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Plant root reinforcement in soil bioengineering has gained increasing interest as a means of 

sustainable and environmentally friendly soil reinforcement and stabilization. In addition, quantifying 
evolutions of the biomechanical properties and mechanical root reinforcement to soil with the duration of 
root decomposition is important to agricultural land-use strategy and to soil stabilization purpose. However, 
the variations of these properties of the roots of herbaceous species, especially following herbicide 
application, have rarely been studied. This study aims to comprehensively measure the root morphological 
traits, root biomechanical properties, and root reinforcement of two contrasting vetiver species (Chrysopogon 
nemoralis and Chrysopogon zizanioides). In addition, the effects of root decomposition due to herbicide on 
the root biomechanical properties and root reinforcement of these two vetiver roots were investigated. A 
series of experiments, including root observation with a rhizobox system, uniaxial tensile test, and direct shear 
test, was performed. The herbicide (i.e., Propanil) was applied to four treatments of each species, considering 
four different durations of decomposition (7-, 28-, 56- and 112-days since herbicide application). In addition, 
the variation of root reinforcement was estimated using the existing root reinforcement models (i.e., Wu’s 
model and the extended root bundle model). The estimated root reinforcement then was used as an input 
parameter in numerical modelling to evaluate the effect of root decomposition on vegetated slope stability. 
The results showed that C. nemoralis could be an alternative to C. zizanioides in soil bioengineering 
applications. In addition, root decomposition highlighted the significant influence on root biomechanical 
properties (i.e., tensile strength, secant modulus, and breakage strain) and root reinforcement (i.e., root 
cohesion and maximum dilatancy) of two vetiver species. Consequently, root decomposition resulted in the 
deterioration of the protective function of two vetiver species on vegetated slope stability. 
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Chapter 1: Introduction 
1. 1. Research background 
Land-use conversion and deforestation in mountainous areas are becoming a part of 
the global trend, which is considered as the consequence of the growth of 
population and economy. In addition, agricultural land expansion is considered as 
one of the measures to archive the food security, which is the second Sustainable 
Development Goals (i.e., SDGs, proposed by United Nations). In the Southeast Asian 
countries, the agricultural land area increased 1,970,670 ha between 2010 and 2019 
(FAO, 2021). The land-use conversion could be the cause of root decomposition, 
which influences the protective function of roots to slope stability. Consequently, 
the probability of landslide risk, slope instability, and soil erosion increase with time 
since root dying (Ammann et al., 2009; Bishop and Stevens, 1964; Johnson and 
Wilcock, 2002; Sidle et al., 2005). 
The climate change phenomenon, such as intensive rainfall, has been considered a 
significant cause of landslides and soil erosion over the globe in the last decades. 
These natural disasters can cause severe damage to infrastructures and human life. 
In Thailand, a large slope failure event occurs every 3 to 5 years due to the intense 
rainfall, and the frequency of this serious problem has increased (Fowze et al., 2012; 
Soralump, 2010). In 2001, for instance, there were two significant landslide events 
occurred in Phare province, causing 40 deaths and in Phetchabun province (Komori 
et al., 2018). Another large event of landslide occurred in northern Thailand in 2006, 
destroying about 4,000 houses and more than 10,000 people had evacuated 
(Boonyanuphap, 2013). Thus, the combination of land conversion (i.e., human 
activity) and heavy rainfall (i.e., natural phenomenon) could induce natural disasters 
(i.e., landslides, flooding, soil erosion, etc.) more extreme. Indeed, Bishop and 
Stevens (1964) reported that landslides increased 4.5 times within ten years after 
logging in Southeast Alaska. While Johnson and Wilcock (2002) observed that 
landslides occurred about four times more often after large-scale dying off of yellow 
cedars (Chamaecyparis nootkatensis [D.Don] Spach). 
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Such weed clearance techniques in agricultural practices (i.e., cutting, burning, 
herbicide application, etc.) and deforestation (i.e., timber harvesting) are mostly used 
to convert forest and natural ecosystems to agricultural land (Clements et al., 1996; 
Kamchoom et al., 2021; Parish, 1990). However, due to the drawback of cutting (i.e., 
labour shortage) and burning (i.e., haze and smog from burning), herbicides have 
been widely used in Southeast Asian countries such as Thailand (Sapbamrer, 2018). 
Because of the wide use of herbicides for weed removal, some environmental 
problems and human health issues have arisen. For example, herbicides remain and 
contaminate soil, water, and air then damage surrounding ecosystems and human 
(Morin et al., 2021; Wongwichit et al., 2012). Moreover, plant death and the 
accompanying root decomposition caused by the herbicides would lead to the 
deterioration of the root biomechanical properties such as tensile strength that has 
implication to soil erosion and stability (Kamchoom et al., 2021). Indeed, plant has 
been used as a soil bioengineering means for effective and environmentally-friendly 
technique to prevent and mitigate soil erosion, shallow landslides (Grima et al., 2020; 
Kamchoom and Leung, 2018; Leknoi and Likitlersuang, 2020; Leung and Ng, 2013; 
Likitlersuang et al., 2017; Liu et al., 2019; Liu et al., 2014; Nguyen et al., 2020; Rey et 
al., 2019; Stokes et al., 2009; Zaimes et al., 2019). Plant roots permeate the matrix of 
shallow soil and improve the soil stability through, broadly speaking, mechanical and 
hydrological reinforcements. The former refers to root ‘entanglement’ or 
reinforcement to the soil through the increase in cohesion (i.e. root cohesion) 
(Bordoni et al., 2019; Eab et al., 2015; Phan et al., 2021) and sometimes peak friction 
angle (e.g. Karimzadeh et al. (2021)), primarily depending on the root biomechanical 
properties (i.e., tensile strength, secant modulus) root quantity (i.e., root number, 
root biomass) (Pollen and Simon, 2005; Wu et al., 1979) as well as the relative 
orientation of the root distribution with respect to the direction of major principal 
stresses (Kamchoom et al., 2014; Karimzadeh et al., 2022; Karimzadeh et al., 2021).  
Investigation of the decline of root biomechanical properties, root quantity and root 
reinforcement due to different means of introducing root decomposition has been 
studied since the 1960s (Kitamura, 1968; O’loughlin and Watson, 1979; Ziemer, 1981). 
Despite of a large volume of studies available in the literature, data on the 
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deterioration of root biomechanical properties and root reinforcement to soil are 
scarce, especially for herbaceous species which share rather different root anatomy 
and growth mechanism from woody species that has been majorly focused in the 
literature. Thus, this study aimed to  quantify the influence of root decomposition on 
the biomechanical properties of two contrasting vetiver species, including 
Chrysopogon nemoralis and Chrysopogon zizanioides, following herbicide 
application, and the changes of their ability to provide mechanical reinforcement to 
the soil. C. zizanioides can rapidly adapt to various adverse growth conditions and is 
mainly found in lowland and land areas with typically high water content (Wasino et 
al., 2019). Thus, it has been widely used for slope stabilization in soil bioengineering 
approaches, especially in Southeast Asian countries (Truong et al., 2008). By contrast, 
C. nemoralis is mainly distributed in mountainous areas (highland) and well-drained 
soils in Southeast Asian countries (Truong et al., 2008). 
1. 2. Objectives and scope of research 
1.2.1. Research objectives 
The principal objectives of this study were: 

 1) To investigate the morphological traits, biomechanical properties, 
mechanical reinforcement of growing roots. 

 2) To investigate the influence of root decomposition on root 
biomechanical properties and mechanical reinforcement. 

 3) To estimate the root reinforcement from root biomechanical 
reinforcement using existing root reinforcement models. 

 4) To conduct the numerical modelling for investigating the effect of 
root decomposition on vegetated slope stability. 

1.2.2. Scope of research 
To clarify these aforementioned objectives, a series of laboratory experiments and 
numerical modelling were carried out. In the laboratory, a series of semi-controlled 
experiments was performed to investigate the morphological traits, biomechanical 
properties and mechanical reinforcement of two contrasting vetiver species. In 
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addition, the variation of root biomechanical properties and mechanical 
reinforcement over the root decomposition due to herbicide application was 
investigated in the laboratory. Besides that, existing root reinforcement models were 
adopted to estimate the root reinforcement from root biomechanical properties. In 
the numerical modelling, the influence of root decomposition followed by herbicide 
application on vegetated slope stability was investigated. 
1. 3. Dissertation layout 
This dissertation was presented in seven chapters and divided into three main parts 
namely, Part 1: Laboratory investigation of root morphological traits, biomechanical 
properties and mechanical properties of growing vetiver species; Part 2: Laboratory 
investigation of root biomechanical properties and mechanical reinforcement of the 
two vetiver species; Part 3: Root reinforcement estimation and numerical modelling. 
This chapter presented the research background, the main objectives and scope of 
study. The Chapter 2 presents the introduction of vetiver species and utilisation of 
vetiver species in soil bioengineering. It also includes the morphological traits, 
biomechanical properties and mechanical reinforcement of two vetiver species 
obtained in the previous studies. In addition, several studies in the literature related 
to influences of root decomposition on root biomechanical properties and 
mechanical reinforcement were summarised and reviewed. The Chapter 3 describes 
the laboratory testing program. It mainly explains and describes the laboratory 
program. The vegetation species, growth media properties and growth condition are 
also reported in this chapter. The plantation schedule, working principle and 
procedure of each testing are presented. The morphological traits, mechanical 
reinforcement, and biomechanical properties of growing root of the two vetiver 
species are reported and discussed in the Chapter 4. The chapter 5 presents and 
discusses the influence of root decomposition due to herbicide application on root 
biomechanical properties and mechanical reinforcement. The chapter 6 describes 
detail the estimation root reinforcement using the existing root reinforcement 
models. The estimated and measured results are compared and discussed in this 
chapter. In addition, the influence of root decomposition on vegetated slope stability 
is estimated by the numerical modelling using simulated root reinforcement in this 
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chapter. Finally, the major conclusions, contributions, recommendations, and further 
work are summarised in the Chapter 7.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2: Literature review 
2.1. Introduction 
This chapter reviews and summarises previous studies investigating the effects of root 
decomposition on root characteristics, including biomechanical properties and 
mechanical reinforcement. It begins with introducing the vetiver species, the main 
studied species in this study. It is followed by literature on investigating 
morphological traits, biomechanical properties, and root reinforcement. The previous 
works from both field and laboratory investigation are included in this chapter.   
2.2. Introduction of vetiver species 
Vetiver grass is a perennial grass and widely distributed in the tropical regions in Asia, 
Australia, Africa, and other regions (Truong et al., 2008). In the “Vetiver System”, 
there are two types of vetiver species, that are commonly used for soil 
bioengineering namely, C. nemoralis A. Camus  and C. zizanioides L. Nash  (Truong et 
al., 2008; Wasino et al., 2019). In general, both the vetiver species can grow in various 
soil textures but seem not good efficient in clay (Truong et al., 2008). Furthermore, 
these two species have high tolerance to adverse soil conditions such as acidity, 
alkalinity, salinity (i.e., able to adapt to a wide range of pH from 3.3 to 12.5), and 
extreme water stresses such as drought and waterlogged (Truong et al., 2008). 
Council (1993) reported that the vetiver roots can grow very fast (e.g., 1 cm/day for C. 
nemoralis roots (Eab et al., 2015) and 2.2 cm/day for C. zizanioides roots). These two 
vetiver species are commonly found in the mainland of Southeast Asian countries, 
which are susceptible to natural disasters, such as soil erosion, landslides, and 
flooding because heavy rainfall occurs frequently (Kristo et al., 2017). In addition, the 
C. nemoralis and C. zizanioides species show some major differences not only in 
their growth conditions but also in the length and distribution of roots. For instance, 
C. zizanioides species can rapidly adapt to various environmental conditions and 
widely spread in lowland and moist plain areas (Wasino et al., 2019). The roots of C. 
zizanioides species are considered longer than those of C. nemoralis species. The C. 
zizanioides roots can penetrate down to 2–4 m depth with a mean tensile strength 
of up to 75 MPa (Kavian et al., 2018; Truong et al., 2008). As such, C. zizanioides 
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species have been widely and successfully used for soil erosion control and slope 
stabilisation over the world (Truong et al., 2008). Indeed, using C. zizanioides species 
can successfully reduce soil loss and runoff up to 76% and 69%, respectively (Truong 
and Loch, 2004). Furthermore, soil shear strength (i.e., in term of cohesion) can be 
increased 97% after 180 days C. zizanioides species was planted in an expansive soil 
(Wang et al., 2020).  In contrast, the C. nemoralis species were found in mountainous 
areas or arid, well-drained areas (Leaungvutiviroj et al., 2010). Recently, this species 
has been utilised to stabilise dikes in rice fields by farmers in the Central Highland 
and some coastal provinces in Vietnam (Truong et al., 2008) and prevent runoff and 
soil loss in Thailand (Donjadee et al., 2010). While there were several studies 
demonstrated the ability of C. zizanioides species for soil stability by performing the 
intensive investigation for its biomechanical properties, morphological traits, and root 
reinforcement (Fahlen, 2002; Leknoi and Likitlersuang, 2020; Mickovski and Van Beek, 
2009; Wu et al., 2021). These properties of the roots of C. nemoralis species have not 
been extensively studied. Therefore, the biomechanical properties and effects of soil 
reinforcement between these two species should be comprehensively investigated 
and compared. Furthermore, the potential of these two species (i.e., especially C. 
nemoralis species) in soil bioengineering can be explicitly evaluated. 
2.3. Root morphological traits 
Root morphological traits (i.e., root diameter, number of roots, and root orientation) 
are considered as the important factors that influence the root mechanical 
reinforcement. Indeed, the amount of roots presented in soil matrix, which 
represented by either root area ratio (RAR), “side” root area ratio (RARS), or root 
diameter distribution, were used as an important input factor in such root 
reinforcement model (e.g., Wu’s model (Wu et al., 1979) and Root Bundel Model 
(Schwarz et al., 2013)). By contrast, the effect of root orientation on the mechanical 
reinforcement of plant roots has been rarely explored. However, some previous 
studies revealed that the different orientations of roots may influence on their 
contribution to soil reinforcement (Gray and Ohashi, 1983; Thomas and Pollen-
Bankhead, 2010). For instance, Gray and Ohashi (1983) found that the shear 
reinforcement of sand is the greatest when fibers are oriented at 60° with respect to 
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the shear direction rather than at 90° as assumed by Wu et al. (1979). In addition, 
Gray and Ohashi (1983) revealed that shear strength of sand decreases in the 
presence of fibers oriented at 120°.  However, in most well-known root 
reinforcement models, root fibers are assumed to be either perpendicular to a shear 
plane (Wu et al., 1979) or parallel to the pull direction (Cohen et al., 2011; Schwarz 
et al., 2010). In addition, root fibers are assumed oriented parallel to one another 
within a root bundle because of the lack of information and understanding of the 
individual root orientation; as such, root reinforcement may be overestimated or 
underestimated (Cohen et al., 2011; Pollen and Simon, 2005; Schwarz et al., 2010). 
Several approaches, including non-destructive and destructive, have been applied in-
situ, laboratory and greenhouse base to investigate root morphological traits. The 
most traditional method is field excavation, which has been used for a long time to 
extract the complete root system (Böhm, 2012; Fiorani and Schurr, 2013; Pagès and 
Pellerin, 1994). However, the disturbance of soil around the root system, heavy 
machines required, time consumption and breakage of root connections are the 
major disadvantage of this method (Wu and Guo, 2014). Over the past decade, 
researchers have developed alternative ways to handle the significant challenge in 
the root morphology investigation, which is the opacity of soil media. Several 
methods have been performed to image root morphology of individual plants grown 
both in soil and non-soil media. Digital cameras, flat-bed scanners, and laser scanners 
(Ammann et al., 2009; Fang et al., 2009) have been applied to obtain the image of 
root morphology in non-soil media. On the other hand, to image the root 
morphology in soil media, X-ray micro-computed tomography (CT) (Flavel et al., 
2012) and magnetic resonance imaging (Rascher et al., 2011) have been used. 
However, the high cost is seen as a disadvantage of these methods. Root system 
images obtained from these methods can be analysed using image processing or root 
programs such as EZ-RHIZO (Armengaud et al., 2009), RootReader (Clark et al., 2011), 
WinRHIZO (Wu and Guo, 2014), ImageJ (Flavel et al., 2012), and CRootBox (Schnepf et 
al., 2018) to quantity root morphological traits. In this study, the rhizoboxes system 
coupled with image processing using ImageJ software (i.e., an open-source software 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9 

