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Abstract

The main objective of this investigation was to provide information about the
contribution of plant roots to soil shear strength. Reconnaissance of the case study areas was
undertaken and geology of the areas established, rainfall patterns collected, type of vegetation
obtained, theoretical research on stability of slopes studied, soil samples were collected and
laboratory soil tests were conducted. Laboratory tests were conducted at soils laboratories in the
University of Nairobi and University of Portsmouth, UK.

It was established that unvegetated soils are weaker than vegetated slopes in shear. Tests
conducted at Sasumua backslope and Murang’a landslide sites indicated that shear values
reached 16 kPa for unvegetated soils while vegetated soil had maximum values of 80 kPa for
saltbush, 90 kPa grass and 120 kPa for tree fern. Rooted soils were thus stronger in shear as
compared to fallow soils. Shear stress increases at the end of testing for the rooted samples.
Observations of the roots after test indicates roots elongated. This elongation can be related to
the root biomass density to explain why varying strengths were obtained for different samples of
a same species.

The perpendicular model of Wu et al. (1979) was used to calculate soil reinforcement by
action of roots. The tensile strength - diameter curves (T-D) relationships indicate that root

tensile strength decreases with increasing root diameter, and follows a power law
equation/ (x) = axk, where a and k are parameters obtained from T-D curves. Strong roots have

high ~-values and low "-values and vice versa. Shrubs generally have high a-values, but a great
variation is noted within individual plant species.

It was observed that smaller diameter roots have higher tensile strengths. Tensile
strengths for shrubs decreased from 34 N/mm2 to 4 N/mmz2 grasses from 45 N/mm2to 5
N/mm2and ferns from 30 N/mm2to 10 N/mm2for root diameters ranging from 1.5 mm to 6 mm.
Maximum root area ratio (RAR) values, defined as the ratio of the sum of the root areas to the
area of soil profile they intersect, were located within 0.1 m for all the species, with maximum
rooting depth of 0.7 m for fern tree. Shrubs species showed high RAR values between 0.1 - 0.3
m depth. In general, vegetations growing in the Sasumua backslope have shallow roots
(maximum root depth 0.7 m) therefore unable to reinforce the soils to stop the landslides
occurring at 1 m depths. The results strongly imply that shrubs species have prominent root
mechanical properties and it is anticipated that these particular plants have the necessary features

to be outstanding slope plants.



Overall correlation and regression analysis show that the pull-out resistances of plants
have a positive, either weak or strong, linear relationships with all the morphological properties.
Bigger plants can resist pull-out force better than the smaller plants. The increase in plant size
will normally generate high pull-out resistance. Taller plants will resist uprooting better than the
shorter ones. The increase in pull-out resistance of plants that have root systems with extensive
number of lateral root is due to the fact that the stronger soil-anchorage is developed by the
lateral roots

The safety factor decreases with increasing slope angle until the slope fails at a critical

angle of about 45° and follows a power law equation of the form/ (x) = axk. Moisture content of

50% accelerates failure of slopes.

Design charts and graphs have been developed. If 6 (the angle of shear distortion) and +

(the soil friction angle) are known, using the relevant chart, K-Values will be obtained, which
will be multiplied by /R-Values (the total mobilized tensile stress of roots fibers per unit area of
soil) also obtained from charts. The contribution of roots to shear strength is thus deduced.

Tests conducted using a variable tensile test machine indicate that vegetation roots
increase their tensile strength at high strain rates. This is the case during a landslide spell,
indicating that roots could induce high resistance to the forces impacted and thus offering to the
stability of slopes.

Several recommendations have been drawn. Deeper rooted vegetation (> 1 m) with high
RAR values are recommended for slopes to reduce the potential of shallow landslides from
occurring. Vegetation with high surcharge (weight / unit area) should be avoided. Vegetation
should be spaced Im apart in order to influence full mobilization of shear strength as the roots
integrate with the soil mass. Population living in slopes greater than 30° should be resettled in
gentle areas as safety factor for slopes beyond 30° is less than 1.5, and failure can be triggered
during a rainy season. Proper drainage system should be designed and constructed over slopes to
dissipate surface runoff immediately it occurs in order to avoid premature failure of slopes as
moisture content of more than 50% reduces the shear strength significantly. The easy to use
design charts developed under this research should be applied for root reinforced soils design

process.
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Notation

a,, a2, a3 a4: angles

AR:

Tr:

ys

yv:

ASr:
ASr:

a, b:

Cr:
Cu
D:
Frad

K:

root cross-sectional area
average tensile strength of the roots,

slope angle

vegetation surcharge (weight / unit area),
increased cohesion due to tree roots

reference area of soil occupied by roots

saturated unit weight of soil

unit weight of water

internal angle of friction

angle of shear distortion in the shear zone

shear strength increase resulting from root displacement,
increase in shear resistance

empirical constants

soil cohesion

increase in shear strength due to the presence of roots
undrained shear strength, and

diameter

maximum force (N) needed to break roots

coefficient of subgrade reaction, dimensionless,

la Iband Ic: lengths of root sections a, b and c respectively

nr.

residual soil-root adhesion



RAR:

Sr.

