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The potential values and application of soil bioengineering techniques are crucial for the slope protection and
ecological restoration. Knowledge related to the biological and engineering properties of plants is essential
for the implementation of soil bioengineering techniques. Thus, four tropical species namely Leucaena
leucocephala, Acacia mangium, Dillenia suffruticosa and Melastoma malabathricum were evaluated in terms of
root profiles and root engineering properties. Leucaena leucocephala showed the highest root tensile strength
followed by A. mangium, D. suffruticosa and M. malabathricum. Pull-out resistance was mostly affected by the root
than the shoot profiles. Leaf area index (LAI) and root biomass were strongly correlated (R?=0.79), implying
that the root biomass would be higher if the plant canopy was higher. Tree species, L. leucocephala and A.
mangium, had deep rooting system and recommended for slope protection. Shrub species, M. malabathricum
and D. suffruticosa had shallow root system and suggested for controlling soil erosion. Based on the overall
engineering properties, L. leucocephala showed excellent performance through its root profiles and can be a
potential plant for soil reinforcement. In conclusion, plant pull-out resistance, root tensile strength and type
of roots can be used as important tools to identify plant performance for soil reinforcement. The results
can be an aid to select potential slope plants for implementing soil bioengineering and slope protection

techniques successfully.
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INTRODUCTION

Hillsides and vast areas of forests have been
rapidly transformed and made suitable to meet
the development need of the country. Such
transformed lands are used for constructing
highways and other transportation systems. This
system has been widely practiced in Malaysia for
the last two decades. The changes in land-use
have inevitably involved removing of vegetation
cover and cutting of hill slopes which resulted in
acute problems, affecting physical, chemical and
biological properties of soils (Komoo et al. 2011,
Mizal-Azzmi et al. 2011). In Malaysia, a significant
number of failure on residual slope and natural
landslides have been reported during the past
decades especially during high intensity rainfall
(Tu et al. 2009, Pradhan 2013). Simultaneously,
lack of vegetation and potential species on hilly
areas have led to natural disasters (Mugagga et al.
2012, Song et al. 2012).

Many new technologies have been
introduced and implemented to ensure efficient
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development without stressing the environment.
Bioengineering is a well recognised, preferred
and widely practiced technique in stabilising
slope and controling soil erosion, and often
considered as a practice for vegetation on slopes
(Stokes et al. 2008, Stokes et al. 2013, Lee et al.
2020, Masi et al. 2021). Moreover, the technique
is environmental friendly and affordable, with
high success rate. Furthermore, the use of handy
equipment and various plants makes it cost
effective and provides long-term soil stability.
Plant materials, especially root profiles, are
the most important. Generally, plant roots are
strong in tension and weak in compression. On
the other hand, soil is strong in compression
and weak in tension (Stokes et al. 2013). When
roots spread deep into the soil, they cover the
soil and act as a composite material which can
tightly hold the soil particles in place among the
root system, enabling soil masses and stability
of slopes (Stokes et al. 2009, Masi et al. 2021).
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The proper influence of vegetation and stability
of slope depends on the types of plant species,
their root system and root architecture (Ji et al.
2012, Wang et al. 2013, Saifuddin & Normaniza
2014a). However, root system and architecture
vary considerably across plant species and play
a significant role in determining the means by
which the roots are reinforced and anchored
into the soil (Nicoll et al. 2006, Hodge et al.
2009, Fan & Chen 2010). Root biomass tends
to increase soil-root interactions and surface
roughness by adding organic substances into the
soil. Greenwood et al. (2004) stated that root
and shoot biomass influence the soil hydrology
by removing excess water through plant canopy
transpiration, and increase the factor of safety
of a slope via above ground biomass known as
surcharge. In addition, root biomass removes
water from slopes and consequently enhances
soil shear strength (Stokes et al. 2009). Likewise,
root systems reinforce soil by transferring shear
stress in the soil to tensile resistance in the
roots (Fan & Chen 2010). The roots with long
tap root can penetrate vertically to prevent soil
movements (Loades et al. 2010). Moreover,
increases in the number of lateral roots, crossing
in the shear plane, reduce soil movement and
show high pull-out resistance (Danjon et al. 2008,
Normaniza et al. 2011). Additionally, it provides
immediate shear strength and modifies the soil
water regime by changing the mechanical and
hydrological properties of the soils (Saifuddin &
Normaniza 2014b). Branched roots are difficult
to uproot comparing to those without branches
due to the existence of lateral roots in the
soil-root composites (Stokes et al. 2013). The
presence of tap and dichotomous root pattern in
soil can enhance pull-out resistance (Khalilnejad
2013). Therefore, potential plants have been
recommended by researchers for quicker
resolution and better performance in terms of
ecological functions on slopes. Thus, selection of
suitable plant species is indeed important for soil
reinforcement, slope protection and sustenance.
As such, in order to improve the bioengineering
application in countries such as Malaysia, this
study was carried out to understand the root-soil
interactions and reinforcement properties of
four selected potential plant species.