for image analysing), was adopted to investigate the root morphological traits (root 
diameter, RARS, root orientation), their variation by depth and root growth rate. 
2.4. Root biomechanical properties 
The root biomechanical properties, including tensile strength, modulus and breakage 
strain, are considered the main factors that govern roots' contribution to soil shear 
strength (Simon and Collison, 2002; Wu et al., 1979; Wu et al., 2021). The root 
biomechanical properties can be obtained in either the laboratory or field. Although 
the root biomechanical properties have been investigated for a long time, no 
standard method or guideline is followed for performing a root tensile and pull-out 
test (Wu et al., 2021). In the most studies, roots were applied uniaxial tension until it 
breaks to record the peak stress at the failure (Wu et al., 2021). In this study, the root 
biomechanical properties of the two vetiver species were measured using uniaxial 
tensile test in the laboratory. The detail of the tensile test was described detail in 
the Chapter 3.  
The root tensile strength is the most investigated and reported root biomechanical 
property. The tensile strength of roots are normally defined as the ratio of peak 
tensile force and either mean root area (De Baets et al., 2008; Wu et al., 2021) or 
area of root at failure point (Mickovski and Van Beek, 2009). However,  the mean root 
area is not the reliable factor to determine root tensile strength of the species, which 
have root barks (Karrenberg et al., 2003). Thus, the cross-sectional area of roots at 
failure was used to define root tensile strength in this study. In addition, it is 
noteworthy that the root tensile strength significantly varies among species or even 
in the same species. Indeed, Coppin and Richards (1990) reported that the root 
tensile strength varied from 3.7 MPa (Campanula trachelium species) to 86.5 MPa 
(Medicago sativa species). In the same species, the root tensile strength of C. 
zizanioides species, for instance, varied from 1.8 MPa to 88.52 MPa (refers to Table 2. 
1). The variability in root tensile strength could be explained by the differences in 
root age, cellulose and lignin content, root water content (Wu et al., 2021). In 
general, root tensile strength correlated with root diameter following the negative 
power law trend (Bischetti et al., 2005; De Baets et al., 2008; Tosi, 2007). This means 
that fine roots are stronger than coarse roots. Thus, the roots of grass species, which 
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mainly consist of fine roots, could contribute more strength to soil than roots of 
woody species. 
Table 2. 1. Summary of tensile strength of C. zizanioides species from the literature 

Reference Tensile strength (MPa) 

Teerawattanasuk et al. (2014) 4.31 – 57.93 

Mickovski and Van Beek (2009) 1.8 - 17 
Hengchaovanich (1998) 75 

Islam and Badhon (2020) 27 

Noorasyikin and Zainab (2016) 12.61 – 88.52 
Zegeye et al. (2018) 25.9 

Most of previous studies mainly paid attention to the root tensile strength and 
omitted information about root modulus and breakage strain. However, the 
important of root modulus and breakage strain which define the stiffness and 
brittleness of roots, to root mechanical reinforcement, recently were recognised and 
received more attention (Wu et al., 2021). Wu et al. (2021) reported that the Young’s 
modulus and breakage strain of C. zizanioides roots were 527.213 ± 4.26 MPa and 
0.201 ± 0.006 mm/mm, respectively. In this study, the comprehensive investigation 
of root biomechanical properties, including the tensile strength, modulus and 
breakage strain of growing and decomposing roots of both vetiver species was 
performed. 
2.5. Root mechanical reinforcement 
Root mechanical reinforcement is one of the critical indicators in selecting vegetation 
species for the soil bioengineering approach. Root reinforcement is commonly 
measured by the direct shear test in the field or the laboratory (Docker and Hubble, 
2008; Eab et al., 2015; Mickovski and Van Beek, 2009). In this way, the root 
reinforcement is defined as the difference in shear strength of fallow and vegetated 
soil. However, soil and roots in the soil matrix reach their peak strength at different 
displacements (Pollen et al., 2004). Thus this method could lead to the 
overestimation of root reinforcement (Cohen et al., 2011).  
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Table 2. 2. Typical mechanical reinforcement of C. zizanioides roots 

Reference Root reinforcement (kPa) 

Eab et al. (2015) 6 – 6.8 
Islam et al. (2010) 10.8 – 13.3 

Mickovski and Van Beek (2009) 2.1 – 3.7 
Jotisankasa et al. (2015) 0.4 – 8.1 

Islam et al. (2016) 0.94 – 1.4 

Badhon et al. (2021) 2.6 - 15 
Voottipruex et al. (2008) 9.81 

Similar to root biomechanical properties, root reinforcement obtained from direct 
shear tests widely varies among different species and even in the same species. 
Indeed, different species' typical root mechanical reinforcement varies from 1 to 94.3 
kPa (Chok et al., 2015). The root mechanical reinforcement of C. zizanioides species 
were summarised in  Table 2. 2. It is noteworthy that the root reinforcement of C. 
nemoralis was not found in the literature. 
Another method to quantify the root reinforcement is using the prediction model. 
The root reinforcement model estimates the contribution of roots to soil strength 
from the root morphological traits (i.e., root diameter, root quantity) and root 
biomechanical properties (i.e., root tensile strength and modulus). One of the earliest 
root reinforcement models is Wu’s model, which Wu et al. (1979) proposed. In this 
model, root reinforcement is quantified as the additional cohesion (i.e., root 
cohesion) alongside soil cohesion in the Mohr-Coulomb failure framework (Eq. 2.1) 
Wu et al. (1979) assumed that all roots are perpendicular to the shear plane and 
break simultaneously. Thus, Wu’s model generally highlighted the overestimation of 
root cohesion (Meijer et al., 2018; Preti, 2013). However, Wu’s model, so far, is still 
extensively used to estimate root reinforcement due to its simplicity. 

' ' tan 'f rc C  = + +  (2.1) 
 where f  and ’ are shear and effective normal stress at shear surface, ’ is 
effective friction angle of soil and Cr is root cohesion which is defined as follow: 
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where N is root number in the bundle,  
ir

T  and 
ir

A are tensile strength and area of ith 
root, and sA  is soil area. To remedy the remaining shortages in Wu’s model, Pollen 
and Simon (2005) introduced fibre bundle model (FBM), assumed that roots in the 
soil matrix will be broken progressively under an increasing of load, which was 
introduced firstly by Waldron (1977). In this model, the total load distributes to the 
remaining intact roots follow either local load sharing (LLS) or global load sharing 
(GLS) mechanism. However, FBM model do not provide complete force and 
displacement curve, which is important to estimate residual tensile force. Moreover, 
the influences of root geometry, root diameter distribution, root mechanical 
properties on root reinforcement were not took into account in this model. To deal 
with these drawbacks in FBM, Schwarz et al. (2010) proposed new model for lateral 
root reinforcement estimation called as Root Bundle Model (RBM). In this model, the 
strain loading step was applied instead of stress loading step in FBM. Moreover, 
spatial distribution of root-size (dimensions and number of roots), root geometry 
(diameter-length relationship, tortuosity, branching factors), root mechanical 
properties (tensile strength and Young’s modulus) as well as root-soil friction were 
considered in this model to provide more accuracy root reinforcement contribution. 
The FBM, therefore, can provide complete pull-out force and displacement curve. 
Although RBM is considered as an explicit model to estimate the reinforcement of 
the root bundle, this model is difficult to apply due to its complicated and some 
parameters in this model is hard to measure. More recently, Schwarz et al. (2013) 
enhanced the RBM by adopting the Weibull survival function in RBM to capture the 
variability of root biomechanical properties (i.e., tensile strength, modulus). 
2.6. Root decomposition 
Investigation of the decline of root biomechanical properties, root quantity and root 
reinforcement due to different means of introducing root decomposition has been 
studied since the 1960s (Kitamura, 1968; O’loughlin and Watson, 1979; Ziemer, 1981). 
For instance, Ziemer and Swanston (1977) reported that Hemlock and Sitka Spruce 
species were lose one-half of their tensile strength after logging 4-6 years. More 
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recently, Ammann et al. (2009) highlighted the tensile strength of Picea abies species 
reduced by 70% after 12 years since falling. Despite of a large volume of studies 
available in the literature, data on the deterioration of root biomechanical properties 
and root reinforcement to soil are scarce, especially for herbaceous species which 
share rather different root anatomy and growth mechanism from woody species that 
has been majorly focused in the literature.  More recently, Kamchoom et al. (2021) 
reported the tensile strength of C. dactylon reduced by 30% (from 24.64 ± 1.99 MPa 
to 17.27 ± 1.83 MPa) and 40% (from 24.64 ± 1.99 MPa to 14.87 ± 1.32 MPa) after 360 
days of burning and 60 days of herbicide application, respectively. Most of the 
existing studies focused on specifically the deterioration of root tensile strength and 
decomposition rate of vegetation root system during decomposition due to stem 
cutting and wild fire (Ammann et al., 2009; O’loughlin and Watson, 1979; Vergani et 
al., 2014; Watson et al., 1999; Wu et al., 1979; Zhu et al., 2019). The reduction of 
decomposed roots followed by herbicide application, which is one of the most weed 
clearance techniques in agricultural practices. In addition, Kamchoom et al. (2021) 
demonstrated that the tensile strength of decomposed roots due to herbicide 
application declined at a rate that was faster than those of roots decomposed by 
burning. Thus, this study aimed to measure the variations of the biomechanical 
properties of decomposing roots of two contrasting vetiver species, including C. 
nemoralis and C. zizanioides, following herbicide application, and the changes of 
their ability to provide mechanical reinforcement to the soil. 
Furthermore, the reduction in the root reinforcement as the root decomposed also 
gained attention in previous studies. Most of existing studies used prediction models 
(Vergani et al., 2014; Watson et al., 1999) and direct shear test (Zhu et al., 2019; 
Ziemer, 1981) to estimate the decline of root reinforcement over time since plant 
was died. For instance, the direct shear test results presented by Zhu et al. (2019) 
observed a loss of the reinforcement of the roots of Symplocos setchuensis by 
85.9% after 12 months since stem cutting. By using Fibre Bundle Model (FBM), 
Vergani et al. (2014) reported that the reinforcement of mixed Silver Fir-Norway 
Spruce (i.e., Abies alba Mill. Picea abies (L.) Karst.) remained only 34% in the third 
year after felling. By using either direct shear test or prediction models, the decline in 
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root tensile strength, Young’s modulus and root density were considered as the main 
factors that lead to the reduction of root reinforcement (Vergani et al., 2014; Zhu et 
al., 2019). However, the maximum dilatancy, which is considered as an important 
factor that governs the peak shear strength of reinforced soil, received less attention. 
More recently, the maximum dilatancy of reinforced soil has been investigated in 
Yildiz et al. (2018). Yet, the variation of dilatancy of reinforced soil due to root 
decomposition is not reported in the literature. 
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Chapter 3: Laboratory testing program 
3.1. Introduction 
The laboratory program consists of three main testing including root morphology 
investigation, root biomechanical properties measurement and root reinforcement 
measurement. These testing are semi-controlled experiments, where the growth 
media conditions, nutrient and water supply are well controlled. All of treatments 
were placed either in open greenhouse or outdoor, where daily temperature, 

relatively humidity and daylight ranged from 24 to 37 ◦C, 37% to 98%, 9.3 to 12.1h, 
respectively. All the tests were conducted in the Civil Engineering building, Faculty of 
Engineering, Chulalongkorn University, Thailand. In addition, the statistical analysis on 
experiment data was performed using IBM SPSS statistics 22nd edition. The plant 
conditions, growth media properties were presented. The experimental setup, test 
plan and procedures were described in detail.  
3.2. Test species and growth media 
The two vetiver species, namely, C. nemoralis A. Camus and C. zizanioides L. Nash, 
were investigated. The C. zizanioides species is commonly found in the tropical 
regions worldwide (Truong et al., 2008). C. zizanioides can rapidly adapt to adverse 
growth conditions and is mainly found in lowland and areas with typically high-water 
content (Wasino et al., 2019). By contrast, C. nemoralis is mainly distributed in 
mountainous areas (highland) and well-drained soils (Truong et al., 2008).  
Soil and rice husk ash were used as growth media in this study. Soil was collected 
from Chachoengsao Province, Thailand, and it was used to grow the two vetiver 
species for studying root reinforcement via direct shear tests. Soil samples were 
collected using a shovel at a depth ranging between 0.15 and 0.25 m. The field soil 
was then brought to the laboratory. To eliminate the size effect on direct shear test, 
the soil was sieved through the sieve No. 10 (2 mm opening) before use for 
transplanting. Rice husk ash was utilised to grow the two vetiver species in 
rhizoboxes and containers for measuring morphological traits and root biomechanical 
properties, respectively. Ash is a by-product of rice husk after electrically generated 
combustion, and it is known to contain substantial amount of residual nutrients that 
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could be recycled to support plant growth (Priyadharshini and Seran, 2010). The ash 
is observed to be hydrophilic. The rice ash and soil can be classified as poorly graded 
sand (SP) in accordance with the Unified Soil Classification System (ASTM-2487, 2011) 
or silt loam in accordance with the classification by the United States Department of 
Agriculture (USDA, 1951). The physical properties and the available nutrients in these 
growth media are summarized in Table 3. 1. 
Table 3. 1. Physical and chemical properties of lateritic soil and rice husk ash. 

 
 
 
 
 
 
 

Parameter 
Growth media Reference 

Lateritic soil Rice husk ash   

Specific gravity, Gs 2.66 2.11 
Specific Gravity test 
(ASTM D854)  

Dry density (g/cm3) 1.28 0.95  
 

Void ratio, e  1.08 1.22 Standard compaction 
test  
(ASTM D698) 

Porosity, n  0.52 0.55 

D60 (mm) 1.7 1.5 Sieve analysis  
(ASTM D2487) D30 (mm) 0.5 1 

D10 (mm) 0.15 0.3 

Texture Poorly graded sand Poorly graded sand 
pH 6.9 6.5 Standard buffer solution 
Phosphorous, P (ppm) 30.82 1465 

 Potassium, K (ppm) 395 7338 

Nitrogen, N (ppm) 190 1300 
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3.3. Plantation procedures and plant treatment 
3.1.  Plant preparation 
Two ecotypes of C. nemoralis and C. zizanioides species, namely, Huai Kha Khaeng 
and Songkhla 3, from Prachin Buri Province, Thailand, were selected for testing, 
respectively (Fig 3. 1). The parent vetiver clumps in the site were carefully removed 
from the soil. To obtain bare root slips (approximately 20 cm for tillers and 5 cm for 
roots in length) which consist of both tillers and roots, mature tillers from the clumps 
were split apart, and the soil attached to the roots was rinsed gently. The bare root 
slips were then stored in sealed plastic bags and transferred to the laboratory (Fig 3. 
1). 