IR

UTS:

YS:

ultimate soil reaction

concentration or density of roots in the soil

root area ratio

soil shear strength without roots

shear strength of the soil with roots

total mobilized tensile stress of roots fibers per unit area of soil
Ultimate Tensile Strength

Yield Strength

angle of shear distortion in the shear zone
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rhapter one

Introduction

XI  General

For many years man has realized the potential of vegetation in controlling surface
erosion. Shrubs and grasses help deter erosion on slopes by serving as a blanket against wind and
rainwater impact and as a sieve removing soil particles from surface water runoff. Though man
has for some time used vegetation to protect the earth’s surface against the elements, our concern
has only recently focused on the contribution of vegetation in deterring mass movement.

Past experience shows that slopes under vegetation are more resistant against mass
movements and water erosion. However, vegetation cover can be very limited in semi-arid
environments and is often damaged by surface fire, overgrazing, drought or flooding. Even
following vegetation removal, an increase in water erosion phenomena or shallow mass
movements usually appears after a lag period attributed to the time required for roots of the
removed vegetation to decay. The effects of roots in protecting the soil from being eroded can
therefore not be neglected (Gray and Sotir, 1996, Osano and Mwea, 2008).

Soils covered by vegetation run less risk of erosion from both water and land movement
(Burroughs and Thomas, 1977; Ziemer, 1981; Greenway, 1987; Gray and Sotir, 1996). The role
roots play in slope stabilization has been recognized for many years (e.g. Gray and Sotir, 1996;),
whereas interest in bio-mechanical tests on roots (of Mediterranean species in particular) has
arisen only in more recent years (De Baets et al., 2008). De Baets et al. (2008) showed how some
typical Mediterranean plants increase topsoil resistance to erosion and shallow landslides from
runoff and superficial flow.

As seen in Table 1.1, some Mediterranean species were subjected to root tensile strength,
shear stress and/or pull-out tests, and also the architecture of their rooting system grown on
slopes was studied. Spanish Broom (Spartium junceum L.) has been studied by Chiatante et al.,
(2001, 20034, b) with regard to the architecture of the Spanish Broom root system when grown
on slopes: and it was observed that its orientation and root density undergo modification. Its root
growth is asymmetric and follows the orientation of the slope, concentrating mainly on the uphill

direction. This is a characteristic that guarantees the stability of the plant (Chiatante et al., 2001,
20033, b.)
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Table 1.1: Mediterranean species subjected to root tensile strength, shear stress and/or pull-out

tests

Authors Studied species

Operstein  and Frydman Medicago sativa, Rosmarimus officinalis, Pistacia

(2000) lentiscus e Cistus(all dicotyledonous shrub species)

Gallotta et al. (2000, 2003) Cupressus, Crataegus, Juglans, Prunus, Pyrus, morus,
tamarix

Amato et al. (1997, 2000) Citrus sinensis, Prunus avium, Ailanthus altissima,
Castanea sativa, Ficus carica, Pirns, Quercus
pebescens, Prunus, Arundo, Festuca, Poa, Dactylis,
Trifolium, Cyclamen, Brassica and Rubusfrutticosus

Mattia et al. (2005) Lygeum spartum L. (herb), Atriplex halimus L. and
Pistacia lentiscus L. (shrub)

De Baets et al. (2008) Atriplex halimus (shrub), Salsola genistoides (shrub),
Brachypodium retusum (grass), Thymelaeahirsuta
(shrub), Phragmites australis (reed), Limonium
supinum (herb), Tamarix canariensis (tree),

Chiatante et al. (2001, Architecture of the Spartium j unceum L. rooting

2003a, b) system grown on slopes

The concern regarding the*effect of vegetation on slope stability occurs mainly from
problems encountered in logging. The methods used to remove and transport timber from a
logging site also removes a large amount of groundcover. Upon removal of this vegetation,
deterioration of the remaining root structure causes a decrease in the stability of the slope. The
denuded slope is subjected to soil erosion, and with the decrease in slope stability caused by root
deterioration, it is more susceptible to mass movement.

Roots affect properties of the soil, such as infiltration rate, aggregate stability, moisture
content, shear strength and organic matter content, all of which control soil erosion rates to
various degrees. One of the important mechanical characteristics of roots is that they are strong
In tension. Soils, on the other hand, are strong in compression and weak in tension. A combined

effect of soil and roots results in a reinforced soil. When shearing the soil, roots mobilize their
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tensile strength whereby shear stresses that develop in the soil matrix are transferred to the soil
fibers via interface friction along the root length or via the tensile resistance of the roots. The
magnitude of root reinforcement depends on;

(1) morphological characteristics of the root system (e.g. root distribution with depth,

root distribution over different root diameter classes),

(i) root tensile strengths,

(iii)  root tensile modulus values,

(iv)  the interface friction between roots; and

(V) the soil and the orientation of roots to the principal direction of strain (Greenway,

1987, Osano and Mwea, 2011).