Leucaena leucocephala is a fast growing, semi
ever green and nitrogen fixing tropical legume
tree. It can grow on steep slopes in dry seasons,
with outstanding capacity to restore forest cover,
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watersheds and grasslands (Saifuddin et al. 2015,
Saifuddin et al. 2020). Whereas, A. mangium has
high growth rate in bare soils. This plant can
facilitate growth and development of other native
trees due to it has ability to maintain temperature,
reduce radiation, improve nutrition and
increase soil organic matters (Yang et al. 2009).
Melastoma malabathricum is a shrub species and
is usually found in abandoned areas. It has the
potential to remove aluminium ion (Al+) from
the soil and its flowering feature enhances the
flora-fauna interactions on slopes (Idris 2011).
Dillenia suffruticosa is a woody shrub species and
found in secondary forest. It can grow up to 10
m in length in open lands of moist soil. It has
phytoremediation property and can be used as live
poles for bioengineering practices. Despite the
prominent characteristics of these species, they
lack scientific investigations on morphological,
engineering and root reinforcement properties.
Knowledge of root architecture, tensile strength
and morphological characteristics is necessary to
select the correct species for slope protection.
Therefore, the main objective of this study is to
investigate the pull-out resistance, tensile strength
and root architecture of these four plants for use
in implementing soil reinforcement technique
on slopes. The relationship between the pull-
out resistance and the root properties was also
investigated.

MATERIALS AND METHODS
Plant materials and experimental setup

Two year old native plants namely L. leucocephala,
A. mangium, M. malabathricum and D. suffruticosa
were selected to analyse their root properties
based on their availability in Malaysia, and
their potential physiological and morphological
characteristics. To examine the root properties of
these species, root traits and pull-out resistance,
were investigated along the slopes. The
experimentsite is located at 30 7°Nand 101 39’E
at University of Malaya. The key characteristics
of these mature plants are provided in Table
1. The soil was collected from the experiment
site and subjected to ASTM standards testing to
characterise its basic physical properties (D422-
63 2007 and D7263-09 2009). As per the grain
size distribution curve, the soil is observed as silty
sand and its physical properties are provided in
Table 2.

177



Journal of Tropical Forest Science 34(2): 176—186 (2022)

Saifuddin M et al.