(a) (b) 

Fig 3. 1. Bare root slips of (a) C. nemoralis and (b) C. zizanioides species 
The propagation method, which Truong et al. (2008) proposed, was applied to grow 
two vetiver species under three different conditions (i.e., in rhizoboxes with rice husk 
ash, PVC containers with rice-husk ash, and PVC pipes with soil). First, mother vetiver 
clumps were split into slips, which contained at least two to three tillers (20 cm 
length) with a part of the vetiver crown. Afterward, root slips were dipped in tap 
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water and kept outdoor until the growth of new roots. Lastly, the slips were 
transplanted in rhizoboxes, drainage containers, and PVC pipes. 
3.2. Plant growth condition 
In order to investigate the root morphological traits, the two vetiver species were 
planted in the rhizoboxes (125 cm x 45 cm x 4 cm) for 77 days (Fig 3. 2). The 
rhizoboxes have been widely used to investigate the root architecture (Mašková and 
Klimeš, 2020). The rice husk ash was used as growth media in this measurement. Rice 
husk ash is black which contrasts with the root colour (white), which made the 
measurement of root architecture using image processing easier. The ash was mixed 
with water to an optimum moisture of 8% by mass. Afterward, the rhizoboxes were 
filled with rice husk ash at 650 kg/m3 density and placed in an open greenhouse. In 
addition, the rhizoboxes were placed at 45o in an open greenhouse and composed 
of several drainage holes that created a drainage condition similar to that found in 
natural slopes (Fig 3. 3). 
Similarly, C. nemoralis and C. zizanioides species were grown in rice husk ash for 
measuring root biomechanical properties. 10 polyvinyl chloride (PVC) containers (75 
cm diameter, 100 cm height) were prepared to grow the two vetiver species (i.e., 5 
containers for each species). Some drainage holes were made at the bottom of both 
containers, allowing for free water drainage, to closely mimic the growth conditions 
of a natural slope in a laboratory. These containers were placed outdoor and filled 
with moist rice husk ash (i.e., water content of 8% by mass) at a dry density of 650 
kg/m3. The two vetiver species were planted in the containers for 49 days (Fig 3. 4). 
For determining the root reinforcement provided by the two vetiver species, 10 PVC 
columns (15 cm inner diameter, 100 cm height) were used (Fig 3. 5). These columns 
were designed to be composed of eight species of half-split PVC tubes in order to 
minimise the disturbance of the sampling of rooted soils after planting. These pipes 
were divided into four layers (25 cm height in each). In the first layer, the upper 10 
cm is a free space used for adding water and fertiliser, and the underlying layer (15 
cm) was filled with rice husk ash to minimise water evaporation and support the 
initial root growth. The moist soil (i.e., water content of 12.8% by mass) was 
compacted in three bottom layers to the target dry density at 1100 kg/m3. A fallow 
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column of soil compacted to the same dry density (i.e., 1100 kg/m3) was produced 
as control. Both C. nemoralis and C. zizanioides species were planted in these 
column (i.e., placed outdoor) for 91 days.  

 

 

 
 
 
 
 
 

All treatments were irrigated and supplied with nutrient (i.e., KNO3, Ca(NO3)2, 
MgSO4.7H2O, KH2PO4, Ferric Ethylenediamine Tetraacetic acid (Fe-EDTA) at 0.1% (by 
volume), and micronutrient at 0.025% (by volume) every day for the first 14 days and 
then every two days for the next 14 days. Both water and nutrient were not supplied 
for the rest of the planting period. Its noteworthy that growth period of the two 
vetiver species were different among three measurements. Different growth periods 
were considered because roots grown in soil have found to be weaker (i.e., smaller 
tensile strength) than those grown in rice husk ash by a previous study on the same 
vetiver species (Likitlersuang et al., 2022). 

 Fig 3. 2. Rhizobox component Fig 3. 3. Vetiver grown in rhizobox system 
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Fig 3. 4. Typical container for 
tensile test 

 

Fig 3. 5. Typical PVC column use for direct shear 
test 

3.3. Plant decomposition condition 
After planting for 49 days (i.e., for roots biomechanical properties measurement) and 
91 days (i.e., for root reinforcement measurement), the containers and columns were 
treated by herbicide to introduce root decomposition. It is noted that herbicide was 
not applied for the rhizoboxes (i.e., root morphological traits observation). The eight 
containers and eight columns were applied with Propanil (N-(3,4-Dichlorophenyl) 
propenamide) at 36% (weight/volume) in water. Propanil is a legal herbicide, which 
has been widely used in Thailand and other southeast Asian countries for land 
clearance and weed control (Fig 3. 6). All these columns and containers were then 
left for root decomposition for 7, 28, 56 and 112 days (denoted as treatments D-7, D-
28, D-56 and D-112, respectively). Both vetiver species were subjected to the same 
four treatments. The remaining two columns and two containers were reserved as 
control (i.e., no herbicide application; denoted as D-0). All 10 columns and 10 
containers were irrigated every week since the 3rd week after herbicide application. At 
each of the designated durations of root decomposition, the columns and containers 
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were sent for testing the root biomechanical properties and root reinforcement, 
respectively. 

Fig 3. 6. Propanil (N-(3,4-Dichlorophenyl) propenamide) 
3.4. Measurement of root morphology 
The root morphological traits of the C. nemoralis and C. zizanioides species were 
measured by using a rhizobox system via image analysis. The entire root system in all 
the treatments was imaged weekly by using a digital camera with a resolution of 
5184 x 3456 pixels plus two 50 W light emitting diode (LED) floodlights since the third 
week of planting (Fig 3. 7). The captured root system images were analysed with 
ImageJ to measure the root morphological traits of the two vetiver species at 10 cm 
depth interval. The procedure of image processing is illustrated in the Fig 3. 8. Firstly, 
the Red-Green-Blue (RGB) root images were scaled and cropped to obtain the 
measured area. Afterward, a grey scale image (8 bits image type) was created in pre-
processing step Fig A. 1. 
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Fig 3. 7. Digital camera system 

Fig 3. 8. Flow chart of root image processing in ImageJ program 
These grey images then were divided into 10 images (45 cm x 10 cm) in order to 
measure root morphological traits at 10 cm interval in depth. The processed images 
then were filtered by using Fast Fourier Transform (FFT) bandpass filter and 
MorphoLibJ to reduce white noise in initial root images which influences on 
measurement results. The following morphological traits were measured: (1) RARS 
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(i.e., defined as the ratio between total pixel areas occupied by the roots and the 
total surface area of the rhizobox); (2) root orientation (  ) (i.e., the angle between 
the horizontal plane and root direction and assumed to vary from 0o to 90o); (3) root 
diameter of individual root segments and (4) root growth rate (i.e., defined as the 
ratio of the total root length per day).  
3.5. Measurement of root biomechanical properties 

 

 

After 49 days of planting, 60 root segments from each replicate per species were 
collected to measure the tensile strength and Young's modulus of the roots. 
Individual root segments of 200 mm long were cut from the fresh root system and 
then stored in sealed plastic bags in a fridge at 5 oC. Previous studies (e.g., Boldrin et 
al. (2018)) demonstrated that the root moisture content can significantly influence 
the biomechanical properties of roots. Furthermore, slope failure often occurs under 
wet conditions, so the root segments were soaked prior to testing to obtain 
conservative values of their biomechanical properties. 

Fig 3. 9. L1 Force Measurement machine  Fig 3. 10. Digital camera system 
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Fig 3. 11. Root diameter measurement 
Each root segment was subjected to a uniaxial tensile test by using a universal 
testing machine (model: L1-550X Digital Force Tester; Starrett) in our laboratory (Fig 
3. 9). A thin layer of soft paper was used to pad the clamps at both ends of each 
root segment. The gauge length (i.e., the length between the top and bottom 
clamps) was fixed at 100 mm. A constant loading speed of 5 mm/min was applied to 
each root segment. During tensioning, root straining was captured with a digital 
camera system (Fig 3. 10). Hence, any change in the diameter of each root segment 
could be determined through image analysis. The camera was also used to capture 
the moments when the root segments broke. Then, these images were utilised to 
determine the root diameter at the failure point (Fig 3. 11). A test was deemed 
invalid when the roots were broken at or near a clamping position. 
The measured tensile stress-strain curve was used to determine the root tensile 
strength (Tr), breakage strain (r), and secant modulus (Es) as follow: 
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where Ff is the force at root breakage and df is the root diameter at failure, Lf is the 
elongation at breakage and L0 is the gauge length (i.e., 100 mm). In addition, the 
Young’s modulus (Ei) was also determined as the gradient of initial linear part of the 
stress-strain curve. The water content (w) of all root segments was also calculated 
using Eq. (3.4): 
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  (3.4) 
where m0 (mg) is weight of soaked root measured before testing and md (mg) is the 
weight of root after dried in the oven for 24 hours. 
3.6. Measurement of root reinforcement 
Soil samples at 50 to 75 cm depths (i.e., 15 cm long) of each column were used for 
testing. This depth range was chosen because there was sufficient root amount to 
effectively determine the root reinforcement effect and the sample was free from 
the overlying ash. Each of these 15 cm long soil samples was divided into three 
specimens (i.e., 5 cm thick each), which was then trimmed to fit into a direct shear 
box (Fig 3. 12). Noted the maximum of root diameter is 3 mm, which has no effect 
from the size of direct shear box (ASTM-D3080/D3080M, 2011). The procedures of 
direct-shear test outlined in ASTM-D3080/D3080M (2011) were adopted for testing. 
Each sample was first consolidated at three different confining stresses of 11.3, 21.1 
and 40.8 kPa (Fig 3. 13). At equilibrium (i.e., when the vertical soil displacement was 
negligible), the samples were sheared to a horizontal displacement of 10 mm. The 
direct shear tests were conducted under unsaturated conditions. The moisture 
content of the samples varied from 16.7% to 17.3%. The test results were used to 
determine the shear strength parameters, including cohesion and friction angle, 
following the Mohr-Coulomb failure envelop. In addition, the maximum dilatancy 
which is defined as the initial gradient of vertical displacement-horizontal 
displacement curve (i.e., negative value presents the contraction) was determined. 
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Each sample was weighted before and after each shearing test and eventually oven-
dried (after root removal; see below) to determine the initial and final water content 
(by mass). 

Fig 3. 12. Trimmed specimen for direct 
shear test 

Fig 3. 13. Direct shear machine 

After each shearing test, the roots were separated from the soil sample by washing 
through a sieve #60 (i.e., with an opening size of 0.25 mm) by tap water. The number 
and diameter of all root segments exhumed were recorded before oven-dried for 24 
hours to determine the dry root weight (Wr). Hence, the unit root biomass per soil 
volume, r, can be determined by Eq. (3.5), 

r
r

s

W

nV
 =   (3.5) 

where n is root number, Vs is the soil volume after consolidation but before shearing. 
3.7. Data analysis 
The test data was analysed by performing both statistical and regression analyses. 
The significant differences in terms of root tensile strength, Young’s modulus, secant 
modulus and root breakage strain among different treatments of root decomposition 
were tested by the analysis of one-way variance (ANOVA), followed by the post-hoc 
Tukey’s test. Significance of any root tensile strength – diameter, root secant 
modulus – diameter, root cohesion-tensile strength, root cohesion-secant modulus 
and root cohesion-root biomass correlations were quantified by nonlinear or linear 
regressions. Results were considered statistically significant when the probability 
value (i.e., p-value) ≤ 0.05. 
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3.8. Test plan and schedule 
In this study, the test was started with vetiver growing since July 2020, which is the 
rainy season in Thailand. After the planting period (each measurement has the 
specific planting duration), the morphological traits, biomechanical properties and 
reinforcement of fresh roots (D-0) were tested. Afterward, the herbicide was applied 
to introduce the root decomposition. At the given period (i.e., 7, 28, 56 and 112 days; 
denoted D-7, D-28, D-56 and D-112, respectively) after herbicide application, the 
biomechanical properties and root reinforcement of C. nemoralis and C. zizanioides 
were tested. The tests were end in the mid-February 2021. The test plan and 
schedule are summarized in the Fig 3. 14. 
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Fig 3. 14. Summary of test plant and schedule 

Measurement
Treatment
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Chapter 4: Root biomechanical properties, mechanical reinforcement 
and morphological traits of C. nemoralis and C. zizanioides species. 
4.1. Introduction 
In the test series, the biomechanical properties, mechanical reinforcement and root 
morphological traits of fresh roots (D-0) of both C. nemoralis and C. zizanioides 
species under the semi-controlled conditions were investigated. In this chapter, the 
observed and measured properties of the fresh roots are presented and discussed. In 
addition, the correlations among these root properties are also presented. 
4.2. Observed root morphological traits 
The following morphological traits of the roots of the C. nemoralis and C. zizanioides 
species are summarised in Table 4. 1: orientation, diameter, and RARS obtained 
through rhizobox system analysis (363 and 444 root segments of the C. nemoralis 
and C. zizanioides species, respectively), and root water content obtained from the 
tensile strength measurement (37 and 40 root segments of C. nemoralis and C. 
zizanioides species, respectively). Under the same growth conditions (i.e., water and 
nutrient supply, planting period and growth media), the diameter of the roots of the 
C. nemoralis and C. zizanioides species was significant difference (p-value < 0.05). 
The roots of C. nemoralis (from 0.3 to 2.57 mm) were significantly thicker than the C. 
zizanioides roots (from 0.52 to 2.2 mm) (p-value<0.05). However, Truong et al. (2008) 
obtained opposite findings from genetic perspectives. The growth and properties of 
root systems are controlled by not only genes but also growth conditions 
(McMichael and Quisenberry, 1993). Therefore, the inconsistency between our study 
and that of Truong et al. (2008) might be caused by the influence of growth 
conditions on root diameter. Indeed, the shortage of water and nutrient supply from 
the fifth week of planting could be the stress factor influencing the C. zizanioides 
roots, which were favourable to moist soil conditions; by contrast, arid soil is more 
suitable for the growth of C. nemoralis roots (Truong et al., 2008). In addition, fine 
roots (<2 mm) constituted most of the root systems of the C. nemoralis and C. 
zizanioides species, and they accounted for 90.1% and 98.4% of the total root 
number, respectively. The root diameter of the C. zizanioides species (0.52–2.2 mm) 
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was similar to those reported in the literature. For instance, Truong et al. (2008) and 
Mickovski and Van Beek (2009) reported that the root diameter of C. zizanioides 
species varies from 0.2 mm to 2.4 mm and from 0.2 to 2.2 mm, respectively. 
Consistent with previous results, this finding implied that the roots of C. zizanioides 
species could grow in their particular diameter range even under different climate 
conditions, such as the tropics  (Truong et al., 2008) and the Mediterranean 
(Mickovski and Van Beek, 2009). 
Table 4. 1. Summary of orientation (), diameter (d), RARS, and water content (w; 
mean ± standard error of the mean [SE]) of C. nemoralis and C. zizanioides species. 

Species C. nemoralis C. zizanioides 

Root orientation (°) 49.78±1.57 50.62±1.27 

Diameter (mm) 1.3±0.03 1.09±0.02 

RARS (%) 5.15±0.51 4.05±0.39 

Water content (mg/mg) 3.4±0.22 4.23±0.22 

In contrast to root diameter, no significant differences in the water content, RARS, and 
root orientation were found between the two species (p-value > 0.05). Indeed, the 
average water contents of the C. nemoralis and C. zizanioides species were 3.4 ± 
0.22 and 4.23 ± 0.22 mg/mg, respectively. The two tested species had mean RARS of 
5.15% ± 0.51% and 4.05% ± 0.39%, respectively. The average orientations were 
49.78o± 1.57o

 and 50.62 o
 ± 1.27 o, respectively. Particularly, RARS of the zizanioides 

species in this study (4.05% ± 0.39%) was about two times greater than that reported 
in Mahannopkul and Jotisankasa (2019b) (1.87% ± 0.22%). This observed difference in 
RARS could be explained by the effect of soil density on root growth. Indeed, the 
bulk density (1350 kg/m3) of clayey sand (Mahannopkul and Jotisankasa, 2019b)  
were higher than that of rice husk ash (650 kg/m3) tested in this study. Thus, the 
roots in our case were expected to experience less mechanical impedance to root 
growth (Houlbrooke et al., 1997). The information about RARS of the C. nemoralis 
species and the root orientation of the two species are unavailable in the literature 
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for comparison and discussion. Therefore, this study is the first to present the 
comprehensive data on root morphological traits of C. nemoralis and C. zizanioides 
species. 
The significant correlation between root orientation and root diameter were found in 
this study for both vetiver species (p-value<0.05). The linear relationship between 
them in the C. nemoralis and C. zizanioides roots is displayed in Eqs. 4.1 and 4.2, 
respectively.  