Landslides are a common form of erosion in steep hills (Ekanayake & Phillips, 1999).
Widespread shallow translational landslides (soil slips or debris flows) have been associated with
severe storms, and with the removal of indigenous forest and conversion to grassland or pastoral
farming. Comprehensive surveys and analyses of landslides after a high-intensity rainstorm have
shown that few landslides take place in forested regions as compared to bear slopes (Ekanayake
and Phillips, 1999; Ekanayake et al., 1997; Marden and Rowan, 1993). Vegetation is able to
provide stability to such slopes due to a variety of physical processes. Most commonly,
vegetation is applied for surface erosion control, as in the use of turf grass for protection of
slopes and swales against the action of rain, wind, and frost. Natural plant communities are also
understood to play a significant role in the stability of many slopes, riverbanks, and shorelines
where deeper-seated instability problems, waves, or concentrated flow create larger engineering
challenges. Various designers have incorporated the geotechnical as well as ecological benefits
ol vegetation into water resource and slope stabilization projects, with comprehensive
documentation dating back to the early part of the 20th century (Schiectl and Stem, 1997). The
documentation provides an excellent review of design objectives and typical treatments for
waterways bioengineering projects. Greenway (1987) reviews geomorphic factors influencing
bioengineering design and discusses mechanisms and analysis tools related to reinforcement of

soil by roots with a focus on slope and embankment sites.
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12 Problem statement

The use of vegetation to stabilize soil slopes is becoming an increasingly used
environmentally friendly alternative to traditional soil improvement methods. However, at
present, widespread use of vegetation to stabilize soil has been inhibited by a lack of verified
methods to predict the reinforcing effect of various plant types (Bransby, 2004). Thus a research
is required to investigate the link between root systems, root mechanical properties and soil-slope
stability.

While many practitioners discuss selecting appropriate tree, shrub, and herb species
which are adapted to site conditions, little quantitative research has been conducted into the
structural properties or strengthening influences of herbaceous plants. While many woody plants
are known to have long, strong roots, many herbaceous species have highly fibrous roots that
often form dense mats within the upper 0.3-1 meter of soil, or deeper. In many natural
conditions, herbaceous species are better adapted than trees and shrubs to zones where soil
saturation and inundation are common. In other settings, woody and herbaceous plants can
coexist and provide complementary functions. Due to the significant differences in rooting
characteristics between woody and herbaceous plants, it is important to understand how roots
and soils interact from an engineering standpoint. Additional targeted information about the
qualitative and quantitative effects of roots in slope stability analyses in vegetated landfills,
riverbanks, shorelines, embankments, cut slopes and retaining walls, and other reclamation
applications where the mechanical contribution of root reinforcement is important to predicting
soil behavior could guide the design and management of vegetative stabilization systems. In
practice, the scarcity of data and sys;tematic analytical approaches to applying vegetation for soil
reinforcing purposes leads to a con‘sistent tendency to favor structural measures, like stem size

and plant height, which have little to no ecological values, unlike their vegetative counterparts.

1-3  Other past researches

In the Department of Geology and Geological Engineering at the University of
Mississipi, research has been carried out on the effects of riparian vegetation on bank stability
(Ekanayake et al, 1997). Modelling results indicated that there is a contrast between root-

reinforced and unreinforced soil. When root reinforcement existed, slope failed marginally.



Introduction

Ekanayake et al, (1997) have provided a detailed analysis of the contribution of root to
soil strength. In their paper ‘Tree roots and slope stability: a comparison between pinus radiata
and kanuka’, they compared the contribution of live roots of a naturally regenerating indigenous
species (kanuka) with that of planted and managed exotic species (pinus radiata) to soil
reinforcement using in situ direct shear tests. Results suggested that for individual trees the
contribution from the roots to soil strength was independent of species for the two tree species
tested. There were, however, significant differences in stand density. A simple model was
developed using the relationship between the shear strength of the soil-root system, the specific
root cross-section area, and slope angle to determine safety factors for typical stand densities of
naturally regenerating kanuka for comparison with different pinus radiata management regimes
at equivalent stages of growth. The model predicted that safety factors for stands ofpinus radiata
in the first 8 years after establishment would be lower than for equivalent-aged stands of fully-
stocked regenerating kanuka under similar conditions. However, after 16 years the safety factor
for a stand of kanuka would be lower than that for pinus radiata at final stocking densities
typical of framing and biomass regimes. They concluded that in areas where vegetation plays a
major role in soil conservation and erosion control, the model could be used to compare the

stability of slopes forested with different species.

14 Background information: The Kenyan perspective

The problem of slope instability has been encountered for centuries. Many cases of
slopes failures (landslides) have been reported in many parts of the world, Kenya being one of
them. In the past, many parts of Kenya have experienced many cases of slope instability leading
to very destructive landslides that'iiave destroyed properties and caused loss of life. Slope
instability is very common in Central Kenya and parts of the Rift valley. A physical map of
Kenya is shown in Fig. 1.1, while the topographical map of Kenya is in Fig. 1.2. The figures
clearly indicate that the most affected places are the highlands where slopes are steep. Appendix

1presents the floods and landslides affected areas in Kenya which occurred in 2008.
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36°E 40'E
Fig. 1.2: Topographical map ofKenya

The volcanic processes that took place millions of years ago left the present landforms in
Central Kenya that is highly susceptible to slope failures. The Rift Valley regions experience
slt'pe instability due to seismic effects within the earth interior. A major impediment to the
effective disaster prevention from mass movement is the lack of sufficient knowledge on the part
°f local communities of the main factors responsible for the failure and the best methods to
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minimize the instability. In many cases a slope failure disaster is simply taken as an act of God.