Table 1  General characteristic of mature plants, classified by soil characteristics
Species Genus Family Classification Height (m) Preferred site
(Scientific name) at mature stage  (soil pH)
Leucaena leucocephala  Leucaena Mimosoideae Tree 10-12 Moderate acidic, > 4
Acacia mangium Acacia Fabaceae Tree 25-35 Moderate acidic, > 4
Dillenia suffruticosa Dillenia Dilleniaceae Shrub 5-10 Moderate acidic, > 4
Melastoma Melastoma Melastomataceae Shrub 1-2 Severe acidic, < 3
malabathricum
Table 2  Physical properties of slope soil

Properties Unit

Linear shrinkage 3.23

Specific gravity (unit less) 2.61

Optimum moisture content 13.5%

Maximum dry density 1.85 mg m?®

Type Size distribution

Gravel (2 to 60 mm) 10.0%

Sand (0.06 to 2 mm) 79.5%

Silt (0.002 to 0.06 mm) 7.5%

Clay (< 0.002 mm) 3.0%

Measurements of plant height, leaf area
index, pull-out test, root biomass and
root tensile test

Measurement tape was used to measure the
plant height. Leaf area instrument was used to
measure the leaf area index (LAI) of the plants
in three replications per species. As per the
optical method, at first LAI of plant canopy was
calculated by measuring the photosynthetically
active radiation (PAR) of above (PAR,) and below
(PAR;,) (Eckrich et al. 2013). Then the ratio of
PAR, to PAR, was used to calculate the actual LAI
using a ceptometer.

A customised lab pull-out machine was
executed to conduct the pull-out test. The plant
sample was cut at approximately 10 cm above the
root crown. Appropriate wedges were chosen,
depending on the size of the stem diameter, to
ensure that the wedge was able to grip the stem
tightly. The dial gauge and vertical displacement
load ring were set to zero. Then pull-out test of
roots was carried out by implementing force at
a constant rate of 2 mm min! (Normaniza et al.
2011). During the testing, the experimental value
was recorded from both dial gauge and load ring
at every increment of 50 divisions of vertical
displacement, until the root system collapsed.
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The value of pull-out resistance and root
morphological characteristics were calculated for
regression analysis.

After executing the pulling-out test, root
samples were collected and washed carefully so
that the soil was removed and no root biomass
was broken down. Root system properties, i.e.
tap and lateral root positions, branching patterns
and root architecture were examined according
to Yen (1987) and Fan and Chen (2010) root
models. Overall root architecture was determined
considering the three factors: tap root, position
of lateral roots and length of total root matrix.
Root diameter was measured by vernier slide
caliper, and the length of the tap root was
measured by metric ruler. Universal testing
machine was applied to measure root tensile
strength according to ASTM standard procedure
(D638-03, 2003). Root sample was cut into 15 cm
in length. Then both ends of each root sample
were clamped with the testing machine to avoid
slippage during testing. The tensile strength
testing was conducted for all root samples at 0.5
N load with a constant crosshead speed of 5 mm
min? (Genet et al. 2005). The required force to
break the root, and extension at failure point, was
automatically generated by the universal testing
machine. The ratio of the cross-sectional area
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of root at broken point and the applied force is
considered as tensile strength (Abdi et al. 2010).
Root sample was dried at 60 °C for 48 hours, and
then the biomass was determined by a digital
balance.

Statistical analysis

The SPSS software (version 16) was used to carry
out statistical analysis. A one way ANOVA was
applied to estimate the significant differences
among the mean values. The significant
difference (p < 0.05), among the obtained
values, was evaluated using the Fisher’s least
significant difference (LSD). Regression analysis
and graphical presentation of the figures was
prepared by Microsoft Excel program.