238.962* ;( 0.05; 0.85; 363)d p value R N = −  = =   (4.1) 
246.07* ;( 0.05; 0.89; 444)d p value R N = −  = =   (4.2) 

where   is root orientation (o), d is root diameter (mm).  This finding indicated that 
thicker roots tended to grow vertically (i.e., high values of orientation), whereas 
thinner roots grew horizontally. Indeed, the root system of the C. nemoralis and C. 
zizanioides species is classified as a fibrous root system, which mainly consists of 
primary and lateral roots (Truong and Loch, 2004). In general, primary roots are 
thicker, grow from stems, and penetrate downward to deep layers due to gravity. On 
the contrary, lateral roots are thinner, and they grow from primary roots and allow 
the radial expansion of lateral roots (Waidmann et al., 2020). Root orientation is also 
considered an important factor that influences root reinforcement (Gray and Leiser, 
1983; Thomas and Pollen-Bankhead, 2010). However, most existing root 
reinforcement models assume that roots are oriented either perpendicular to the 
shear plane (Wu et al., 1979) or parallel to the pull-out direction (Cohen et al., 2011; 
Pollen and Simon, 2005; Schwarz et al., 2010). Thus, the correlation between root 
orientation and diameter derived from this study provided new information to 
incorporate the effects of root orientation on the improvement of existing root 
reinforcement models more accurately in the future. 
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Fig 4. 1. Time variations in the root growth rate (cm d-1) C. nemoralis (blue line) and 
C. zizanioides species (red line) during the 11 weeks of planting. 
The growth rates of the roots of both species increased significantly over the planting 
period of 11 weeks (p-value< 0.05). The growth rates of the two species were 
significantly different (p-value< 0.05; Fig 4. 1). The C. zizanioides roots (10.63 ± 1.76 
cm d-1) grew faster than the C. nemoralis roots (9.09 ± 1.5 cm/d; p-value < 0.05). This 
finding might be attributed to the ability of the C. zianioides species to adapt to 
various growth conditions more quickly than the C. nemoralis species (Truong et al., 
2008). Moreover, the growth rates of the roots in this study were generally higher 
than those reported in the literature. For instance, the average growth rate of a C. 
nemoralis roots is 1 cm/d (Eab et al., 2015). The different growth rates could be 
attributed to the various measurement methods and growth conditions, such as 
media, density, and nutrient supply, among these existing studies. Indeed, in Eab et 
al. (2015), the growth rate of root was measured as the extension of the longest 
individual root per time of planting, which was different from the present study 
where the total root length was used to determine the root growth rate. In addition, 
Eab et al. (2015) planted C. nemoralis species under hydroponic conditions, quickly 
releasing nutrients for plant uptake (Likitlersuang et al., 2022); thus, the roots in their 
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case did not need to elongate to search for nutrients and were shorter than those 
planted in soil or rice-husk ash as in the present study. 

Fig 4. 2. Depth variations in the morphological properties of C. nemoralis (blue line) 
and C. zizanioides species (red line). (a) Root area ratio “side” (RARS; %), (b) root 
diameter (mm), and (c) root orientation (°). 
The depth variations in RARS, orientation, and diameter of the roots of the two 
species are shown in Fig 4. 2. No significant variations in these root morphological 
properties over a 1 m observation depth were detected between the two species (p-
value> 0.05). These findings were in agreement with those reported in the literature.  
For instance, Mahannopkul and Jotisankasa (2019b) used a minirhizotron to 
determine RARS in a field and revealed that RARS of C. zizanioides species does not 
significantly vary with depth in sandy soil. A similar trend for RARS was also observed 
in the case of rice-husk ash in our study.  
4.3. Biomechanical properties of C. nemoralis and C. zizanioides fresh roots 
The boxplots of the tensile strength (Tr), initial modulus (Ei) and secant modulus (Es) 
of C. nemoralis and C. zizanioides fresh roots are given in the Fig 4. 3. The average 
tensile strength was 47.49 ± 3.13 MPa (C. nemoralis roots; for a diameter of 0.35–1.14 
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mm) and 41.23 ± 2.75 MPa (C. zizanioides roots; for a diameter of 0.44–1 mm). The 
tensile strength of the two vetiver species was generally different from those 
reported in the literature. For instance, Mickovski and Van Beek (2009) and Wu et al. 
(2021) observed that the tensile strength of C. zizanioides roots varies from 2 to 17 
MPa and from 7.34 to 58.41 MPa at the corresponding diameter ranging from 0.3 to 
1.4 mm and from 0.16 to 1.57 mm, respectively, which were lower than those 

recorded in this study (13.28-84.18 MPa). By contrast, the tensile strength of the C. 
zizanioides roots reported by Mahannopkul and Jotisankasa (2019a) is 117 ± 2.13 
MPa, which was higher than that observed in this study. The variability of tensile 
strength could be explained by the difference in the measurement of root diameter, 
which is used to determine tensile strength (Wu et al., 2021). Indeed, the average 
diameter of the root segments was utilised to determine the tensile strength in 
previous studies (Mickovski and Van Beek, 2009; Wu et al., 2021), whereas the root 
diameter at the failure point was adopted in the present study. Furthermore, the 
average diameter was almost two times higher than that at the failure point of both 
vetiver species (p-value< 0.05). As a result, the strength increased with decreasing of 
diameter as described in Eqs. 4.3 and 4.4. In addition, root age is a factor that can 
influence tensile strength; in general, young roots are considered to be weaker than 
mature roots (Dumlao et al., 2015). For example, our C. zizanioides species (2 months 
old) was younger than that tested by Mahannopkul and Jotisankasa (2019a) (12 
months old), which resulted in the lower strength.  
There was no significant difference in term of tensile strength between C. nemoralis 
and C. zizanioides species (p-value>0.05). Indeed, the variation in the strength of the 
C. nemoralis roots (14.2–89.75 MPa) was comparable with that of the C. zizanioides 
roots (13.28–84.18 MPa). This finding implied that the mechanical contribution of the 
C. nemoralis species to soil reinforcement was comparable with that of the C. 
zizanioides species. Therefore, selecting species for slope stabilisation would depend 
on the geographical location of the concerned slopes. For instance, C. nemoralis 
species might be a better option than C. zizanioides species in mountainous areas 
where the former could be more adaptive to survive and grow. 
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(a) 

(b) 

(c) 
Fig 4. 3. Boxplot of (a) tensile strength, (b) secant modulus and (c) initial modulus of 
C. nemoralis and C. zizanioides species 
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Table 4. 2. Summary of tensile strength (Tr), initial modulus (Ei), secant modulus (Es) 
and breakage strain (r; mean ± standard error of the mean [SE]) of C. nemoralis 
and C. zizanioides species. 

Species C. nemoralis C. zizanioides 

Tensile strength (MPa) 47.49±3.13 41.23±2.75 

Initial modulus (MPa) 1056.45±77.36 770.26±41.65 

Secant modulus (MPa) 257.66±20.72 189.25±11.89 

Breakage strain (mm/mm) 0.2±0.009 0.22±0.004 

 
Unlike tensile strength, initial and secant modulus significantly differed between the 
two species (p-value < 0.05). Indeed, the average initial and secant modulus of the C. 
nemoralis species (1056.45 ± 77.36 MPa and 257.66±20.72 MPa) were higher than 
that of the C. zizanioides species (770.26 ± 41.65 MPa and 189.25±11.89 MPa), 
respectively. Thus, the stress in the C. nemoralis roots could be mobilised to a 
greater degree than that in the C. zizanioides roots by the same amount of strain, 
and the C. nemoralis roots might be broken at the smaller strain than that of C. 
zizanioides roots. Indeed, the breakage strain of C. nemoralis (0.2±0.009 mm/mm) 
was significantly smaller than that of C. zizanioides roots (0.22±0.004 mm/mm) 
(Table 4. 2; p-value<0.05). It also means that the soil reinforced by C. nemoralis 
roots might reach the peak strength at a smaller displacement during shearing. 
Indeed, the C. nemoralis roots provided more shear resistance to soil than the C. 
zizanioides roots over 10 mm displacement under the normal stresses of 21.1 and 
40.8 kPa (Fig 4. 5). So far, most studies have measured the tensile strength of vetiver 
roots. However, the importance of root modulus and breakage strain, which measure 
the stiffness and brittleness of roots, respectively, has been recently considered in 
understanding root-soil interaction and the pre-failure mechanism of the vegetated 
slope (Wu et al., 2021). Thus, the future studies should pay more attention to 
modulus and breakage strain of roots along with the tensile strength. 
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4.4. The correlations between root diameter and root biomechanical 
properties  

This study highlighted the significant correlations of diameter-tensile strength, 
diameter-secant modulus and diameter-initial modulus, which followed the negative 
power law for both C. nemoralis and C. zizanioides roots (p-value<0.05) as follow: 

1.129 226.1 ;( 0.05; 0.56; 37)r fT d p value R N−=  −  = =  (4.3) 
1.577 220.09 ;( 0.05; 0.55; 40)r fT d p value R N−=  −  = =  (4.4) 

1.121 2581.81 ;( 0.05; 0.6; 37)i fE d p value R N−=  −  = =  (4.5) 
1.212 2447.95 ;( 0.05; 0.51; 40)i fE d p value R N−=  −  = =  (4.6) 
1.21 2133.41 ;( 0.05; 0.6; 37)s fE d p value R N−=  −  = =  (4.7) 

1.54 294.59 ;( 0.05; 0.61; 40)s fE d p value R N−=  −  = =       (4.8)  
These correlations of two vetiver species are shown in the Fig 4. 4. This trend has 
been widely used to describe the correlation between the tensile strength and 
diameter of roots of several vegetation species (Bischetti et al., 2005; Tosi, 2007). The 
negative correlation identified that the thinner roots are stronger and stiffer. The 
negative correlation identified in this study was consistent with previous findings on 
C. zizanioides species (e.g., in (Mickovski and Van Beek, 2009); Wu et al. (2021) for 
strength-diameter and Mahannopkul and Jotisankasa (2019a) for modulus-diameter 
correlation). The negative correlation could be contributed to the cellulose and 
lignin content (Genet et al., 2005; Zhang et al., 2014); root moisture (Boldrin et al., 
2018), and root anatomy (Chimungu et al., 2015). Also, this trend could be explained 
by the influence of the root water content on the tensile strength and modulus of 
herbaceous species (Mahannopkul and Jotisankasa, 2019a; Wu et al., 2021). Indeed, 
the root water content  
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(a) 

(b) 

(c) 

Fig 4. 4. Correlations between diameter and (a) tensile strength, (b) secant modulus 
and (c) initial modulus of C. nemoralis and C. zizanioides species 
(w) of C. nemoralis and C. zizanioides species was positively correlated with strength, 
initial and secant modulus as follows: 
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20.02 2.28;( 0.05, 0.11, 37)rw T p value R N=  + −  = =  (4.9) 
20.03 3.03;( 0.05, 0.13, 40)rw T p value R N=  + −  = =  (4.10) 

20.001 1.92;( 0.05, 0.24, 37)iw E p value R N=  + −  = =  (4.11) 
20.002 2.87;( 0.05, 0.11, 40)iw E p value R N=  + −  = =  (4.12) 
20.004 2.32;( 0.05, 0.15, 37)sw E p value R N=  + −  = =  (4.13) 
20.007 2.84;( 0.05, 0.15, 40)sw E p value R N=  + −  = =  (4.14). 

In addition, negative correlation between water content and diameter of C. 
nemoralis and C. zizanioides root were found as presented in Eqs. 4.15 and 4.16, 
respectively. 

23.46 5.7;( 0.05, 0.23, 37)fw d p value R N= −  + −  = =  (4.15) 
25.43 7.94;( 0.05, 0.29, 40)fw d p value R N= −  + −  = =  (4.16) 

These observations explained why the strength increased as the diameter decreased. 
Furthermore, the tensile strength of the C. nemoralis and C. zizanioides species was 
significantly correlated with the corresponding initial modulus (p-value<0.05, R2 up to 
94% and 92%, respectively). The linear relationship between strength and modulus 
of C. nemoralis and C. zizanioides species are presented in Eqs. 4.17 and 4.18: 

221.92 ;( 0.05, 0.94, 37)i rE T p value R N=  −  = =  (4.17) 
217.42 ;( 0.05, 0.92, 40)i rE T p value R N=  −  = =   (4.18) 

This observation agreed with that reported by Boldrin et al. (2017). The tensile 
strength of roots is considered the fundamental parameter in most existing root 
reinforcement models (Pollen and Simon, 2005; Wu et al., 1979). In addition, 
influence of root modulus on root-soil mechanical activation and their shear strength 
at different strains was highlighted by Boldrin et al. (2017) and Mickovski and Van 
Beek (2009). Thus, modulus (i.e., both initial and secant) of roots has been 
considered in some root reinforcement models to estimate the mechanical 
contribution of root systems on soil stability (Cohen et al., 2011; Schwarz et al., 2010; 
Schwarz et al., 2013). However, data on the correlation between modulus and 
diameter are lacking in terms of any meaningful comparison and discussion. 
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4.5. Root mechanical reinforcement – the contribution of roots to soil 
strength 

Fig 4. 5Fig 4. 5 shows the shear stress-shear displacement curves for fallow soil and 
soil reinforced by the C. nemoralis and C. zizanioides fresh roots at three confining 
pressure levels of 11.3, 21.1, and 40.8 kPa. As expected, the presence of C. nemoralis 
and C. zizanioides fresh roots (D-0) increased the shear strength of the soil under any 
confining pressure. However, at the confining pressure levels of 21.1 and 40.8 kPa, 
the C. nemoralis roots provided more shear resistance to soil than that of the C. 
zizanioides roots over 10 mm displacement (p-value < 0.05). The shear behaviour of 
the rooted soil could be affected by tensile strength and root diameter distribution 
(Pollen and Simon, 2005; Schwarz et al., 2013). However, this study revealed that the 
tensile strength had no significant differences between the C. nemoralis and C. 
zizanioides species (refers to section 4.3; p-value > 0.05). In addition, Fig 4. 6 shows 
that the soil reinforced by the C. zizanioides species (i.e., subjected 21.1 and 40.8 
kPa) mainly consisted of small roots (i.e., <1 mm in diameter; i.e., more than 71%). 
Conversely, thicker roots (i.e., >1 mm in diameter) were mainly found in the soil 
reinforced by the C. nemoralis species (i.e., more than 50%). In addition, thinner roots 
require less force to break than thicker roots, potentially causing a progressive failure 
mechanism (Pollen and Simon, 2005). In addition, there was the significant difference 
in term of the root number, dry root biomass per soil volume (r) (Table 4. 3; p-
value<0.05). Indeed, the average root number, and r of the C. nemoralis roots (34 ± 
1.73, and 0.86 ± 0.03 kg m-3, respectively) were much higher than those of the C. 
zizanioides roots (24.33 ± 0.33, and 0.71 ± 0.003 kg m-3, respectively; p-value < 0.05). 
These parameters represent the amount of root in the soil specimens. Therefore, the 
difference in the root diameter distribution and the amount of root between the two 
species may explain the variation in the effects of shear behaviour and soil 
reinforcement. 
Both fallow and reinforced soils exhibited a strain-hardening behaviour at three 
different confining pressure levels. Under small (i.e., 11.3 kPa and moderate (i.e., 21.1 
kPa)) confinements, the fallow soil reached the peak stress (i.e., plateau) at a smaller 
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displacement than the soils reinforced by the two species. Moreover, under these 
stress regimes, the initial stiffness of the reinforced soil cases was greater than that of 
the fallow case, meaning a quicker mobilisation of shear strength at smaller shear 
displacement. This phenomenon however vanished at the high confinement (40.8 
kPa). After 10 mm displacement was achieved by shearing, the shear stress of the 
fallow and rooted soils increased continuously at any stress level and did not reach 
a maximum value. Therefore, the shear stresses at 10 mm displacement were used 
to evaluate the shear strength properties of the bare and root-reinforced soils.  Fig 4. 
7 relates the ultimate shear stress with the corresponding confining pressure of both 
the fallow and reinforced soils, forming the Mohr-Coulomb failure envelopes. The 
roots of either C. nemoralis or C. zizanioides greatly affected the cohesion of the soil. 
The presence of the fresh roots of C. nemoralis and C. zizanioides increased the 
cohesion by 4.9 kPa and 4.4 kPa (i.e., known as root cohesion; Cr). The root 
reinforcement of C. nemoralis species obtained in the present study (4.9 kPa) was 
lower than that reported by Eab et al. (2015) (6.8 kPa). In contrast, the C. zizanioides 
roots in this study provided more reinforcement (4.4 kPa) to soil than those in the 
study of Teerawattanasuk et al. (2014) (3.58 kPa) and Mickovski and Van Beek (2009) 
(2.7 kPa). These differences could be partially explained by the variations in soil 
conditions and root age among these studies and could cause the biomechanical 
properties and reinforcement of roots to vary (Mickovski and Van Beek, 2009). Indeed, 
the tensile strengths of the C. zizanioides species planted in weathered clay 
(Teerawattanasuk et al. (2014); 4.31–57.93 MPa) and in clayey soil (Mickovski and Van 
Beek (2009); 2–17 MPa) were smaller than that planted in rice husk ash in the 
present study (13.28–84.18 MPa). In addition, Dumlao et al. (2015) revealed that the 
root age significantly influences root strength (i.e., young roots are weaker than 
mature ones). Therefore, the examined C. nemoralis roots in our study (13 weeks 
old) were weaker than those in the study of Eab et al. (2015) (16 weeks old). 
By contrast, the presence of roots of two vetiver species introduced only a minimal 
change in the peak friction angle. Indeed, the peak friction angle was increased 
marginally by 3.8o and 2.5o (by 14.4% and 9.5% compared to fallow soil). These 
values agreed with those reported in other studies. For instance, Maffra et al. (2019) 
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reported that the friction angle of clayey soil increased by 14.4% in the presence of 
Atlantic Forest native species. Ali and Osman (2008) found that the friction angle 
does not significantly change because of the presence of vegetation roots. The 
effects of roots on friction angle greatly depend on the relative direction between 
the major principal stress in soil and the predominant direction of root orientation; in 
principle, friction angle would be significantly affected if root segments were aligned 
with the direction of the major principal stress (Karimzadeh et al., 2021). In the case 
of direct shearing, root segments were likely to be oriented almost perpendicularly 
to the shear plane, which might not be a favourable orientation to fully mobilise the 
root tensile properties of resistance. Therefore, no significant change in root friction 
angle was found in the case of direct shearing as in this study. By contrast, 
Karimzadeh et al. (2021) showed that the friction angle of sand reinforced by vetiver 
grass significantly increases when a sample is subject to a triaxial extension loading; 
the direction of the major principal stress is perpendicular to the predominant 
direction of the vetiver roots. Thus, most of the mechanical strength of roots to resist 
soil shearing is mobilised. 
Table 4. 3. Summary of the root volume ratio (RVR), root biomass per soil volume 
(r), and root number of the direct shear specimens. 

