𝑐𝑟𝑟 = 𝜎𝜎𝜕𝜕(
𝐴𝐴𝑅𝑅
𝐴𝐴

)[sin𝜃𝜃 + cos𝜃𝜃 tan𝜙𝜙]   
 𝜙𝜙 = the angle of internal friction of the soil; 𝜃𝜃 = the angle of shear distortion in the shear  

zone; 𝜎𝜎𝜕𝜕  = the mobilized tensile stress of root fibers developed at the shear plane; 𝐴𝐴𝑅𝑅
𝐴𝐴

 = the  

root area ratio: 𝐴𝐴𝑅𝑅 is the root area and 𝐴𝐴 = total area of soil.  

Three modes of root-soil 
failure mode: fiber breaks, 
fiber stretch and fiber pull-
out, all depends on moisture 
condition, plant growth stage 
etc



Pore-water pressure/suction response of slope
Some selected instrumented sites

aimed at understanding hydrological regime in slopes:

Uttaradit

Nakornnayok

Mae-Lana

Large-area shallow failure

Localised slope failure 
(highway slope)

Suparnburi

Intanon



Field measurement of pore water pressure and 
suction using KU tensiometers



Doi-intanon test site km -42
• Highway no. 1009 - 108 (Jomtong) – intanon km.41+945 – km.42+715  

shallow failure during surface erosion and internal erosion during heavy 

rainfall (high altitude: around 2500 m MSL)– Highway to highest peak of 

Thailand 





Pore water pressure profile
เครื�องมือวัดแรงดันนํ�าและอุปกรณ์เก็บข้อมูล

Concrete Barrier Type 1 for High Fill Section
ตามแบบมาตรฐาน RS-503

NOT - TO - SCALE

Tensiometers and datalogger
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Erosion and failure surface agree with pore water pressure results

Internal seepage erosion

In dry season, suction was greater near the crest, while positive 
pore water pressure observed near the toe

Non-uniformity of pore-water pressure regime, depends on 
stratigraphy and geology and 3-D effect.

Root zones are in variably saturated condition



Numerical seepage analysis

• Comparison between measured and simulated pore water 
pressure variation with time: good agreement at depth lower 
than 2 m: less agreement at greater depth due to 3D effect



Influence of suction and root 
concentration on root 

reinforcement/hydraulic behavior 

Laboratory studies



Direct shear tests on vetiver reinforced 
specimen and live stake specimen

• Large direct shear tests on clayey 
sand Transparent acrylic tube as 
sample holder (For investigating 
the root distribution)

• Test in soaked condition and 
unsaturated condition 

Normal force

Shear 
force

Shear 
force

Vetiver roots reinforce 
specimen



Large direct shear test on live stake sample 
(Jatropha)

- Large direct shear tests were 
conducted on compacted clayey 
sand, reinforced with Jatropha 
live stakes of various root 
concentrations in saturated and 
unsaturated conditions.
- Acrylic molds used to observe 
root area ratio at the side

Jotisankasa, A. and Taworn, D. (2016). Direct Shear Testing of Clayey Sand Reinforced with 
Live Stake. Geotechnical Testing Journal, ASTM, Vol. 39, No.4, July 2016, 608-623.



Saturated shearing

• Live-stake reinforced samples were of higher shear 
strength than the non-reinforced soil and also 
possessed a stiffer response. 

Non-reinforced

Higher root contents



Unsaturated shearing (23 kPa suction)
• Samples with 

higher root 
contents had 
higher strength

• at a suction of 
about 23kPa, both 
non-reinforced 
and reinforced 
samples exhibited 
some marginal 
dilation towards 
the end of 
shearing. 

• All the unsaturated 
samples exhibited 
strain-hardening 
behavior. 



𝑐𝑐𝑟𝑟 = 𝑘𝑘1
𝐴𝐴𝑅𝑅
𝐴𝐴

+ 𝑘𝑘2 𝑐𝑐𝑟𝑟 = 𝑓𝑓(𝜌𝜌𝑅𝑅)



Influence of suction on root tensile strength and 
modulus of Jatropha

• Dry roots controlled at  a total suction 39,300 kPa using (relative 
humidity equilibration)

• Tensile strength decreased with increased diameter, a trend 
commonly observed in previous studies of root tensile strength 
(e.g. Nilaweera 1994; Nilaweera and Nutalaya 1999). 