RESULTS

The results showed that there were differences in
plant height, LAI and root biomass among the
studied species. Plant height was significantly (p
< 0.05) higher for L. leucocephala, followed by A.
mangium, D. suffruticosa and M. malabathricum
(Table 3). The results of LAI (the ratio of leaf
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area per unit area of land) also showed significant
(p < 0.05) differences among the studied species.
At the 24™ month of plant growth, L. leucocephala
showed a higher LAI than M. malabathricum,
which was due to the high plant height. Biomass
production of all the plant species was measured
at the 24™ month of plant growth. Leucaena
leucocephala produced the highest root biomass,
followed by A. mangium and D. suffruticosa, while
M. malabathricum produced the lowest root
biomass. This observation may be attributed to
the higher LAI of L. leucocephalathan other species
studied. The above statement was qualified by
correlation studies where LAI and root biomass
were positively (R?=0.79) correlated (Figure 1).
The high LAI of plants may be attributed to the
large amount of belowground biomass, which
was in agreement with the findings of other
researchers (Normaniza & Barakabah 2011).
The pull-out resistance varied among the four
studied species (Figure 2). Leucaena leucocephala
showed the highest wuprooting resistance,
followed by A. mangium, M. malabathricum and D.
suffruticosa. The correlations among the pull-out
resistances and the plant morphological properties
are demonstrated in Table 4. It was observed that

Table 3 Morphological characteristics of two-year old species studied

Species Height (m) LAI Root biomass (g)
Leucaena leucocephala 5.1+0.3 2.8+0.1° 560 £ 152

Acacia mangium 5+0.12 2.1+0.2" 300+ 11
Dillenia suffruticosa 3+0.1¢ 1.9+ 0.06¢ 202 + 8¢
Melastoma malabathricum 1.5+ 0.05¢ 1.7 £ 0.1« 150 + 54

Means (+ standard error) with different letters within the same column were significantly different (p < 0.05);

LAI = leaf area index
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Figure 1 Opverall relationship between root biomass
and leaf area index (LAI) of four studied
species
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Figure 2 Pull-out resistance (means = SE) of four
studied species
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Table 4 Relationship between pull-out resistance and root morphological characteristics
Correlation Equation Equation R value
number
Pull-out resistance vs stem diameter (mm) y = 0.088x - 0.50 1 0.62
Pull-out resistance vs plant height (cm) y =0.015x - 0.903 2 0.74
Pull-out resistance vs shoot dry weight (g) y = 0.004x + 0.566 3 0.50
Pull-out resistance vs number of lateral roots y =0.433x - 0.273 4 0.75
Pull-out resistance vs total root length (cm) y="771x + 107 5 0.83
Pull-out resistance vs root length density (cm m) =2.65x + 3.7 6 0.77
Pull-out resistance vs deep of rooting (cm) y=0.06x +0.11 7 0.69
Pull-out resistance vs root crown diameter (mm) y =0.094x - 0.73 8 0.61

many factors influenced the pull-out resistance
(Normaniza & Barakabah 2011). Equation one
(1) showed a weak linear relationship (R = 0.62)
between pull-out resistance and stem diameter, i.e.
the pull-out resistance increased with increasing
stem diameter. Likewise, there was a strong linear
correlation (R = 0.74) between pull-out resistance
and plant height (Equation 2). This was due to
the fact that root biomass seemed to depend on
plant height. In order to identify the correlation
between pull-out resistance and plant shoot dry
weight, the test results were plotted, and a weak
linear relationship (R = 0.50) was observed in
Equation three (3). This weak correlation may be
due to the fact that maturity and growth of root
were moderately influenced by the development
of its shoot (Ali 2010). It has been documented
that lateral roots played a very important role in
increasing pull-out resistance (Normaniza et al.
2011). In this study, the pull-out resistance strongly
correlated (R = 0.75) with the number of lateral
roots (Equation 4). In the case of lateral root
length, the relationship was strong (R = 0.83) and
linear, implying that pull-out resistance is directly
depended on root length (Equation 5). Likewise,
it was documented that root length density
positively influences the pull-out resistance (Ali
2010, Normaniza et al. 2011). Relationship studies
showed that there was a strong linear correlation
(R = 0.77) between pull-out resistance and root

length density (Equation 6). Plant species with
well-developed tap rooting system had high pull-
out resistance. This is due to the high length of
tap rooting system (Ali 2010). Equation seven (7)
clarified the variation between pull-out resistance
and depth of rooting, and a linear correlation was
found where the pull-out resistance increased with
increasing depth of rooting. The diameter of root
crown was associated with the increment of stem
size. Equation eight (8) showed a weak correlation,
implying that pull-out resistance increased linearly
as the root crown diameter increased.