Normal 
stress 
(kPa) 

Depth 
(cm) 

C. nemoralis C. zizanioides 
 

RVR 
(%) 

r  
(kg/m3) 

Root number 
RVR 
(%) 

r  
(kg/m3) 

Root number  

11.3 55 0.9 0.85 34 0.31 0.71 25  

21.1 65 0.66 0.92 37 0.25 0.7 24  

40.8 75 0.69 0.8 31 0.21 0.71 24  
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Fig 4. 5. Shear behaviour from direct shear tests on fallow soil (dash-dotted line) 
and soil reinforced with C. nemoralis (solid line) and C. zizanioides (dotted line) 
species under three normal stress levels: 11.3 kPa (Blue), 21.1 kPa (Red), and 40.8 
kPa (Rlack). 
Fig 4. 8 depicts the corresponding vertical displacement-horizontal displacement 
curves. As expected, following the strain-hardening behaviour, both the fallow and 
reinforced soils under all treatments displayed a volumetric contractive behaviour, as 
indicated by the soil settlement. Importantly, the presence of either C. nemoralis or 
C. zizanioides fresh roots (D-0) made the soil volumetrically more dilative (or less 
contractive), indicated by the increase of the maximum dilatancy in all cases. For 
instance, the maximum dilatancy of soil reinforced by C. nemoralis and C. 
zizanioides roots were -0.16 mm/mm and -0.32 mm/mm, which are higher than that 
of fallow soil (-0.67 mm/mm) in case of 40.8 kPa confining regime. This phenomenon 
could be explained by the occupation of growing roots in soil pore space, which 
makes the soil become denser. The similar hypothesis can be found in case of fibres 
(Diambra et al., 2010; Wood et al., 2016). The root-induced change in dilatancy was 
found for various species as woody species (e.g., Yildiz et al. (2018) and vetiver 
species (e.g., Mahannopkul and Jotisankasa (2019a) and Karimzadeh et al. (2021)). It is 
noted that the influence of roots on soil maximum dilatancy could be governed by 
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various factors including saturation degree (Mahannopkul and Jotisankasa, 2019a), 
root biomass (Yildiz et al., 2018) and the confining pressure (Karimzadeh et al., 2021).  

Fig 4. 6. Root diameter distribution of (a) C. nemoralis and (b) C. zizanioides species 
presented in shearing specimens. 
Its noteworthy that the presence of the roots of both vetiver species caused an 
increase in soil shear strength even at a small shear displacement of 10 mm. The 
contribution of the C. nemoralis species to soil shear strength was comparable with 
that of the C. zizanioides species (only 0.5 kPa and 1.27o) different between C. 
nemoralis and C. zizanioides species in terms of cohesion and friction angle, 
respectively). The C. nemoralis roots were shorter than the C. zizanioides roots, 
which have been widely used for slope stabilisation (Truong et al., 2008). However, 
the root systems of the C. nemoralis and C. zizanioides species were investigated up 
to 1 m depth in the present study. Therefore, we suggested the potential use of an 
alternative C. nemoralis species for shallow slope stabilisation and soil erosion 
control. 
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Fig 4. 7. Derived Mohr–Coulomb failure envelope for the fallow soil (dark dash-
dotted line) and the soils reinforced by C. nemoralis (blue solid line) and C. 
zizanioides (red solid line) species. The number indicates the root biomass per soil 
volume in the tested sample (r; kg/m 3). 

Fig 4. 8. Vertical displacement-horizontal displacement curves of fallow soil (dash-
dotted line) and soil reinforced with C. nemoralis (solid line) and C. zizanioides 
(dotted line) species under three normal stress levels: 11.3 kPa (Blue), 21.1 kPa 
(Red), and 40.8 kPa (Black). 
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4.6. Concluding remarks 
The series of laboratory experiments were conducted to investigate the 
biomechanical properties (tensile strength and initial and secant modulus of roots, 
and breakage strain), morphological traits (RARS, diameter, and root orientation), and 
root mechanical reinforcement of two contrasting vetiver species, namely, C. 
nemoralis and C. zizanioides species. The following conclusions could be drawn: 
 The comprehensive datasets of the biomechanical properties (tensile strength and 
initial and secant modulus of roots, and breakage strain), morphological traits (RARS, 
root diameter, and root orientation), and mechanical reinforcement of the roots of C. 
nemoralis and C. zizanioides are presented. The root properties of the two vetiver 
species (i.e., tensile strength–diameter, initial modulus–diameter, secant modulus-
diameter, tensile strength–Young’s modulus, and root orientation–diameter) have 
significant correlations (p<0.05). This study is the first to use a rhizobox for observing 
root morphological traits and to identify a correlation between root orientation and 
diameter. This finding provides new insights into root orientation, which is an 
important yet often overlooked parameter in the evaluation of existing root 
reinforcement models.  
Under the same growth conditions, the presence of roots, either from C. nemoralis 
or C. zizanioides species, greatly enhances the soil shear strength in terms of 
cohesion, but the increase in cohesion between the two species is similar. The 
friction angle obtained from the soil reinforced by either the C. nemoralis or C. 
zizanioides roots has no significant difference. Thus, it is suggested that the C. 
nemoralis species shares similar soil reinforcement effects to the C. zizanioides 
species, which has been widely used in soil bioengineering practice. Furthermore, this 
study is expected to be a milestone for promoting vetiver species (i.e., especially C. 
nemoralis species) for soil bioengineering in Southeast Asian countries, which are 
greatly impacted by global climate change. 
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Chapter 5: The influence of root decomposition on root 
biomechanical properties and mechanical reinforcement 
5.1. Introduction 
Using uniaxial tensile test and direct shear test, this study investigated the influence 
of root decomposition due to herbicide application on root biomechanical properties 
and root reinforcement provided by C. nemoralis and C. zizanioides species. In this 
chapter, the evolution of root biomechanical properties, including tensile strength, 
breakage strain, secant and initial modulus of two vetiver species with increasing 
duration of decomposition (i.e., at 7, 28, 56 and 112 days after herbicide application) 
are presented. Also, the variations of root reinforcement in terms of root cohesion 
and maximum dilatancy due to root decomposition are presented and discussed. 
5.2. Biomechanical properties of decomposing roots of C. nemoralis and C. 

zizanioides species 
The mean ± standard error (SE) of mean of the tensile strength, Young’s modulus, 
secant modulus and breakage strain of different decomposition duration of the two 
species are summarised in Table 5. 1. The root decomposition has significant effects 
on the root biomechanical properties (i.e., tensile strength, secant modulus and 
breakage strain) of both C. nemoralis and C. zizanioides (p-value < 0.05), especially in 
the later stage (i.e., after 56 days since herbicide application) of the root 
decomposition. After 28 days of root decomposition, there were no significant 
changes in the tensile strength, secant modulus and breakage strain of the two 
species (p-value>0.05). Significant decline of tensile strength and breakage strain was 
found after 56 days of root decomposition (p-value<0.05). Meanwhile, the secant 
modulus of both species highlighted a significant difference after 112 days since 
herbicide application.  
Particularly, as shown in Fig 5. 1, there was an evident exponential reduction of 
strength during 112 days of root decomposition. At the end of the tests, only 40.0% 
and 51.9% of the initial root tensile strength of the fresh roots of C. nemoralis and C. 
zizanioides (D-0) were left (Fig 5. 1), respectively.  
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Table 5. 1. Summary of tensile strength (Tr), initial modulus (Ei), secant modulus (Er), 
and breakage strain (r) (mean ± standard error of mean (SEM)) of the C. nemoralis 
and C. zizanioides. 
Species Treatment Tr (MPa) Ei (MPa) Es (MPa) r (mm/mm) 

C. nemoralis 

D-0 47.49±3.13a 1056.45±77.36a 257.66±20.72a 0.2±0.009d 

D-7 45.37±3.07a 1176.73±59.42a 248.09±19.16ab 0.19±0.007de 

D-28 42.71±3.72a 1027.46±91.06a 234.42±25.26ac 0.2±0.01cde 

D-56 25.23±3.49b 1030.09±86.82a 186.77±22.93ae 0.14±0.009g 

D-112 19.01±2.34b 1068.41±77.66a 151.09±16.29e 0.13±0.008g 

C. zizanioides 

D-0 41.23±2.75a 770.26±41.65b 189.25±11.89d 0.22±0.004ab 

D-7 41.02±2.17a 698.26±49.29b 185.88±12.09d 0.23±0.006a 

D-28 32.76±2.44ab 817.13±78.1b 174.46±18.07d 0.21±0.01abc 

D-56 25.68±2.43bc 757.76±79.31b 138.13±12.53df 0.19±0.01bcf 

D-112 21.4±1.89c 820.44±75.06b 122.37±11.09f 0.18±0.006cf 

The rate of strength reduction of C. zizanioides roots (i.e., reduced by 37.7% after 56 
days since herbicide application) was similar to that of the roots of another 
herbaceous species, C. dactylon, reported by Kamchoom et al. (2021), who also 
applied the same herbicide agent and the same concentration to introduce root 
decomposition and observed a strength reduction of 40% after 60 days since 
herbicide application. However, the rate of strength drop for herbaceous species, in 
general, was faster than other woody species reported in the literature. 
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(a) 

(b) 
Fig 5. 1. The remained percentage of tensile strength, secant modulus, breakage 
strain, root diameter, unit root biomass per soil volume and root reinforcement of 
the (a) C. nemoralis and (b) C. zizanioides species with elapsed time since herbicide 
application.  
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For examples, O’loughlin and Watson (1979) and Preti (2013) reported that the 
tensile strength of the roots of Pinus radiata and Fagus sylvatica L. species lost 50% 
of its initial value after 20 months and 4.5 years after stem cutting, respectively. More 
recently, Zhu et al. (2019) reported that the mean tensile strength of Symplocos 
setchuensis reduced only 17.9% of their original strength after 12 months since stem 
cutting. The observed differences among the literature and the present study can be 
partially explained by the difference in the diameter of fibrous and woody roots. For 
example, the diameter of the fibrous roots we tested was less than 2 mm, which was 
at the low end of the range of woody roots reported in the literature (e.g., varying 
widely from 1 to 10 mm in Preti (2013), Vergani et al. (2014) and Zhu et al. (2019). 
Given a higher ratio of surface area per volume contacted to detritivores and 
bacteria, which cause of organic matter decomposition, thinner roots are more prone 
to decomposition (Silver and Miya, 2001). The mortality cause is also a possible 
reason that attributes to the difference in the decline rate of root strength between 
the present and past studies (Vergani et al., 2017). While the cause of root mortality 
in our study was by herbicide application, root decomposition in most of the 
literature on woody species was introduced by timber harvesting or wildfires. In 
addition, Kamchoom et al. (2021) demonstrated that the tensile strength of 
decomposed roots due to herbicide application declined at a rate that was faster 
than those of roots decomposed by burning. 
By contrast, the Young’s modulus of the two tested species has no significant 
difference over the entire root decomposition periods (i.e., 112 days; Table 5. 1; p-
value>0.05). Similar findings were reported by O’loughlin and Watson (1979), Watson 
et al. (1999) and Ammann et al. (2009) for decomposing roots of Pinus radiata and 
Picea abies species due to stem cutting and felling, respectively. We note that the 
estimation of Young’s modulus could be subjective because of the difficulties to 
objectively identify a linear portion of a tensile stress-strain curve which is often 
curved at small strains (Boldrin et al., 2018; Kamchoom et al., 2021; Wu et al., 2021). 
However, at large tensile strain (e.g., at the breakage strain), significant reduction of 
root secant modulus (Es) due to root decomposition was found (Table 5. 1 and Fig 5. 
1; p-value<0.05), as expected following the reduction of both root strength and 
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breakage strain (Eq. 3.3). Indeed, after 112 days since herbicide application, when 
compared with the control (i.e., D-0), the mean secant modulus reduced by 41.4% 
(for C. nemoralis species) and by 35.3% (for C. zizaniodes species), respectively. The 
root secant modulus has been recognised as an indispensable input parameter 
(compared with Young’s modulus) for limited root reinforcement models available in 
the literature (e.g., Schwarz et al. (2013). The fact that both the root strength and 
secant modulus reduced with decomposition duration implied drops of soil 
reinforcement and slope stability. Despite the important role of root modulus, the 
corresponding data (both initial and secant modulus) are scarce, compared with the 
root strength. More investigation on the changes in root modulus (in addition to root 
strength) upon decomposition are needed to inform the formulation of root 
reinforcement models and then to improve the predictability of soil stability. 
We also found a significant decline of breakage strain due to the root decomposition 
(p-value<0.05; Table 5. 1). After 112 days of root decomposition (D-112), the root 
breakage strain of C. nemoralis and C. zizanioides dropped by 35% and 18.2% of 
their original value obtained at the fresh state (D-0), respectively (Fig 5. 1). The 
decline of root breakage strain (or increased brittleness) was also reported for S. 
setchuensis  (Zhu et al., 2019), again explained by the change of both the cellulose 
and lignin contents. Recently, the root breakage strain, which indicates the root 
brittleness, is recognised to play an important role in pre-failure kinematics and 
mobility of vegetated soils (Wu et al., 2021). The greater the root brittleness, the 
smaller the tensile strain required to fully mobilise the root tensile strength and also 
the smaller shear strain needed to fully mobilise the shear strength of root-
reinforced soils, especially at low confinements. 
5.3. The influence of root decomposition on diameter-strength and 

diameter-modulus correlations of C. nemoralis and C. zizanioides 
species 

Similar to the fresh root (D-0), both root tensile strength and secant modulus of 
decomposing roots of the two species significantly decreased with root diameter at 
failure (df) (p-value<0.05) (Fig 5. 2 and Fig 5. 3). Negative power correlations were 
identified, expressed by Eqs. 5.1 and 5.2: 
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  *r fT a d =  (5.1) 

  *r fE b d =   
 (5.2) 
where a and b are the scale factor;  and  are the shape factor of the power law.  