Model for correction of root cohesion due to suction effect

𝑐𝑐𝑟𝑟 = 𝑘𝑘1(𝑠𝑠) ∙ 𝑅𝑅𝐴𝐴𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠    

𝑘𝑘1(𝑠𝑠) =  𝜂𝜂(𝑠𝑠) ∙ 𝑘𝑘1−𝑠𝑠𝑠𝑠𝜕𝜕    

𝜂𝜂(𝑠𝑠) = 𝜂𝜂𝑏𝑏 ∙ 𝜂𝜂𝜕𝜕 ∙ 𝜂𝜂𝑚𝑚 ∙ 𝜂𝜂𝑜𝑜  

𝜂𝜂𝑏𝑏 is the correction factor for suction effect on bond stress; 
𝜂𝜂𝑡𝑡 is the correction factor for the suction effect on average root tensile strength;
𝜂𝜂𝑚𝑚 is the correction factor for the suction effect on average root tensile modulus;
𝜂𝜂𝑜𝑜 is the correction factor for the suction effect on shear zone thickness and root 
orientation.

Effects of soil suction on the rate of strength increase due to 
root content

k1 is dependent on suction
Normalization procedure is 
proposed, where



Bio-engineering test sections by Kasetsart
University (Geotechnical Innovation 

Laboratory) and partners

Uttaradit

Nakornnayok

Mae-Lana

Suparnburi

Intanon

Pa-moob river bank

Highway no 44. Krabi

Doi-intanon peak

Coastal & river 
bio engineering 
at Bangberd



Field evaluation of time-dependent 
root contents and root reinforcement

27/03/2013 16/08/2013

A bioengineered test slope along a Highway no 44 in Krabi province, 
Southern Thailand using Jatropha live stakes   A mini-rhizotron was installed 
in the middle of the slope to a depth of 0.9m in order to monitor the 
changing root content with time.



Field observation of root concentrations
• Minirhizotron system has been 

used for observing fine roots 
intersecting the surface of a 
transparent tube buried in the 
soil (a non-destructive method)

• Useful for studying changing 
conditions of roots

𝑅𝑅𝐴𝐴𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐴𝐴𝑅𝑅
𝐴𝐴

=
𝑁𝑁𝑁𝑁𝑚𝑚𝑏𝑏𝑠𝑠𝑟𝑟 𝑜𝑜𝑜𝑜 𝑟𝑟𝑜𝑜𝑜𝑜𝑡𝑡 𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠
𝑇𝑇𝑜𝑜𝑡𝑡𝑇𝑇𝑝𝑝 𝑛𝑛𝑁𝑁𝑚𝑚𝑏𝑏𝑠𝑠𝑟𝑟 𝑜𝑜𝑜𝑜 𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠𝑝𝑝𝑠𝑠

            



• Sketches of roots in a minirhizotron for the bioengineered test 
slope a) 27/03/2013, b) 16/08/2013

Root area 
ratio

Root 
cohesion

Factor of safety 
of slopes

Root 
sketches 



Estimated factor of safety for the test slope a) Unsaturated slope b) 
Saturated slope, for non-reinforced condition (UN & SN) and for reinforced 

conditions (Mar-2013 & Aug-2013)

• in unsaturated condition (assuming 23 kPa suction), both non-reinforced and 
reinforced slope appeared to be stable (FS >1.5). 

• in saturated condition (assuming zero pore water pressure or seepage flow angle 
being vertical), the roots were only effective in improving the factor of safety 
around the depth of 0.5 meter, where the root content was the highest. 



Field observation of vetiver 
roots (decaying case)

• Field site on top of 45o degree slope 
in Surathani, South Thailand, (Sandy 
soil)

• Before and after photos of vetiver
grass that disappeared from the 
slope due to invasion from native 
species

Before After

Minirhizotron



Oct 2014



Before (With vetiver)
After (Vetiver disappeared)cm

cm

Root pattern



• After the Vetiver disappeared and its roots decayed, the root area 
ratio decreased significantly leading to loss in root cohesion and 
decreased factor of safety. 

• This emphasizes the importance of frequent maintenance of the VS 
in practice in order to sustain long-term slope stability. 