Root tensile strength was assessed by dividing
the applied force on the crosssectional area
of the root near the rupture point (Genet et
al. 2005). Root specimens of the four species
exhibited variation in tensile strength value.
The results showed that L. leucocephala exhibited
a higher tensile strength than the other three
species. Maximum root tensile strength of L.
leucocephala, A. mangium, M. malabathricum and
D. suffruticosa were 104.8, 54.3,29.7 and 47.1 MPa,
respectively (Table 5). Additionally, root tensile
strength decreased with increasing root diameter,
implying that maximum force was influenced by
the root diameter (Figure 3). This finding was in
line with many previous tensile strength studies
(Abdi et al. 2010, Fan & Chen 2010). Thus, the
finding implied that L. leucocephala has high soil
reinforcement potentiality.

Table 5  Tensile strength properties of the studied species
Species Leucaena Acacia Dillenia Melastoma
leucocephala mangium suffruticosa malabathricum
No of samples 21 +0.2# 36 + 0.34 31+ 0.05¢ 26 + 0.15
Maximum load at failure (N) 1138.04 + 214 718.32 + 10¢ 670.35 £ 7° 406.05 + 5*
Maximum tensile strength (N mm?) 104.83 £ 1.5¢ 54.37 + 5be 4715+ 2> 29.72 + 12
Maximum diameter (mm) 6.21 £ 0.01° 5.98 £ 0.02* 6.64 £ 0.02¢ 6.49 £ 0.011%

Means (+ standard error) with different letters within the same column were significantly different (p < 0.05)
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In this study, the root architecture of the four
species was classified according to Yen (1987), as
shown in Table 6. A typical distribution of root
system provides a general idea on how roots
develope, and indicates the localization of lateral
and fine roots within the root-soil matrix system
(Fu et al. 2010). The majority of root matrix of
L. leucocephala was found within the first 80 cm
of soil depth. There was a strong and deep tap
root which was observed at 3 m of soil depth. Few
lateral roots were oriented horizontally to the
main tap root, and most of the fine roots were
surrounded by lateral roots. In the case of A.
mangium, more than 80% of the root matrix was
found within the top 60 cm of soil depth. Most
of the roots extended horizontally while lateral
roots extented widely. Therefore, according to
Yen (1987) root model and Fan & Chen (2010)
classification, L. leucocephala and A. mangium root
systems were classified into two different types:
vertical horizontal (VH)-type and horizontal
(H)-type, respectively. The results related to L.
leucocephala and A. mangium root patterns were
in agreement with Normaniza et al. (2011).
Whereas, the root systems of M. malabathricum
and D. suffruticosa exhibited shallow roots,
similar to M-type. The 80% of root matrix of M.
malabathricum and D. suffruticosa was observed
within the top 30 cm of soil depth. The main
roots grow profusely under the stump or base. Ali
(2010) reported that the M-type root is suitable to
control surficial erosion of soil. The H-type and
VH-type roots are proposed to be beneficial for
slope stabilisation and wind resistance (Reubens
et al. 2009).
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DISCUSSION

In this study, L. leucocephala exhibited comparatively
higher morphological characteristics than the
other three species. A higher plant height and
LAI were observed in L. leucocephala. A significant
increase in root biomass was also observed in L.
leucocephala, implying that high morphological
traits could be involved in production of the
root biomass. Nandy et al. (2007) documented
that high morphological characteristics may be
attributed to the well physiological activities of
the leaves, which result in greater competition
for light capture and subsequently accelerate
the plant growth. Hence the development of
root system is influenced by plant growth. Plants
which get sufficient nutrients and sunlight will be
able to grow and achieve maturity very quickly
(Saifuddin & Normaniza 2012). At the same
time, they can develop healthy root system to
anchor the soil intensely.