(a) 

(b) 
Fig 5. 2. The correlations between tensile strength (Tr) – diameter (df) of (a) C. 
nemoralis and (b) C. zizanioides subjected to different durations of root 
decomposition. The equation and R2 of each fitting are summarised in Table 5. 2. 
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(a) 

(b) 
Fig 5. 3. The correlations between secant modulus (Es) – diameter (df) of (a) C. 
nemoralis and (b) C. zizanioides subjected to different durations of root 
decomposition. The equation and R2 of each fitting are summarised in Table 5. 3. 
These factors of each decomposition duration are summarized in Table 5. 2 and 
Table 5. 3 for the tensile strength and secant modulus, respectively. These 
correlations have been commonly proposed for vetiver species (Wu et al., 2021). As 
mentioned in the section 4.4, this negative correlation between root biomechanical 
properties (i.e., tensile strength and secant modulus) and root diameter could be 
explained by root anatomy (Chimungu et al., 2015), cellulose and lignin content 
(Genet et al., 2005; Zhang et al., 2014) and root moisture (Wu et al., 2021). Careful 
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inspections of the fitted curves and the fitting parameters suggest that the root 
decomposition did not substantially affect the shape the correlations in both cases. 
Indeed, the shape factors ( and ), as summarised in Table 5. 2 and Table 5. 3 have 
minimal variability, compared with the scale factors (a, b) which showed consistent 
reduction with the decomposition duration. This means that the root decomposition 
caused a downward shift of the correlation. This finding suggests that the root 
decomposition did not substantially affect the diameter dependency of the two 
biomechanical properties. 
Table 5. 2. Summary of the fitting parameters (a and ), R2 value and p-value of 

the power correlation (Tr = a*df
) between tensile strength (Tr) and root diameter 

(df) of the C. nemoralis and C. zizanioides. 

Species Treatment n a  R2 p-value 

C. nemoralis 

D-0 37 26.1 -1.129 0.56 <0.05 

D-7 33 29.86 -0.909 0.74 <0.05 

D-28 31 25.98 -0.985 0.86 <0.05 

D-56 30 14.88 -1.203 0.42 <0.05 

D-112 25 15.15 -0.7 0.39 <0.05 

C. zizanioides 

D-0 40 20.09 -1.577 0.55 <0.05 

D-7 34 21.46 -1.381 0.76 <0.05 

D-28 32 18.63 -1.261 0.8 <0.05 

D-56 27 12.73 -1.567 0.65 <0.05 

D-112 27 7.83 -1.815 0.75 <0.05 
 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

55 

Table 5. 3. Summary of the fitting parameters (b and ), R2 value and p-value of the 
power correlation (Es = b*df

) between secant modulus (Es) and root diameter (df) of 
the C. nemoralis and the C. zizanioides. 
 

Species Treatment n b  R2 p-value 

C. nemoralis 

D-0 37 133.41 -1.21 0.6 <0.05 

D-7 33 152.82 -0.98 0.69 <0.05 

D-28 31 134.37 -1.04 0.72 <0.05 

D-56 30 100.1 -1.25 0.69 <0.05 

D-112 25 109.6 -0.75 0.56 <0.05 

C. zizanioides 

D-0 40 94.59 -1.54 0.61 <0.05 

D-7 34 83.7 -1.66 0.75 <0.05 

D-28 32 71.86 -1.82 0.78 <0.05 

D-56 27 72.55 -1.44 0.6 <0.05 

D-112 27 42.56 -1.86 0.76 <0.05 

 
5.4. Deterioration of mechanical reinforcement of decomposing roots of C. 

nemoralis and C. zizanioides species 
Following root decomposition (D-7, D-28, D-56 and D-112), the shape of the stress-
displacement curves remained similar in each case, displaying a similar strain-
hardening behaviour to the fallow case without approaching any plateau (Fig 5. 4). 
However, this study highlighted the significant influence of root decomposition due 
to herbicide application on the shearing behaviour of root-reinforced soils (p-
value<0.05;). Indeed, there was an evident downward shift of the entire curves, 
resulting in a drop of the shear stress at any displacement. The same phenomena 
occurred for all confinements and both species. The initial stiffness of soil reinforced 
by decomposing roots also dropped, especially under small and moderate 
confinements. Despite of the strength drop, after 112 days of root decomposition, 
the ultimate shear stress (at 10 mm displacement) of soils reinforced by 
decomposing roots remained higher than that of the fallow case.  
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(a) (d) 

(b) (e)    

(c) (f)      

Fig 5. 4. Shear stress-displacement curves of fallow soil and soil reinforced by roots 
of C. nemoralis and C. zizanioides subjected to different durations of root 
decomposition under confining stress of (a) and (d) 11.3 kPa, (b) and (e) 21.1 kPa, (c) 
and (f) 40.8 kPa. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

57 

 

(a) 

(b) 
Fig 5. 5. Derived Mohr-Coulomb failure envelopes for the fallow soil and the soils 
reinforced by the roots of (a) C. nemoralis and (b) C. zizanioides 
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(a) 

(b) 

(c) 
Fig 5. 6. Correlations between root cohesion and (a) root tensile strength, (b) secant 
modulus, (c) unit root biomass per soil volume of C. nemoralis and C. zizanioides 
species. 
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(a) (d) 

(b) (e) 

(c) (f) 
Fig 5. 7. Vertical displacement-horizontal displacement curves of fallow soil and soil 
reinforced by roots of C. nemoralis and C. zizanioides subjected to different 
durations of root decomposition under confining stress of (a) and (d) 11.3 kPa, (b) 
and (e) 21.1 kPa, (c) and (f) 40.8 kPa. 
Relying on the Mohr-Coulomb failure envelopes as shown in Fig 5. 5, the main 
influence was found in the reduction of root cohesion of both C. nemoralis and C. 
zizanioide species. The Cr of both species significantly reduced (comparing to D-0) 
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after 112 days since herbicide application (p-value<0.05) (Fig 5. 1 and Table 5. 4). 
Indeed, the root decomposition reduced the Cr of the soils reinforced by C. 
nemoralis and C. zizanioides substantially by 77.6% (i.e., from 4.9 kPa to 1.1 kPa) and 
75% (i.e., from 4.4 kPa to 1.1 kPa), respectively, after 112 days of decomposition. As 
highlighted by several studies (e.g., Ziemer (1981), Vergani et al. (2016) and Zhu et al. 
(2019)), the decline in Cr could be attributed to the reduction in root tensile 
strength, modulus, root biomass upon root decomposition. Indeed, based on the 
correlation given in Fig 5. 6, the reduction of Cr of C. nemoralis and C. zizanioides 
could be explained by the reduction of tensile strength (96% and 93%), secant 
modulus (93% and 89%) and, unit root biomass per soil volume (94% and 93%).  It 
can be seen that the rate of the decline of root cohesion for the case of C. 
nemoralis was faster than that of C. zizanioides (Fig 5. 1). Again, this could be 
explained by the biomechanical properties of C. nemoralis species reduced at a rate 
that was faster than those of C. zizanioides species due to the root decomposition. 
Indeed, after 112 days, when compared with the control (i.e., D-0), the mean tensile 
strength, secant modulus and breakage strain reduced by 60%, 41.4% and 35% (for 
C. nemoralis species) and by 48.1%, 35.3% and, 18.2% (for C. zizaniodes species), 
respectively. The root reinforcement of two vetiver species reduced following the 
negative exponential function with time (Fig 5. 8). This trend was mostly proposed to 
predict the reduction of root strength/force in the literature (O’loughlin and Watson, 
1979; Vergani et al., 2016). In addition, at the end of the root decomposition (i.e., 112 
days), a minimum Cr (1.1 kPa) was found for both species, but it was slightly above 
the value for the fallow soil. It means that the protective function to vegetated slope 
of two vetiver species is still remained after 112 days since herbicide application. 
Therefore, the residual root reinforcement should be used for designing the 
vegetated slope to eliminate the effect of root decomposition.  The reduction rates 
of Cr following root decomposition of the C. nemoralis and C. zizanioides species in 
our study (0.034 kPa/day and 0.03 kPa/day)) were greater than those of S. 
setchuensis reported in Zhu et al. (2019) (0.017 kPa/day). The difference in the 
reduction rate could be explained by the differences in root biomechanical 
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properties (i.e., tensile strength, secant modulus) between herbaceous (this study) 
and woody species (Zhu et al., 2019).  
By contrast, root decomposition introduced minimal changes in the peak friction 
angle for the entire period of root decomposition (i.e., < 4.6o; Table 5. 4 and Fig 5. 5). 
Indeed, the roots in the direct shear box were predominantly orientated vertically 
and thus largely perpendicularly to the shear plane applied. Following the stress 
path of direct shearing, the roots in this case however were not in the most optimal 
orientation to mobilise the roots’ tensile properties and the interface friction 
(Karimzadeh et al., 2021). The major mechanism of root reinforcement, in this case, is 
through apparent soil bonding (i.e., via Cr) due to the root tangling of the soil 
particles. 
Table 5. 4. Summary of the results of the direct shear test for the fallow soil and 
soils reinforced by the C. nemoralis and the C. zizanioides. 
 

Treatments 
Soil strength parameters 
c (kPa)  (o) 

Bare soil 0.3 26 

Soil reinforced by  
C. nemoralis 

D-0 5.2 29.8 
D-7 5 26.6 
D-28 3.8 24.6 

D-56 1.7 27.3 
D-112 1.4 26.4 

Soil reinforced by  
C. zizanioides 

D-0 4.7 28.5 
D-7 3.8 29.2 

D-28 3 30 
D-56 2.3 30.6 

D-112 1.4 26.4 
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Fig 5. 8. Variation of root reinforcement during the decomposition 
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(a) 

(b) 

(c) 
Fig 5. 9. Variation of maximum dilatancy of fallow soil and soil reinforced by C. 
nemoralis and C. zizanioides species subjected to different durations of root 
decomposition under confining stress of (a) and (d) 11.3 kPa, (b) and (e) 21.1 kPa, (c) 
and (f) 40.8 kPa 
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Comparing vertical displacement-horizontal displacement curves, we found that soil 
reinforced by decomposed roots became more contractive with increasing duration 
of root decomposition (Fig 5. 7). Indeed, consistently, the maximum dilatancy of soil 
reinforced by decomposed root reduced with time of decomposition (Fig 5. 9). For 
instance, when compared to the control treatment (D-0) under confining pressure of 
40.8 kPa, the maximum dilatancy of soil reinforced by C. nemoralis and C. 
zizanioides roots reduced by 200% (from -0.16 to -0.48 mm/mm) and 134.3% (from -
0.32 to -0.67 mm/mm), respectively. The phenomenon could be attributable to the 
reduction of root diameter and root biomass upon decomposition (Fig 5. 1). As root 
diameters reduced following decomposition, the soil pore space, which was initially 
occupied by fresh roots (D-0), would be returned, making soil ‘feel’ apparently 
looser (Ni et al., 2019). This soil-root interaction would increase the soil porosity and 
then be more susceptible to soil instability (Ni et al., 2018; Shao et al., 2017). The 
continual reduction of the maximum dilatancy implies the reduced abilities of the 
decomposing roots to mobilise their biomechanical strength to enhance the soil 
strength (Fig 5. 1 and Fig 5. 4). It was noteworthy that, under moderate (i.e., 21.1 kPa) 
and high (i.e., 40.8 kPa) confinements, the maximum dilatancy of C. zizanioides 
species declined more rapidly than those of C. nemoralis species. Indeed, C. 
zizanioides had a higher reduction rate of unit dry root biomass per soil volume than 
C. nemoralis (Fig 5. 1). Importantly, the maximum dilatancy of C. zizanioides, after 56 
days of root decomposition, dropped below the level of the fallow soil case, at the 
confining pressures of 21.1 and 40.8 kPa (Fig 5. 8). These observations partially 
explain why the respective reinforced soils (for the case of D-112; Fig 5. 4) required 
higher shear displacement to mobilise the shear stress at any displacement. Effects 
of roots on soil dilatancy are crucial to be quantified to gain insights into the 
mobilisation of root biomechanical properties to the enhancement of soil shear 
strength, but this phenomenon has rarely been reported and discussed except 
Mahannopkul and Jotisankasa (2019b) and Yildiz et al. (2018). Given the lack of data 
and comparison, we suggest more emphasis of the measurements of the root-
induced soil dilatancy in future work. Indeed, vertical displacement upon shearing, 
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hence the maximum dilatancy (and its relationship with shear stress), are readily 
available following the conventional procedures of a direct shear testing. 
5.5. Concluding remarks 
The biomechanical properties (i.e., tensile strength, Young’s modulus, secant 
modulus, and breakage strain) and mechanical reinforcement of decomposing roots 
of two contrasting vetiver species, C. nemoralis and C. zizanioides subjected to 
different durations of decomposition following herbicide application were measured 
from a series of laboratory uniaxial tensile strength tests and direct shear tests. The 
following conclusions may be drawn: 

Both species demonstrated significant reduction of root tensile strength, secant 
modulus and breakage strain with the duration of root decomposition. C. nemoralis 
displayed greater drops of these biomechanical properties and took less duration to 
drop below 50% of the initial values compared with C. zizanioides. 

Both species consistently displayed significant negative power law correlations 
between root diameter and root tensile strength (R2 varied from 0.39 to 0.86; p-
value<0.05) and between root diameter and root secant modulus (R2 varied from 
0.56 to 0.78; p-value<0.05). Following root decomposition, the shapes of these 
correlations remained largely similar, but the correlations shifted downward as the 
duration of root decomposition increased. 

Despite the enhancement of soil shear strength due to the presence of roots, 
root decomposition significantly reduced the root cohesion with increasing 
decomposition duration (p-value < 0.05), for both the test species. C. nemoralis 
displayed a greater and quicker loss of root reinforcement than C. zizanioides 
following decomposition. The root cohesion of both species reached about 75% of 
the original value after 112 days since the herbicide application. Root cohesion can 
be explained by root strength, root secant modulus and biomass, all with a R2 of 
more than 90%. By contrast, the peak friction angle of the reinforced soil, irrespective 
to the species, showed minimal changes for the entire duration of decomposition 
tested. 

The presence of roots reduced the maximum dilatancy of the soil, but the 
maximum dilatancy significantly declined with increasing duration of decomposition 
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following the reductions of root diameter and biomass as root decomposed. 
Similarly, C. zizanioides displayed a greater and quicker reduction of the maximum 
dilatancy compared with C. nemoralis. The root-induced changes in soil dilatancy 
have shown to affect the shear displacement required to mobilise the same shear 
stress, especially at intermediate (21.1 kPa) and high (40.8 kPa) confinements. 
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Chapter 6: Root reinforcement estimation and stability analysis of 
slope reinforced by decomposing roots 
6.1. Introduction 
In this chapter, the root reinforcement (Cr) of decomposing roots of C. nemoralis and 
C. zizanioides species was estimated using the Wu’s model (WWM) (Wu et al., 1979) 
and the extended Root Bundle Model (RBMw) (Schwarz et al., 2013) coupled with 
the modified Wu-Waldron Model (WWM) (Gray and Leiser, 1983). The input 
parameters include root biomechanical properties (i.e., tensile strength, secant 
modulus) and root geometry (i.e., root length, root orientation, and root diameter 
distribution). The procedure of root reinforcement estimation is described in detail. 
The root reinforcement obtained from WWM and extended RBMw coupled with 
modified WWM were presented and compared. In addition, the numerical study was 
conducted using root reinforcement obtained from extended RBMw to investigate 
the influence of root reinforcement deterioration following root decomposition on 
the stability of the vegetated slope. The obtained results at different decomposition 
duration for two vetiver roots are presented and discussed. 
6.2. Root reinforcement estimation 
6.2.1. Root reinforcement estimation procedure 
To estimate the root reinforcement, the Wu’s model and extended Root Bundle 
Model (RBMw) proposed by Wu et al. (1979) and Schwarz et al. (2013) were adopted 
in this study, respectively. The Wu’s model assumed all roots in the bundle are 
perpendicular to shear plane and break simultaneously. By contrast, roots in the 
bundle were supposed be parallel to each other and break progressively in the 
RBMw. In Wu’s model, the reinforcement of root bundle is the summation of root 
reinforcement of each root in the bundle (Eq. 6.1). The RBMw is the strain-step 
loading root bundle model that could capture the complete force/strength-
displacement curve of a root bundle (Mao, 2022). In addition, coupled with Weibull 
survival function, the RBMw considers the variability of biomechanical properties (i.e., 
either tensile force or strength) within a root diameter class (Vergani et al., 2017). The 
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key parameters in this model are the strength-diameter (Tr-d), secant modulus-
diameter (Es-d), length-diameter (Lr-d) correlations, and the root diameter distribution.  