Before (With vetiver)
After (Without vetiver)



Numerical analysis of rain infiltration 
into slope with/without vetiver

Objectives
• To explore both advantage and potential risk of 

vetiver grass on slopes by way of numerical 
modeling. 

• The Finite Element Method was used to analyze 
infiltration of rain into slope 

• Limit-equilibrium method for slope stability 
calculation 

• 2 hypothetical slopes with gradient of about 27o

and 60o. For both cases, the slopes were 
modelled with and without vetiver row in order 
to compare the effects of vetiver on stability.



Soil properties in the analysis

Permeability of root zone is assumed to be 2 times 
permeability of no-root zone (more permeability root 
zone or effect of decayed roots considered)
Root cohesion,Cr, of 20 kPa assumed.



Natural slopes (26 degree) 
with/without rows of vetiver grass



Initial condition from steady state 
analysis

• Contour of pore water pressure (kPa)
• (time= 0 hr) Average infiltration of 300 

mm/month for case 1
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Comparison between pore waterpressure in slopes 
with vetiver rows and without vetiver rows (at 12 

hours time = 43 mm of rain)

• There was only very slight difference between 
the two cases. 

• Except at the top part of slope, for slope with 
vetiver rows, the root zone appeared to 
conduct some water to a greater depth

• All in all, there is not much significant 
difference between the pore water pressure of 
26o slopes with or without vetiver.

TOP

LOWER

MIDDLE



Natural slope 26 degree

• Limit Equilibrium slope stability analysis carried out based on pwp
from transient seepage analysis

• The slope without vetiver grass appeared to fail (FS=1) when the 
total rainfall reached about 120-170 mm 

• The increased cohesion due to roots (cr) more than offsets the 
higher permeability of root zone that induce greater infiltration into 
slopes, for the case of 26.6o slope

No adverse effect of vegetation on 
stability for 26.6o slope, only beneficial



Rock cut slope (60 degree) with/without rows of 
vetiver grass

• 10 m high slope (2 m high step) vetiver planted on each bench

2 m

Vetiver rows



Pore water pressure variation
After 24 hours = 84 mm

• With vetiver hedgerows on slope, groundwater can infiltrate to a greater depth 
through the assumed more permeable root zone, resulting in higher pore water 
pressure in the slope. 

• Without the vetiver rows, part of the rainfall would not permeate the ground and 
tend to become runoff.

With vetiver Without vetiver

vetiver No vetiver



With vetiver after 48 hours 
172 mm of rain

Failure surface (FS=0.969) of the slope with 
vetiver rows, after 48 hours of rain (172 mm). 
The failure surface extended deeper than the 
root zone of the vetiver



Weathered rock slope 60 degree

• Factor of safety for the 60oslope with permeable root 
zone is about 10% lower than the slope without root 
zone due to the increased pore water pressure 
induced from increased infiltration through the root 
zone. 



Pa-moob river bank bioengineering- Uttaradit province- funded by the 
royal initiative project of Chaipattana foundation



4 different designs of bio slope engineering including 
green gabion, geotextile bags, vegetated flapped soil 
bags, erosion control mat, erosion control logs



Construction





Flapped soil bag (Do-Now) 
with extension wings 

Live stake of 
Bougainvillea 
spectabilis



18 Feb
2016



            

 
 

26 ตุลาคม 2559 

 

Root content tends to increase more at the end of live stake 
therefore providing more reinforcement at a greater depth.



Conclusions
• Minirhizotron can be used to track the change in root area ratio 

with time in a bio-engineered slope and thus can be used to 
estimate the root cohesion and factor of safety of the slope at 
different times based on laboratory-based shear strength. This 
technique can be used to track the time-dependent change in 
performance of bio-slope stabilization in the practice

• For the case study of slope along Highway no 44 in Southern 
Thailand the roots were most effective in improving the factor of 
safety of slope in saturated condition at the 0.5m depth. (shallow 
stabilization)

• Field observation showed changing root concentration with time 
and depth, also dependent on growing technique (Live stake) and 
maintenance. Vetiver roots may decay when invaded by local 
species leading to destabilizing effect for steep slope (>60o). Thus 
the mini-rhizotron can be used for monitoring performance of bio-
engineered slope in the long term.
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