Xhus few bother to seek the expert opinion on the possible causes and mechanisms to put in

place to avoid a repeat of the same. To attest to this fact is the lack of records of past

occurrences. Since the last decade, tremendous increases in cases of mass earth movements in

Kenya have been witnessed. The resulting damages have also increased. A major reason for this

js the increase in population resulting in a corresponding demand for land which has led to

increasing cutting and filling of earth masses. This is also accompanied by environmental

degradation. Thus some potentially dangerous areas which were previously forest reserves have

now been cultivated for agriculture and even human settlement. This results not only in

decreased stability of these areas but also an increase in the elements of risk. An attempt has

been made to gather information on past incidences and the following illustrate the instability

instances in Kenya, (Ocha Kenya, 2009);

1 February 2007 - landslide occurred in Enkararo area in Transmara District in which
several homes were damaged and people displaced from their homesteads.

2 January 2004 - A family lost their home when a landslide completely destroyed it in
Mithiu Village in Kalama Division in Machakos district.

3 March / April 2003 - Slopes failures in Murang'a and Meru Central Districts buried
several people in their sleep and displaced many more besides their material losses.

4 June 2002 - A slope failure occurred in Kericho District and caused panic and hundreds
of people were displaced from their homesteads.

5 April 2001 - A family of four was buried in their sleep in Meru North district.

6 May 1999 - A failure occurred in Murang'a District destroying crops and
homesteads.
May 1998 - in Kijabe area, two slope failures occurred, one which blocked the

Nairobi- Nakuru railway line and disrupted train services for 9 days and resulting in ksh.
90 million losses. (Daily Nation, Friday June 28th 1998). The other blocked the Kijabe-
Githigo road and disrupted traffic for 10 days before repairs were completed.

The heavy El-nino rains triggered a huge landslide at Mutonga River along the busy
Embu -Meru road where over 100m of the road was either swept away or blocked by the

displaced land mass. Transport operations were completely cut off for a couple of days.
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g February 1998 - 30 houses were destroyed by earth movement in Mbooni-Makueni
District, displacing 400 people.

IQ December 1997 - A landslide damaged a commercial building and cash crop at
Kigarutara in Gathanga division Murang'a district. The other failures occurred along the
Nairobi -Murang'a road in Sabasaba and at Kangema.

1 May 1997 - Rock fill in Chesikaki sub-location of Mt. Elgon district destroyed dwelling
places and crops (maize and coffee). A similar event is reported to have taken place in the
area in 1961.

v May 1997 - eleven members of one family were buried alive by a 2.00 a.m landslide in
Murang'a district, 7 houses were completely destroyed.

13 January 1993 - A failure of a railway line bridge embankment at Ngai Ndethya area of
Makueni district caused a train accident resulting to 65 people losing their lives.

14 May 1993 - A landslide in Rugaiti area of Murang'a district buried 8 people of the same
family.

15 Late 1982 - A landslide in Mikindani area along Nairobi - Mombasa road (Gichaga,
1984)

Majority of landslides occurring in Kenya have only been reported without conducting
any investigation on their causes. Gichaga (1984) report on the Mikindani landslide which
affected Nairobi - Mombasa road and the railway line, with the permission and co-operation of
the Ministry of Transport & Communication of Kenya, was among the landslides that were
investigated, and provided several recommendations. This landslide, crossing an erosion valley
at the edge of a large plateau, was 12m thick with 20m elevation difference between the ground
levels at the top of the plateau and the bottom of the valley (Fig. 1.3). The embankment was
constructed in 1956 whereas the A 109 road was built in 1970.

A culvert, carrying surface water drainage from the marshalling yard and surrounding
areas, was laid at the bottom of the valley. The natural valley slope varied from 1:8 to 1:5 while
the embankment slope was 1:2. The original soil, grey clay, underlying the embankment was
decomposed Changamwe shale from the upper Jurassic period. The embankment material
consisted of red/brown/grey clay with variable contents of silt and sand. It originated from
Magarini sands which formed the upper layer of the plateau. The section of the road had shown

considerable deformations which had been corrected by resealing during periodic routine
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maintenance of the road. However, the deformation continued to be a major source of concern to
the Provincial Roads Engineer, Coast Province. By late 1982, the deformation led to a 525mm

diameter water pipe burst accompanied by severe erosion of the embankment.

Fig. 1.3: Schematic representation o fthe embankment at the Mombasa landslide at Mikindani

(After Gichaga (1984))

A factory at the bottom of the embankment underwent considerable distortion with
heaving floor and bent columns and beams. As the embankment showed progressively increasing
vertical and horizontal movements together with severe vertical cracks, the authorities were
forced to close the road and abandon one line of railway. Field investigations consisted of seven
boreholes to recover undisturbed samples, installation of 10 piezometers to monitor the ground
water levels and ground survey works.

Gichaga (1984) acknowledged that the landslide occurred as a retrogressive creep failure
in the layer of soft clay, in the original ground surface. He recommended to the then Ministry of
Transport and Communication several remedial measures which included increasing the
overburden pressure by constructing a counterbeam at the foot of the slope, reducing the pore
pressure by constructing sand drains down to the fine sand layer and reconstructing the surface

Water drainage system including culverts through the embankment.
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These are just but a few cases of slope failures in Kenya and the magnitude of their
occurrence; hence slope instability is the main focus of this research. Landslide prone areas have

been highlighted in the Kenya Map shown in Fig. 1.4.
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Fig. 1.4: Landslide areas in Kenya
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I 5 Scope and objectives

As the use of vegetation to stabilize soil slopes has become an increasingly used
environmentally friendly alternative to traditional soil improvement methods, a Dbetter
understanding on its application is important. At present, widespread use of vegetation to
stabilize soil has been inhibited by a lack of verified methods to predict the reinforcing effect of
various plant types (Bransby, 2004). Thus a research is required to investigate the link between
root systems, root mechanical properties and soil-slope stability.