1
1.2 i

i

N r

r r

s

A
C T

A

 
=   

 


  (6.1) 
where N is root number in the bundle,  

ir
T  and 

ir
A are tensile strength and area of ith 

root, and sA  is soil area. 
The Fig 6. 1 illustrates in detail the procedure of root reinforcement estimation using 
RBMw coupled with the modified WWM. The root biomechanical properties (i.e., 
tensile strength and secant modulus) obtained from the laboratory were used to 
calibrate the parameters of Tr-d and Es-d power-law function as following equations: 

0rT T d=   (6.2) 

s oE E d =   (6.3) 
where F0, and E0 are the scale factor and  and  are shape factor of power law 
equations. Afterward, the calibrated Tr-d and Es-d correlations were used to 
determine the Weibull survival function, which is governed by the shape () and 
scale () factor as shown in the Eq. 6.4. It is noteworthy that the survival function is 
widely used to present the failure probability of complex system (Schwarz et al., 
2013). In the RBMw, Schwarz et al. (2013) hypothesised that survival probability of 
roots is a function of the normalized displacement ( *x ) (Eq. 6.5). 
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Fig 6. 1. Root reinforcement estimation workflow 
In this model, roots in the bundle were considered as the linear-elastic fibres, well 
anchored into the soil, parallel to each other and break progressively (Schwarz et al., 
2013).  Thus, the tensile force of a single root can be determined as a function of 
displacement (Eq. 6.7). 

( ) ( )20
max
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, , , ( )
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r E
F d x d x F d x F d
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 (6.7) 
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By summing the force of a single root ( ( ),F d x ) multiplied by the Weibull survival 
function ( *( )S x ), the tensile force ( ( )rF x ) can be obtained as follows: 

( ) ( ) *

1

, ( )
N

r i i iF x F d x S x =   
  (6.8) 

where N is the number of roots in the root bundle and id  is diameter of the ith root 
in the bundle. By substituting the root diameter distribution into the Eq. 6.8, the 
tensile force of root bundle become to the function of the displacement ( x ). Thus, 
the displacement at ultimate bundle tensile force ( maxx ) can be obtained by finding 
the solution of ( ) / ( ) 0rdF x d x  = . Then, the maximum tensile force of the root 
bundle (

maxrF ) is equal to max( )rF x . 
It is noteworthy that the obtained 

maxrF  is known as the lateral root reinforced or 
pull-out force. To obtain the shear reinforcement of root bundle, which cross the 
shear plane, the orientation ( i ) of root bundle is therefore introduced. The modified 
Wu-Waldron Model (WWM), which proposed by Gray and Leiser (1983), was adopted 
to estimate maximum shear reinforcement of the root bundle ( rC ) as follows: 

max (sin(90 ) cos(90 ) tan ')
r

r

s

F
C

A
  = − + −

  (6.9) 
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  

  (6.10) 

sA  is soil area (0.01 m2), x is shear displacement (m), Z is thickness of shear zone (2 
m) and, i  is root initial orientation (49.78o and 50.6o for C. nemoralis and C. 
zizanioides species, respectively). The root reinforcement estimation was 
implemented in a MATLAB code. 
6.2.2. Calibration of root parameters, Weibull survival function and root diameter 

distribution 
The data from the tensile test of C. nemoralis and C. zizanioides roots were used to 
establish the correlations between root diameter and root biomechanical properties 
(i.e., tensile strength and secant modulus). As discussed in the section 5.3, the root 
decomposition did not influence on the shape factor ( and ) of Tr-df and Es-df 
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correlations of the two vetiver species. In addition, root secant modulus is linearly 
correlated to root tensile strength (Eq. 3.3). To make a fair estimation, the shape 
factor of these correlations was fixed at -0.99 and -1.52 for the treatments of C. 
nemoralis and C. zizanioides roots, respectively. The scale () and shape factors (T0 
and E0) of these correlations for the treatments of two vetiver species are 
summarized in the Table 6. 1. The Fig 6. 2 and Fig 6. 3 show the strength-diameter 
and secant modulus-diameter correlations of C. nemoralis and C. zizanioides, 
respectively. The R2 value of these correlations reduced not much when the shape 
factors were fixed. Therefore, it is reasonable to refitting the correlations between 
root diameter and root biomechanical properties. Another important input parameter 
in RBMw is the correlation between root length and diameter (Lr-df). Unfortunately, 
root length of two vetiver species was not measured in this study. Therefore, the 
assumed correlation of root length and diameter for Panicum virgatum roots (i.e., 
grass species) in Cohen et al. (2011) is adopted in this study. The shape () and scale 
(L0) factor of length-diameter correlation are 0.7 and 0.4 m, respectively. 
With the calibrated root biomechanical parameters (i.e., T0, E0, L0,  and ), it is 
possible to calibrate the Weibull survival function. The relationship between survival 
probability and normalized displacement of C. nemoralis and C. zizanioides roots at 
different decomposition period is illustrated in the Fig 6. 4 and Fig 6. 5, respectively. 
In addition, the calibrated parameters of Weibull survival function ( and ) are 
reported in the Table 6. 2. The results indicate that Weibull survival function is 
suitable for capturing the variability of root biomechanical properties within the 
diameter class for the two vetiver species. Indeed, the R2 values of the fitting curves 
were relatively high, which varied from 0.9 to 0.98. In general, the root 
decomposition introduced the reduction of shape coefficient () for two vetiver 
species. Indeed, the shape coefficients of control treatment (D-0) were almost 
double the value of decomposed root treatment after 112 days since herbicide 
application (D-112; refers to Table 6. 2). This indicates that for the same root 
diameter, decomposing roots highlighted a higher variability in root tensile strength 
than that of the growing roots. The similar phenomenon was reported in Vergani et 
al. (2017) for decomposed roots of Pinus sylvestris species. 
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Table 6. 1. Summary of scale (T0 and E0) and shape () factors of Tr-d, and Es-d of C. 
nemoralis and C. zizanioides species. 

Species Treatment  
Tr=T0d Es=E0d 

T0 R2 E0 R2 

C. nemoralis 

D-0 

-0.99 

28.96 0.54 160.8 0.58 

D-7 28.35 0.73 156.66 0.69 

D-28 25.88 0.85 145.32 0.72 

D-56 17.03 0.41 128.49 0.64 

D-112 12.6 0.37 100.84 0.54 

C. zizanioides 

D-0 

-1.52 

21.49 0.55 98.58 0.61 

D-7 19.86 0.74 91.48 0.75 

D-28 15.86 0.77 89.05 0.77 

D-56 13.1 0.65 69.56 0.57 

D-112 9.51 0.74 54.59 0.75 
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(a) 

(b) 
Fig 6. 2. Tensile strength-diameter correlations (Tr-d) of (a) C. nemoralis and (b) C. 
zizanioides species (shape factor a is fixed). 
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(a) 

(b) 
Fig 6. 3. Secant modulus-diameter correlations (Es-d) of (a) C. nemoralis and (b) C. 
zizanioides species (shape factor b is fixed). 
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(a) (d)  

(b)  (e) 

(c) 
Fig 6. 4. Survival probability of C. nemoralis decomposed roots at 0, 7, 28, 56 and, 
112 days since herbicide application 
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(a) (d) 

(b)   (e) 

(c) 
Fig 6. 5. Survival probability of C. zizanioides decomposed roots at 0, 7, 28, 56 and, 
112 days since herbicide application. 
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Table 6. 2 Summary of shape () and scale () factors of Weibull survival function 
for C. nemoralis and C. zizanioides roots. 

Species Treatment   R2 

C. nemoralis 

D-0 1.1 4.07 0.98 
D-7 1.1 6.0 0.94 
D-28 1.1 5.29 0.97 

D-56 1.0 2.4 0.97 
D-112 1.1 2.36 0.93 

C. zizanioides 

D-0 1.1 4.11 0.9 

D-7 1.1 5.13 0.95 
D-28 1.1 4.85 0.94 
D-56 1.1 3.5 0.97 
D-112 1.1 2.42 0.95 

Root diameter distribution is considered an essential parameter in RBMw, which 
significantly influences root reinforcement. In this study, the root diameter 
distribution was obtained from the shearing specimens. As discussed in the section 
5.4, the root diameter of two vetiver species was significantly reduced due to the 
root decomposition. It is noted that the shearing specimens were collected from 
different soil columns for different decomposition treatments. Thus, the change in 
root number over the decomposition duration cannot be observed. To make a fair 
estimation, the change in root number was ignored in this study. The root diameter 
distribution was derived from fresh root (D-0) data and mean root diameter 
reduction. The fresh root diameter distribution of C. nemoralis and C. zizanioides 
species Fig 4. 6. 
6.2.3. Estimated reinforcement of decomposing roots 
The Fig 6. 6 and Fig 6. 7show the simulated using the RBMw and measured shear 
stress-strain curve over 10 mm of displacement of soil reinforced by C. nemoralis 
and C. zizanioides roots, respectively. Considering the control treatments (D-0), the 
RBMw underestimated the contribution of C. nemoralis and C. zizanioides to soil 
strength. This could be explained by the use of secant modulus, which obtained at 
the failure strain, to estimate the root reinforcement in RBMw. In addition, roots are 
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considered as linear fibers in the RBMw. Therefore, in the RBMw, roots could be 
mobilised their strength at the larger strain than the roots in soil. 

(a) (d) 

(b) (e) 

(c)  

Fig 6. 6. Simulated and experiment shear stress-strain curve of soil reinforced by C. 
nemoralis 
By contrast, in the decomposing treatments, RBMw highlighted the overestimation of 
root reinforcement. Indeed, the estimated reinforcement is 2.2 and 1.2 times higher 
than the measured reinforcement of decomposing roots at 112 days since herbicide 
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application of C. nemoralis and C. zizanioides species, respectively. This could be 
attributed to the assumption that all roots tend to break rather than pull-out in the 
RBMw. Whereas failure mechanisms of reinforced soil changed from break to pull-out 
over the root decomposition as stated in Zhu et al. (2019). Generally, the root 
reinforcement obtained from RBMw was not much different with the measured 
reinforcement. 

(a) (d) 

(b) (e) 

(c)  

Fig 6. 7. Simulated and experiment shear stress-strain curve of soil reinforced by C. 
zizanioides. 
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The maximum simulated root reinforcement of two vetiver species over 
decomposition duration using RBMw coupled with modified WWM, and Wu’s model 
are summarized in Table 6. 3. The maximum root reinforcement obtained from Wu’s 
model is significantly higher than those of RBMw (p-value<0.05). Indeed, considering 
the control treatment (D-0), the simulated reinforcement of the two vetiver roots 
using Wu’s model is almost 4 times higher than that obtained from RBMw. This could 
be attributed to the assumption in Wu’s model that all roots in the bundle break at 
the same time and do not depend on displacement. Indeed, the Wu’s model cannot 
predict the displacement at maximum reinforcement, which can be estimated using 
RBMw.  
Table 6. 3. Simulated maximum displacement and maximum root reinforcement 
(mean and standard error (SE)) of C. nemoralis and C. zizanioides treatments using 
RBMw and Wu’s model 

Species Treatment 

Root bundle model (RBMw) Wu’s Model (kPa) 

Cr (kPa) xmax (mm) Cr (kPa) 

Mean SE Mean SE Mean SE 

C. nemoralis 

D-0 27.90 2.40 87.54 0.10 117.73 7.44 

D-7 25.76 2.44 85.66 1.68 114.34 7.22 

D-28 22.19 1.94 77.17 1.47 94.42 5.96 

D-56 10.37 0.78 45.45 5.05 60.49 3.82 

D-112 7.96 0.58 45.45 5.05 42.35 2.67 

C. zizanioides 

D-0 12.06 1.42 65.65 2.92 44.98 5.27 

D-7 11.80 1.40 65.00 2.89 41.07 4.81 

D-28 8.33 0.99 52.20 1.70 29.94 3.51 

D-56 6.00 0.75 52.19 1.69 24.11 2.82 

D-112 3.76 0.64 47.13 1.68 17.22 2.02 

 
Although there was a difference between simulated reinforcement (i.e., obtained 
from RBMw) and measured reinforcement, this difference was not much. In addition, 
considering root reinforcement reduction rate (i.e., which are commonly based on 
the difference between control and decomposed treatment), the choice of root 
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reinforcement model is less of importance (Vergani et al., 2014).  The root 
reinforcement estimation, however, should be done with a caution.  In this study, the 
maximum estimated root reinforcement, which obtained from RBMw coupled with 
modified WWM, were used as the input parameter in vegetated slope stability 
analysis to estimate the effects of root decomposition on vegetated slope stability. 
The estimation using RBMw coupled with modified WWM showed a significant 
reduction in maximum root reinforcement after 112 days since herbicide applications 
for the two vetiver species (p-value<0.05). This result is consistent with those 
reported in Vergani et al. (2017), who adopted the same root reinforcement model 
(i.e., RBMw) to investigate the reduction in root reinforcement of after 4 years since 
the forest fire. Similar to the direct shear test result, the maximum estimated 
reinforcement of C. nemoralis and C. zizanioides species significantly reduced by 
time follow the exponential function as shown in the Eqs. 6.11 and 6.12, 
respectively. 

0.012 2( ) 27.25 ; 0.05, 0.94t

rC t e p value R−= −  =   (6.11) 
0.011 2( ) 11.86 ; 0.05, 0.98t

rC t e p value R−= −  =  (6.12) 
where ( )rC t is the maximum root reinforcement at t days after herbicide application. 
The estimated results show that root reinforcement of C. nemoralis reduced faster 
than those of C. zizanioides species. Indeed, the root reinforcement reduction rate of 
C. nemoralis (0.18 kPa/day) is 2.4 times higher than that of C. zizanioides species 
(0.07 kPa/day). This is consistent with the tensile strength and secant modulus of the 
two vetiver species, which significantly govern the root reinforcement. In addition, 
the displacement at maximum reinforcement of the two vetiver species reduced as 
root decomposition. This could be explained by the reduction in the secant modulus 
of the two vetiver species as discussed in section 5.2. 
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6.3. Numerical analysis to estimate the influence of root decomposition on 
vegetated slope stability 

6.3.1. Theoretical framework 
a. Unsaturated-saturated seepage analysis 
The water flow in unsaturated-saturated soil is governed by Darcy’s law, which has 
been proposed by Richrds (1931) (Eq. 6.13). 

x y

h h
k k Q

x x y y t

      
+ + =            (6.13) 

where kx, ky: permeability function in x-, y-direction, respectively; h: total hydraulic 
head;  : volumetric moisture content; t: time; Q: applied boundary flux. To solve 
the Eq. 6.13, the Finite Element Method (FEM) was used in SEEP/W software. The 
pore water pressure distribution obtained from transient seepage analysis then was 
used as input parameters in SLOPE/W to estimate the stability of the vegetated 
slope. 
For SWCC derivation, this study adopted the equation proposed by Fredlund and 
Xing (1994) as follows: 

( )
1

ln

w s m
n

a w

C

u u
e

a

  

 
 
  

=  
   − 

+             (6.14) 
where ( )C  is the correction function and defined as: 
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a w r

u u

u u
C
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

 −
+ 

−  
= −

 
+ 

−     (6.15) 
where ( ) 1C  =  as recommended by Leong and Rahardjo (1997), w is volumetric 
water content, s  is saturated volumetric water content, a  is fitting parameter 
related to the air-entry value of the soil (kPa), n  is fitting parameter related to the 
SWCC slope, m  is fitting parameter related to the residual water content, e  is 
natural number (2.7182), ( )a wu u−  is matric suction (kPa), ( )a w r

u u−  is residual 
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matric suction corresponding to residual water content (kPa), au   is pore-air pressure 
(kPa), wu  is pore-water pressure (kPa). Meanwhile, the permeability function of soil 
was derived by the Eq. 6.16, which was proposed by Leong and Rahardjo (1997): 

p

w
w s

s

k k




 
=  

    (6.16) 
where wk  is coefficient of permeability with respect to water for unsaturated soil, sk  
is saturated coefficient of permeability and p  is fitting parameter corresponding to 
the permeability function slope.  
b. Vegetated slope stability analysis 
The stability of vegetated slope was estimated relied on the factor of safety (FS), 
which is defined as ratio between available shear strength to shear stress along the 
potential failure surface. The FS can be expressed as 

sin

n

f i

i

n

i i

i

l

FS

W





=



  (6.17) 