It was reported that the morphological
characteristics of plants vary significantly among
species (Idris 2011). Based on correlation studies,
LAI and root biomass were positively correlated,
implying that a greater above ground biomass
or plant shoots would increase below ground
biomass. A high canopy cover may increase the
transpiration capacity of plants (Herwitz et al.
2004). Therefore, an increase of root biomass
significantly enhances the water uptake from
the soil layers and removes them out to the
atmosphere via canopy transpiration (Stokes et
al. 2009). The major effects of high root biomass
and plant canopy, such as LAI, are to enhance

R2=0.7978 A L. leucocephala
R?2=0.5732@ A mangium
R?2=0.6593 x  D.suffruticosa
R?2=0.7139 M. malabathricum

Power (L. leucocephala)

Power (A. mangium)
e e Power (D. suffruticosa)

Power (M. malabathricum)

Root diameter (mm)

Figure 3 Relationship between root tensile strength and root diameter of four studied species
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Table 6  Description of root system and architecture of the studied species

Plant species with root morphology

Root system Type of root architecture

Leucaena leucocephala
*  More than 80% of the root matrix found in the
top 60 cm
*  There is a strong tap root but lateral roots grow
horizontally and profusely.
*  Role: slope stabilization and wind resistance

Acacia mangium
*  80% of root matrix founds within the top 60 cm
*  Most of the lateral roots extend horizontally
*  Role: soil reinforcement, slope stabilization and
wind resistance

H-type
Dillenia suffruticosa
*  80% of root matrix founds within the top 30 cm
*  Lateral root grows profusely
*  Role: surficial erosion control
/. M-type
Melastoma malabathricum
*  80% of root matrix founds within the top 30 cm
*  Main root grows profusely under the stump
*  Role: surficial erosion control
M-type

water absorption and reduce soil moisture
content through plant canopy (Saifuddin &
Normaniza 2014a). Therefore, plant height, LAI
and biomass production were likely to exert an
influence on soil properties through soil-plant-
atmosphere continuum. Moreover, the slope
hydrology is affected by vegetation covering;
the intensity of rainfall is reduced by the plant

© Forest Research Institute Malaysia 182

canopy or LAI, known as rainfall interception
(Joseph et al. 2007). The consequence of these
interception processes is prevention of soil
displacement and soil erosion. Toriman & Nor
(2007) found that in a forest area of Malaysia,
interception lost 23.9% of the total rainfall, and
rainfall interception varies depending on plant
canopy, plant height and types of plants. This
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study suggested that L. leucocephala has potential
value for soil reinforcement as it exhibited good
plant canopy and root profiles. Root biomass
contributed to tree anchorage as well. It was
well documented that plants with high root
biomass showed more resistance to overturning
(Stokes et al. 2009, Normaniza et al. 2011). This
characteristic of roots would eventually increase
the soil shear strength by producing a composite
material which is known as soil-root matrix. Fu
et al. (2009) indicated that plant canopy, root
biomass and plant growth were important factors
to select potential species for soil conservation.
Therefore, plant canopy and root biomass are
useful tools in selecting potential species for soil
reinforcement.

Overall correlations and regression analysis
showed that the pull-out resistance of the studied
species linearly correlated with its morphological
traits. Taller plants resisted uprooting forces
better than the shorter ones (Ali 2010). The pull-
outresistance of plantwas influenced by shoot dry
weight; the more development of stem section,
the more plant root system is developed (Stokes
etal. 2009). The increment of pull-out resistance
of plants with extensive lateral roots was due to the
fact that strong soil-root interaction increased by
the presence of additional lateral roots (Hodge et
al. 2009, Khalilnejad 2013). Positive relationship
between pull-out resistance and depth of rooting
was also observed. Tree species, L. leucocephala
and A. mangium exhibited higher uprooting
resistance than shrub species, M. malabathricum
and D. suffruticosa. Overall correlation analysis
showed that pull-out resistance depended on
several morphological traits such as plant height,
stem diameter, lateral root length and root length
density. Pull-out resistance strongly correlates
with four important traits: plant height, number
oflateral roots, lateral root length and root length
density (Normaniza et al. 2011, Khalilnejad 2013).