The main objective of this investigation was to provide information about the
contribution of plant roots to soil shear strength. This information will help designers and land
managers to;

Q) Make qualitative assessment, and

(i) Perform quantitative slope stability analyses in vegetated landfills, riverbanks,
shorelines, embankments, cut slopes and retaining walls, and other reclamation
applications where the mechanical contribution of root reinforcement is important
to predicting soil behavior.

To obtain the objectives, the following investigations were conducted;

(1) Investigations into the behavior of an individual root located across a shearing
zone. Testing was performed to determine the behavior of the soil and root below
the shearing zone and what effect this behavior has on the soil being sheared.

(i) Investigations about individual root tensile strength of typical plant species and
their contribution to soil shear strength. Root area ratio (RAR) values were
obtained of the indiv'\iﬁiual species to determine their distribution in the soil in a
typical site where shallow landslide problems are rampant.

(iii)  Investigations into root pull-out strengths were conducted.

(iv)  Investigations into the effect of strain rate and specimen length on stress-strain
relationships of typical vegetation roots used in slope stability problems were
conducted. By varying the strain rate, the behavior of these roots during sudden
movements, as in landslides, when the strain rates were increased, was
established. This investigation yielded information that lead to establishment of a
standardized mechanism of testing of roots and the establishment of a generalized

design criteria using design charts.
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(v) Determination of critical slope angles for most slopes was conducted.

The methodology and findings of this study will support the work of a broad set of
planners, designers, and regulatory reviewers who are often faced with difficult decision
regarding the selection and development of sites that could benefit from more rigorous
evaluation of the soil strength contribution of plants. Ideally, this investigation and perhaps
follow-on studies can help to establish both the merit and a practical approach to incorporating
vegetation for its physical functions in land stabilization, including situations where it is
currently routinely disregarded.

The questions that were answered in this research were:

. Do the roots contribute to the stability of slopes?

. Which kind of tree species should be introduced in a typical slope?

. What is the critical slope angle for any root-reinforced soil?

In order to achieve this, the following was undertaken:

1 Reconnaissance of the case study areas so as to establish geology of the areas,
rainfall patterns, type of vegetation, types of soil and human activities which
generally contribute to slope instability.

2  Theoretical research on stability of slopes, methods of slope stability analysis, types
of slope failure modes, and slope stability mitigation measures.

3 The role of vegetation roots in slope stability.

4  Data collection from the case study area which included soil samples and other
documented information.

5 Conducting laboratory soil tests.

This research presentation is broken down into the following sections;

() Chapter one presents a general introduction and objectives of the research

(i) Chapter two presents literature review where background on slope stability using
vegetation is analyzed together with existing theoretical models for predicting the
effect of root reinforcement on the shear strength of a soil.

(iii)  Chapter three presents the methodology used to achieve the objectives which

included a series of tests designed to investigate the effect of a single root on the

13



{Rtredyction

(iv)

)
)

shear strength of a soil. These tests investigate the anchoring effect of roots
penetrating below the shear zone. Specific attention was paid to the soil’s
resistance to root displacement and the effect of root’s pull-out resistance to the
normal load on the shear surface.

Results and analysis is presented in Chapter four together with conclusions drawn
from the tests presented in Chapter three.

Chapter five deals with design charts and graphs for root reinforced soils.

Chapter six presents conclusions, recommendations and further research.

14
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rhaoter two

Literature review

21 Introduction

Roots are equal in importance to leaves as the life support system for plants and thus for
all life in terrestrial ecosystems (Arora, 1991). Fig. 2.1 shows the root structure. The figure is
rotated into upside-down position to demonstrate the importance that roots offer just as leaves

do. Fig. 2.2(a - f) demonstrates different types of root systems found in the universe.

Fig. 2.1: Root structure
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(c) The growing tip ofafine root (d) The stilt roots ofSocratea exorrhiza
(e) Cross section ofa mango tree root (f) Roots on onion bulbs
system

Fig. 2.2(a -f): Different types ofroot systems

In vascular plants, the root is the organ of a plant that typically lies below the surface of
the soil. This is not always the case, however, since a root can also be aerial (growing above the
ground) or aerating (growing up above the ground or especially above water). Furthermore, a
stem normally occurring below ground is not exceptional either. Early root growth is one of the
functions of the apical meristem located near the tip of the root. The meristem cells more or less
continuously divide, producing more meristem, root cap cells and undifferentiated root cells. The
latter become the primary tissues of the root, first undergoing elongation, a process that pushes
the root tip forward in the growing medium. Gradually these cells differentiate and mature into
specialized cells of the root tissues (Chen et. al., 1999).

16
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Roots will generally grow in any direction where the correct environment of air, mineral
nutrients and water exists to meet the plant's needs. Roots will not grow in dry soil. Over time,
given the right conditions, roots can crack foundations, snap water lines, and lift sidewalks. At
germination, roots grow downward due to gravitropism, the growth mechanism of plants that
also causes the shoot to grow upward. In some plants such as ivy, the "root" actually clings to
walls and structures (Courts, 1987).