Where n is the total number of slices, i is slice index, li the length of slice, Wi is the 
weight of each slice per unit base area and i is the slice base inclination, f  is the 
shear strength. For the vegetated slope under unsaturated-saturated condition, the 
shear strength is given by 

' ( ) tan ' ( ) tan b

f r a a wC c u u u   = + + − + −  (6.18) 
Where Cr is root reinforcement (i.e., root cohesion); c’ and ’ are effective cohesion 
and internal friction angle of soil, respectively; au −  is effective normal stress; 

a wu u−  is matric suction; au   is pore-air pressure; wu  is pore-water pressure; b angle 
indicating the rate of increase in shear strength relative to the matric suction. Finally, 
the FS of vegetated slope under unsaturated-saturated condition can be defined as: 

( )
tan tan

' tan ' tan ' (1 ) tan '
tan ' tan '

sin

b b

r w ac C lR NR u l R u l R

FS
W

 
  

 



 
+ + − − − 

 =




  (6.19) 

where N is normal force at base of slices and defined as: 
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( )
' sin sin sin

tan ' tan tanb b

a w

c l l l
W u u

FS FS FSN
m

  
  − + − +

=     (6.20) 

sin tan '
cosm

FS


 
= +   (6.21) 

where:  R is radius for a circular surface. 
In this study, the Bishop’s simplified method was adopted in SLOPE/W software to 
estimate the FS of vegetated slope. 
6.3.2. Geometry, boundary conditions and soil properties 
Table 6. 4. Summary key properties of residual soil 

Parameter Value Unit 

Physical property Unit weight (s) 20 kN/m3 
Mechanical 
property 

Effective soil cohesion (c') 10 kPa 
Effective friction angle (') 26 degree 

Hydraulic property Saturated hydraulic conductivity (ks) 10−5 m/s 

SWCC parameters 

Rate of increase in shear strength cause by matric 

suction (b) 
26 degree 

Saturated volumetric moisture content (s) 0·45  

Fitting parameters 
a 50 kPa 
m and 
n 

1  

Fig 6. 8. Slope geometry and boundary conditions (adopted from Rahardjo et al. 
(2007)) 
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In this study, a hypothetical unsaturated slope was adopted from Rahardjo et al. 
(2007) as shown in Fig 6. 8. The adopted slope geometry and boundary conditions 
are given the Fig 6. 8. In detail, the ground water table was set at 5 m below the 
slope toe and inclined at 7o to horizontal to archive an initial pore-water pressure in 
the unsaturated slope. To avoid the generation of unrealistic pore-water pressure in 
rainfall, the maximum negative pore-water pressure was set to be – 75 kPa. This limit 
was adopted based on the measured data of negative pore-water pressure at several 
site in Singapore (Rahardjo et al., 2000). The rainfall intensity of 36 mm/hr was used 
in this study. The seepage analysis was performed for 24 hours. The physical, shear 
and hydraulic properties of fine-grained silty soil are summarized in Table 6. 4. It is 
noteworthy that the influence of root decomposition on soil hydraulic properties 
was ignored. 
6.3.3. Transient seepage analysis result 

Fig 6. 9. Full-scale finite element model of hypothetical slope 
The transient seepage analysis was conducted using SEEP/W software. The full-scale 
finite element model of hypothetical slope was depicted in Fig 6. 9. The Fig 6. 10 a 
and b show the pore-water pressure distribution in the bare slope before and after 
24 hours rainfall with intensity of 36 mm/hr, respectively. After 24 hours of rainfall, 
the ground water table rises up to middle of the slope, with the maximum negative 
pore-water pressure is -18.8 kPa (Fig 6. 10b). This is consistent with those reported in 
Rahardjo et al. (2007). In this study, it is assumed that the presence of roots does not 
influence on the hydraulic properties of the bare slope. Thus, the simulated pore-
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water pressure then was used as an input parameter in SLOPE/W to determine the 
factor of safety (FS) for both bare slope and vegetated slope. 
 
 

(a) 

(b) 
Fig 6. 10. Pore water distribution (a) before and (b) after rainfall with intensity of 36 
mm/h 
6.3.4. Influence of root decomposition on vegetated slope stability 
In this study, SLOPE/W was used to evaluate the decomposition influences of C. 
nemoralis and C. zizanioides roots on slope stability through the FS value. The Limit 
Equilibrium Method (LEM) was adopted in this study. The six scenarios were 
considered for slope stability analysis: (1): bare slope; (2): slope reinforced by growing 
root (D-0); (3), (4), (5), and (6):  slope reinforced by decomposed roots after 7, 28, 56, 
and 112 days since herbicide application (D-7, D-28, D-56 and D-112), respectively. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

87 

The failure surface of bare slope and slope reinforced by growing roots of C. 
nemoralis and C. zizanioides species after 24 hours of rainfall are shown in Fig 6. 11. 
After 24 hours rainfall with intensity of 36 mm/hr, the FS of the bare slope was 
reduced by 52.8%, from 2.16 to 1.02. Although the FS value was significantly 
reduced, the bare slope remained stable after 24 hours of rainfall with an intensity of 
36 mm/hr. The reduction in FS of bare slope could be attributed to the reduction in 
suction and the water table mounding (Rahardjo et al., 2007). The FS value of 1.02 
(i.e., lowest FS of bare slope at the 24th hour of rainfall duration) was used as the 
benchmark for estimating the influence of root decomposition on vegetated slope 
stability. The presence of growing roots of C. nemoralis and C. zizanioides species 
improves the stability of the vegetated slope (Fig 6. 11a, and b). Indeed, compared to 
bare slope, the FS value of slope reinforced by growing roots of C. nemoralis and C. 
zizanioides species increased up to 26.5% (from 1.02 to 1.29) and 12% (1.02 to 1.15), 
respectively. The FS increasement of the C. nemoralis and C. zizanioides roots in this 
study (i.e., 26.5% and 12%) was lower than that those of C. zizanioides roots (i.e., 
75%) reported in Nguyen et al. (2018). The difference in FS increasement could be 
explained by the difference in failure mechanism of slope in this study and Nguyen 
et al. (2018). Indeed, the slope failure mechanism in Nguyen et al. (2018) was 
classified as shallow failure, which failure above 1 m in depth. Whereas the failure 
slip surface of slope in this study located at the depth of 4.5 m. Due to the failure 
surface located very deep (i.e., more than 2m of root zone), the number of slices 
that considered cohesion of vegetated soil to estimate FS is less than that 
considered cohesion of bare soil. In addition, this study assumed that root cohesion 
fully distributes over the 2m of the root zone, which is in contrast to real cases 
where vetiver species are grown in the hedges (i.e., each hedge 1m apart). Therefore, 
the slip surface between each hedge was omitted. These explain why the FS slightly 
change due to the presence of two vetiver species. The C. nemoralis species 
highlighted the greater protective function than C. zizanioides species, which is 
widely utilised for slope stabilisation (Truong et al., 2008). Therefore, C. nemoralis 
species could be considered as an alternative species to C. zizanioides species in soil 
bioengineering for slope stabilisation.  
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(a) 

(b) 

(c) 

Fig 6. 11. Failure surface of (a) bare slope and slope reinforced by growing roots of 
(b) C. nemoralis and (c) C. zizanioides species after 24 hours of rainfall (the worst 
case) 
Considering the slope reinforced by decomposed roots scenarios, the simulated FS 
significantly decreased with time since herbicide applications (p-value<0.05; Fig 6. 12 
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and Fig A. 2 and Fig A. 3). Indeed, compared to growing roots cases (D-0), the FS 
value of slope reinforced by decomposed roots (D-112) of C. nemoralis and C. 
zizanioides species reduced by 14.2% and 7.3%, respectively. This can be a 
consequence of the reduction in root reinforcement due to root decomposition. As 
root decomposition, the protective function of C. nemoralis and C. zizanioides roots 
to slope stability was diminished. Consequently, after the two vetiver species die off 
due to herbicide application, the vegetated slope will be more susceptible to 
climate change, such as heavy rainfall, which could trigger slope instability. 
Therefore, the herbicide or any techniques should be applied carefully for land 
conversion, especially in the mountainous areas which are susceptible to slope 
instability. Also, this study is expected to provide more insight into the understanding 
of temporal variation of root protective function after the herbicide application.  

Fig 6. 12. Simulated root reinforcement and factor of safety (FS) of slope reinforced 
by decomposed roots of C. nemoralis and C. zizanioides species. 
6.4. Conclusive remarks 
Using the two well-known root reinforcement models (i.e., Wu’s model and RBMw), 
the root mechanical reinforcement was estimated from the root morphological traits 
(i.e.,   diameter distribution, root length-diameter correlation, root orientation) and 
root biomechanical properties (i.e., tensile strength and secant modulus). In addition, 
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the simulated root reinforcement was used to investigate the influence of root 
decomposition on vegetated slope stability. The following conclusion can be drawn: 

The reduction of Weibull shape coefficients indicated that the biomechanical 
properties of decomposing roots (i.e., tensile strength and modulus) are more 
variable than those of growing roots. Thus, the RBMw, which uses the Weibull 
survival function to capture the variability in root biomechanical properties, could be 
more appropriate for estimating the reinforcement of decomposing roots. 

For all cases, the Wu’s model provided the estimated reinforcement greater 
than those estimated by RBMw.  Compared to laboratory or field testing, the RBMw 
provides some major advantage as: (1) the variation of root amount presented in soil 
matrix can be controlled; (2) root reinforcement can be estimated at the higher shear 
displacement, where roots fully mobilise their strength. The estimated results 
highlighted the significant reduction in contribution of C. nemoralis and C. zizanioides 
roots over the root decomposition as found in the laboratory investigation. 

The result obtained from numerical modelling indicated that the presence of 
both C. nemoralis and C. zizanioides roots significantly enhance the stability of 
fallow slope. However, the protective function of C. nemoralis and C. zizanioides 
roots declined after herbicide application. Thus, the application of herbicide for land 
conversion should be done with caution, especially in the mountainous areas, where 
are more susceptible to slope instability. 
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Chapter 7:  Conclusion and recommendation 
7.1. Conclusion 
In this study, a series of laboratory testing was conducted to measure the 
morphological traits (i.e., RARS, root diameter, root orientation), root biomechanical 
properties (i.e., tensile strength, secant modulus, initial modulus, breakage strain) and 
root mechanical reinforcement of two contrasting vetiver species, including C. 
nemoralis and C. zizanioides species. In addition, the temporal variation of root 
biomechanical properties and mechanical reinforcement was investigated in the 
laboratory. Besides that, the root reinforcement was estimated using the existing root 
reinforcement models (i.e., Wu’s model and RBMw). Finally, the influence of root 
decomposition on stability of vegetated slope was estimated using numerical 
modelling (i.e., SEEP/W and SLOPE/W). The following conclusions can be drawn: 

The comprehensive dataset of morphological traits, biomechanical properties, 
mechanical reinforcement of growing roots of the two vetiver species are presented. 
These two species highlighted the significant difference in terms of root diameter, 
root breakage strain and modulus (i.e., secant and initial modulus). Both species 
consistently displayed significant negative power law correlations between root 
diameter and root biomechanical properties (i.e., tensile strength, secant and initial 
modulus) (p-value<0.05). 

This study is the first to use a rhizobox for observing root morphological traits 
and to identify a correlation between root orientation and diameter. This finding 
provides new insights into root orientation, which is an important yet often 
overlooked parameter in the evaluation of existing root reinforcement models. 

Under the same growth conditions, the contribution of C. nemoralis and C. 
zizanioides roots to soil shear strength in terms of cohesion is similar. Thus, it is 
suggested that the C. nemoralis species shares similar soil reinforcement effects to 
the C. zizanioides species, which has been widely used in soil bioengineering 
practice. Furthermore, this study is expected to be a milestone for promoting vetiver 
species (i.e., especially C. nemoralis species) for soil bioengineering in Southeast 
Asian countries, which are greatly impacted by global climate change. 
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This study demonstrated the significant reduction in root tensile strength, 
secant modulus, breakage strain of two contrasting vetiver species due to herbicide 
application. C. nemoralis species highlighted the greater reduction rate of 
biomechanical properties than those of C. zizanioides species. In addition, root 
decomposition did not show the influence on the shape of the diameter-strength 
and diameter-secant modulus correlations, but these correlations shifted downward 
as the duration of root decomposition increased. 

The laboratory results demonstrated that the root decomposition following 
herbicide application highlighted the significant influence on shear behaviour of 
vegetated soil. Shear strength (i.e., cohesion) and maximum dilatancy of soil 
reinforced by both two vetiver species significantly reduced with increasing duration 
of root decomposition. 

Similar to the laboratory results, the simulation using the RBMw highlighted 
the significantly deterioration of root reinforcement after 112 days since herbicide 
application. In addition, the simulated shear displacement, which obtained at the 
ultimate root reinforcement, significantly reduced with increasing duration of root 
decomposition. 

The numerical modelling results demonstrated the improvement of slope 
stability due to the presence of C. nemoralis and C. zizanioides roots. However, this 
protective function of both C. nemoralis and C. zizanioides roots was reduced with 
increasing duration of root decomposition following herbicide application. Thus, the 
application of herbicide for land conversion should be done with caution, especially 
in the mountainous areas, where are more susceptible to slope instability. 
7.2. Recommendation 
This study is a semi-controlled experiment, which is effective in making fairer and 
quantitative comparisons of the biomechanical properties of roots and the root 
reinforcement between the two selected species. However, extrapolating our test 
results to the field conditions requires careful examination. Future work should be 
performed to further evaluate our laboratory findings. In particular, further studies 
should determine how the roots of the two species in the open field can be affected 
in terms of growth rate and root orientation. Future research should also investigate 
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the effects of growth conditions, such as growth media, water, and nutrient 
availability, on the biomechanical properties, morphological traits, and mechanical 
reinforcement of roots. 
This study demonstrated the significance of the effects of root decomposition 
(following herbicide application) on the variations of both the root biomechanical 
properties and root reinforcement of two vetiver species over a decomposition 
period of up to 112 days (i.e., more than 3 months). This study suggests future work 
to investigate how root decomposition may change the root anatomy and root 
chemical components (e.g., cellulose and lignin) in order to explain and provide 
greater insights into the variations of the root biomechanical properties and as well 
as the root cohesion. This study encourages future biomechanical test results to 
include root Young’s modulus and root secant modulus, which have been 
considered importance to better describe the soil-root interaction and to aid the 
formulation of future root reinforcement models. We also recommend to pay more 
attention on the maximum dilatancy introduced by (decomposing) roots, which have 
important implication to the soil’s ability to mobilise the shear stress to resist 
shearing. 
This study highlighted the significant variation in root biomechanical properties, 
especially for the decomposing roots. This could result in the variation of root 
mechanical reinforcement. However, the vegetated slope stability analysis was 
performed using the LEM in SLOPE/W, which cannot capture the variation of root 
reinforcement. In addition, this study assumed reinforcement of roots distribute 
uniformly in the soil matrix. Thus, this study suggests the future works to perform 
vegetated slope stability analysis using probabilistic method, which can capture the 
spatial variation of root reinforcement. 
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APPENDIX 

(a) (b) 
Fig A. 1. The RGB and grey scale image of root system of (a) C. nemoralis and (b) C. 
zizanioides species 
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(a) 

(b) 

 

(c) 

(d) 
Fig A. 2. Failure surface after 24 hours of rainfall (the worst case) of slope reinforced 
by decomposed root of C. nemoralis species after (a) 7 days, (b) 28 days, (c) 56 days 
and (d) 112 days since herbicide application 
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(a) 

(b) 

(c) 

 
(d) 

Fig A. 3. Failure surface after 24 hours of rainfall (the worst case) of slope reinforced 
by decomposed root of C. zizanioides species after (a) 7 days, (b) 28 days, (c) 56 
days and (d) 112 days since herbicide application 
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