The contribution of root tensile strength
in governing slope stabilisation has been well
documented, and the root reinforcement
capacity is dependent on the degree of root tensile
strength (Baets et al. 2008, Abdi et al. 2010).
Thus, total anchorage or soil reinforcement by
root is related to individual root tensile strength.
However, root tensile strength varries with plant
species, diameter, age and soil nutrient (Comino
& Marengo 2010). Root tensile strength also
depends on environment, season, altitude and
root orientation (Gray & Sotir 1996). It was
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well documented that the root tensile strength
decreased with the increase of root diameter
(Saifuddin & Normaniza 2012, Zhang et al.
2013). This is because smaller diameter roots
possess higher cellulose per unit area, than larger
diameter roots (Genet et al. 2005). Therefore, the
mechanical strength of individual root and their
interaction with soil is controlled by individual
root tensile strength. Between the shrub species,
M. malabathricum produced relatively high root
biomass and tensile strength. Between the trees,
L. leucocephala was more prominent to play a
major mechanical role on soil, and its high root
tensile strength could ultimately enhance soil
reinforcement.

Fan & Chen (2010) documented that the
reinforcement capacity of plants depends on the
root profiles, as their root architecture vary with
species. The type of roots and root architecture
play a significant role in controlling the way root
reinforce and anchor the soil (Greenwood et al.
2004). Roots with multiple branches generally
anchore large volume of soil and show maximal
resistance to pull-out, than roots with fewer
branches (Hodge et al. 2009, Ji et al. 2012). The
VH- and H-type roots were found to be suitable
for soil reinforcement, slope protection and wind
resistance. The M-type root architecture was less
effective in reinforcing soil than VH- and H-type
roots (Thomas & Pollen-Bankhead 2010). In
respect to soil reinforcement, L. leucocephala and
A. mangium had maximum impacts on soil due to
deep rooting, followed by D. suffruticosa and M.
malabathricum. Stokes et al. (2009) reported that
shrub species can be planted on newly cut and
engineered slopes to control soil erosion. Itis also
documented that fine roots of all types of plant
communities (shrubs and trees) bind the soil in
place strongly, than thick roots. As a result, fine
roots contribute mostly in reducing soil erosion
and increase topsoil stability (Pierret et al. 2007).
The average root depth of M. malabathricum and
D. suffruticosa is located mostly in the surface
(< 30 cm depth). The development of their roots
and association with soil-root matrix will help to
tie the ground soil particles together and reduce
surficial erosion (Stokes et al. 2013). Thus, based
on the extensive root characteristics and type
of roots, L. leucocephala and A. mangium were
recommended to be the most appropriate for
soil reinforcement, and M. malabathricum and D.
suffruticosa were suggested to be the most suitable
to prevent surficial erosion.
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CONCLUSIONS

The current study assessed potential plants with
impact to implement soil bioengineering and
reinforcement techniques. Pull-out resistance,
tensile strength and root architecture were
assessed in order to quantify the soil mechanical
reinforcement. The pull-out resistance was
observed to be affected by the roots rather than
the shoot profiles. It was discovered that root
architecture of L. leucocephalaand A. mangiumwas
VH- and H-type, respectively and recommended
for soil reinforcement. Dillenia suffruticosa and M.
Malabathricum showed M type roots, suggested
for controlling soil erosion. It was found that
L. leucocephala produced relatively high root
biomass, tensile strength and pull-out resistance.
Thus, this study suggests that L. leucocephala has
an added value as a good potential slope plant
for soil reinforcement, as it exhibited VH-type
rooting with outstanding root profiles.
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