Growth from apical meristems is known as primary growth, which encompasses all
elongation. Secondary growth encompasses all growth in diameter, a major component of woody
plant tissues and many nonwoody plants. For example, storage roots of sweet potato have
secondary growth but are not woody. Secondary growth occurs at the lateral meristems, namely
the vascular cambium and cork cambium. The former forms secondary xylem and secondary
phloem, while the latter forms the periderm (Raven and Edwards, 2001).

In plants with secondary growth, the vascular cambium, originating between the xylem
and the phloem, forms a cylinder of tissue along the stem and root. The vascular cambium forms
new cells on both the inside and outside of the cambium cylinder, with those on the inside
forming secondary xylem cells, and those on the outside forming secondary phloem cells. As
secondary xylem accumulates, the "girth" (lateral dimensions) of the stem and root increases. As
a result, tissues beyond the secondary phloem (including the epidermis and cortex, in many
cases) tend to be pushed outward and are eventually "sloughed off' (shed). At this point, the cork
cambium begins to form the periderm, consisting of protective cork cells containing suberin. In
roots, the cork cambium originates in the pericycle, a component of the vascular cylinder. The
vascular cambium produces new layers of secondary xylem annually. The xylem vessels are
dead at maturity but are responsible*for most water transport through the vascular tissue in stems
and roots (Raven and Edwards, 2001).

17
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22 Specialized roots
The roots, or parts of roots, of many plant species are specialized to serve adaptive purposes.

* Adventitious roots arise out-of-sequence from the more usual root formation of branches
of a primary root, and instead originate from the stem, branches, leaves, or old woody
roots. They commonly occur in monocots and pteridophytes, but also in many dicots,
such as clover (Trifolium), ivy (Hedera), strawberry (Fragaria) and willow (Salix). Most
aerial roots and stilt roots are adventitious. In some conifers adventitious roots can form
the largest part of the root system.

, Aerating roots (or knee root or knee or pneumatophores or cypress knee): Roots
rising above the ground, especially above water such as in some mangrove genera
(Avicennia, Sonneratia). In some plants like Avicennia the erect roots have a large
number of breathing pores for exchange of gases.

» Aerial roots: Roots entirely above the ground, such as in ivy (Hedera) or in epiphytic
orchids. They function as prop roots, as in maize or anchor roots or as the trunk in
strangler fig.

» Contractile roots: They pull bulbs or corms of monocots, such as hyacinth and lily, and
some taproots, such as dandelion, deeper in the soil through expanding radially and
contracting longitudinally. They have a wrinkled surface.

» Coarse roots: Roots that have undergone secondary thickening and have a woody
structure. These roots have some ability to absorb water and nutrients, but their main
function is transport and to provide a structure to connect the smaller diameter, fine roots
to the rest of the plant.

» Fine roots: Primary roots usually <2 mm diameter that have the function of water and
nutrient uptake. They are often heavily branched and support mycorrhizas. These roots
may be short lived, but are replaced by the plant in an ongoing process of root ‘turnover'.

» Haustorial roots: Roots of parasitic plants that can absorb water and nutrients from
another plant, such as in mistletoe (Viscum album) and dodder.

Propagative roots: Roots that form adventitious buds that develop into aboveground

shoots, termed suckers, which form new plants, as in Canada thistle, cherry and many
others.

18
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» Proteoid roots or cluster roots: These are dense clusters of rootlets of limited growth that
develop under low phosphate or low iron conditions in Proteaceae and some plants from
the following families Betulaceae, Casuarinaceae, Elaeagnaceae, Moraceae, Fabaceae
and Myricaceae.

o Stilt roots: These are adventitious support roots, common among mangroves. They grow
down from lateral branches, branching in the soil.

» Storage roots: These roots are modified for storage of food or water, such as carrots and
beets. They include some taproots and tuberous roots.

e Structural roots: Large roots that have undergone considerable secondary thickening
and provide mechanical support to woody plants and trees.

o Surface roots: These proliferate close below the soil surface, exploiting water and easily
available nutrients. Where conditions are close to optimum in the surface layers of soil,
the growth of surface roots is encouraged and they commonly become the dominant
roots.

» Tuberous roots: A portion of a root swells for food or water storage, e.g. sweet potato. A

type of storage root distinct from taproot (Phillips, 1963).

23  Rooting depths

The distribution of vascular plant roots within soil depends on plant form, the spatial and
temporal availability of water and nutrients, and the physical properties of the soil. The deepest
roots are generally found in deserts and temperate coniferous forests. The deepest observed
living root, at least 60 m below the ground surface, was observed during the excavation of an
open-pit mine in Arizona, USA. Some roots can grow as deep as the height of the tree. The
majority of roots on most plants are however found relatively close to the surface where nutrient
availability and aeration are more favorable for growth. Rooting depth may be physically
restricted by rock or compacted soil close below the surface, or by anaerobic soil conditions
(Phillips, 1963). Table 2.1 shows typical depths of roots.
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Table 2.1: Rooting depth records

Species Location

Boscia albitrunca Kalahari desert

Juniperus Colorado Plateau

monosperma

Eucalyptus sp. Australian forest

Acacia erioloba Kalahari desert

Prosopisjuliflora Arizona desert
Roots are:

Maximum
rooting depth (at)
68

61

61

60

54

References

Jennings (1974)

Cannon (1960)

Jennings (1971)

Jennings (1971)

Phillips (1963)

Carbon pumps that feed soil organisms and contribute to soil organic matter

Storage organs

Chemical factories that may change soil pH, poison competitors, filter out toxins,

concentrate rare elements, ete.

A sensor network that helps regulate plant growth

Absorptive network for limiting soil resources of water and nutrients

Mechanical structures that support plants, strengthen soil, construct channels, break

rocks, etc.

Hydraulic conduits that redistribute soil water and nutrients

Habitats for mycorrhizal fungi, rhizosphere and rhizoplane organisms (Bougher & Syme,

1998).
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24 Root systems and architecture

The pattern of development of a root system is termed as root architecture, and is
Implant in providing a plant with a secure supply of nutrients and water as well as anchorage
and support- The architecture of a root system can be considered in a similar way to above-
ground architecture of a plant—i.e. in terms of the size, branching and distribution of the
component parts. In roots, the architecture of fine roots and coarse roots can both be described by
variation in topology and distribution of biomass within and between roots. Having a balanced
architecture allows fine roots to exploit soil efficiently around a plant, but the plastic nature of
root growth allows the plant to then concentrate its resources where nutrients and water are more
easily available. Balanced coarse root architecture, with roots distributed relatively evenly

around the stem base, is necessary to provide support to larger plants and trees (Sutton and

Tinus, 1983).

Tree roots normally grow outward to about three times the branch spread. Only half of a
tree's root system occurs between the trunk and the circumference of its canopy. Roots on one
side of a tree normally supply the foliage on that same side of the tree. Thus when roots on one
side of a tree are injured, the branches and leaves on that same side of the tree may die or wilt.
For some trees however, such as the maple family, the effect of a root injury may show itself

anywhere in the tree canopy (Phillips, 1963).

The recognition of different types of roots is important because these can have different
tunctions. Most plants produce one or more orders of lateral root branches. Different orders of
roots vary in their thickness, branching patterns, growth rates, capacity for secondary growth,
lifespans, structural features, etc. These variations will influence their capacities to obtain water
and nutrients, support mycorrhizal associations and survive adverse conditions. Higher order

lateral roots are generally thinner, shorter and don't live as long as those of lower (Brundrett,
1991).

types ofroots
Seminal root - from a seed

Adventitious root - from a stem
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First order lateral root - from a seminal or adventitious root
o Second order laterals, etc. - from first order laterals, which in turn produce third order
laterals, and so on.
, Feeder roots - fine, relatively short-lived roots that acquire nutrients and water in the
topsoil
Primary roots - from primary growth by the apical meristem
Secondary roots - mature, thicker "woody" roots with bark and additional vascular tissue
» Coarse roots - may live for a long time and have roles in transport and mechanical
support (Brundrett et al., 1985).

Fig. 2.3 shows the orders in a typical root assembly

Fig. 2.3: Root orders

2-5 Fibrous and taproot systems

A taproot system (Fig. 2.4) derives its nutrients directly from the first root that emerge
fro aseed (the radicle or primary root) that enlarges and forms a prominent central root that is
a*ed the taproot. The taproot is larger in diameter than the lateral roots. Lateral roots branch off

m the taproot, and subsequent lateral roots can branch off other lateral roots. Taproots

erally grow more deeply into the soil than do fibrous roots. It often becomes a modified
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storage organ for food reserves such as carbohydrate or for reaching water deep in the ground. A
taproot system, generally found in dicotyledons and conifers. Most trees begin life with a
taproot, but after one to a few years change to a wide-spreading fibrous root system with mainly
horizontal surface roots and only a few vertical, deep anchoring roots. A typical mature tree 30-
50 m tall has a root system that extends horizontally in all directions as far as the tree is tall or

more, but well over 95% of the roots are in the top 50 cm depth of soil.

Fig. 2.4: A tap root system

A fibrous (Also diffuse or fasciculate) root system (Fig. 2.5) is a kind of root system in
which both primary and lateral roots are finely divided and have approximately equal diameters,
without evident thickening or an enlarged central root. Most monocots have a fibrous root
system consisting of an extensive mass of similarly sized roots. In these plants, the radicle is
short lived and is replaced by a mass of adventitious roots which are roots that form organs other
than roots; for example the root of the grass.
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Fig. 2.5: Afibrous root system

2.6 Root growth

Plants must produce new roots to grow larger and to explore new volumes of soil to
acquire nutrients. They must also produce roots to replace old roots that have died, were lost to
predation, or no longer function well. Young roots with living epidermal cells and root hairs, are
often considered to be responsible for most direct nutrient uptake (Lyr & Hoffmann, 1967).
Young roots can be recognized by observing the distance of xylem and endodermis cell
maturation from the root tip. Roots which have stopped growing have mature xylem vessels at
their apex and may also have a suberised (metacutinized) root cap. These features are readily
apparent after roots have been cleared and stained (O'Brien & McCully, 1981).

Root tissues are produced by cell division in the root apex and cell expansion in subapical
regions. Cell division at the apical meristem produces new root cap cells in an outward direction
and new root cells in an inward direction. Root tissues progressively mature at greater distances
from the root tip and may develop specialized features of their cell walls or cytoplasm. Most of
what we know about plants comes from scientific studies of crops selected from weedy ancestors
r rraP?d growth in highly fertile soils. However, this information may not be relevant to plants
In natural ecosystems. Crop plants typically have roots which elongate 1 cm or more in a day

Bussell, 1977), while roots of plants from a natural ecosystem may grow 1 mm or less a day
(Brundrett, 1991).
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27 Roots as slope reinforcement material

The additional strength created by the roots is defined as the growing cohesion, which
increases with vertical stress and is occupied by the roots. The main effect of vegetation on slope
stability is generally considered to be mechanical stabilization due to the response of the roots.
This effect is applied through the strength and the distribution of roots within the soil (Osano and

Mwea, 2011).
Stresses acting on an infinite hillslope are represented in Fig. 2.6. According to Wu et al.

(1979) and Osano and Mwea, (2011), the effect of vegetation roots on soil shear strength can be
taken as part of the cohesive strength component of the soil-root system. Assuming that the
phreatic surface is at the soil surface and the location of the potential shear plane is z distance
below the soil surface, the safety factor (the minimum possible shear strength / the maximum

possible shear stress) for a vegetated infinite slope is given by Equation 2.1;

[c+Ac + 1zCOS2 wy , =  + wtcosentan”™'
\zystcosa sina + wtsina

Equation 2.1

Where;

0] c’and ()’ are the effective soil strength parameters,
(i) Ac is the increased cohesion due to tree roots,

(i) a isthe slope angle,

(iv) w, isthe vegetation surcharge (weight / unit area),
(V) Yst *s e saturated unit weight of soil,

(vi)  ywis the unit weight of water.
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Fig. 2.6: Schematic ofinfinite slope stability analysisfor aplanarfailure

In conventional limit equilibrium slope stability analysis, the shear strength
(c'+Ac+(zcos2(or)("M- "™ M+w, cosajtan”') is usually estimated using the soil strength
parameters ¢ “and & with the estimated effective normal stress on the potential shear plane under
the given pore-water pressure condition. In order to predict the landslide threshold conditions,

these soil strength parameters are estimated from the Mohr-Coulomb failure envelope derived

from the peak values of a series of shear stress-displacement curves (Ekanayake et al., 1997).

Vegetation and slope stability are interrelated by the ability of the plant life growing on
slopes to both promote and hindar the stability of the slope. The relationship is a complex
combination of the type of soil, the rainfall regime, the plant species present, the slope aspect,
and the steepness of the slope. Knowledge of the underlying slope stability as a function of the
soil type, its age, horizon development, compaction, and other impacts is a major underlying

aspect of understanding how vegetation can alter the stability of the slope (Mattia et al. 2005).

There are four major ways in which vegetation influences slope stability: wind throwing,

the removal of water, mass of vegetation (surcharge), and mechanical reinforcement of roots.
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271 Wind throwing

Wind throw is the toppling of a tree due to the force of the wind, this exposes the root
plate and adjacent soil beneath the tree and influences slope stability. Wind throw is a factor
when considering one tree on a slope, however it is of lesser importance when considering
%eneral slope stability for a body of trees as the wind forces involved represent a smaller
percentage of the potential disturbing forces and the trees which are in the centre of the group
will be sheltered by those on the outside (Greenwood et al. 2004). The roots anchor the plant in

position thereby increasing the soil shear strength and prevents against tree toppling

2,72 Removal of water

Vegetation influences slope stability by removing water through transpiration.
Transpiration is the vaporization of liquid water contained in plant tissue and the vapour removal
to the air (Food and Agriculture Organization of the United Nations, 2007). Water is drawn up

from the roots and transported through the plant up to the leaves .

The major effect of transpiration is the reduction of soil pore water pressures which
counteracts the loss of strength which occurs through wetting. This is most readily seen as a loss
of moisture around trees. However it is not easy to rely on tree and shrub roots to remove water
from slopes and consequently help ensure slope stability. The ability to transpire in wet
conditions is severely reduced and therefore any increase in soil strength previously gained in
evaporation and transpiration will be lost or significantly reduced. Consequently the effects of
transpiration cannot be taken into Account at these times. However it can be assumed that the
chance of slope failure following saturation by storm event or periods of extended rainfall will be
lessened as a result of transpiration. Moreover, although changes in moisture content will affect
the undrained shear strength, the effective shear stress parameters as commonly used in routine
slope stability analysis are not directly influenced by changing moisture content,, although the
Water Pressures (suctions) used in the analysis will change (Food and Agriculture Organization
°f the United Nations, 2007; Greenwood et al., 2004). This is because shear stress in soil
tructure can only be resisted by the skeleton of solid particles by means of forces developed at

the inter-particle forces.
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It is important to note that desiccation cracks can potentially be extended by vegetation in
dry weather promoting the deeper penetration of water to a potential slip plane and increased
water pressure into the soil during the wet periods. Nevertheless these cracks will be filled by

roots growing deeper into the soil as they follow the path of least resistance (Greenwood et al.,

2004).

Studies in Malaysia have shown that there is a significant relationship between root
length density, soil water content and ultimately slope stability. Slopes that had high root density
(due to dense vegetation on the surface) were less likely to undergo slope failure. This is because
a high root length density results in low soil water content which in turn results in an increase in
shear strength and a decrease in soil permeability. It is suggested that root length density and soil
water level could be used as indicators of slope stability and possibly could be used to predict

future slope failure (Perry et al. 2003).

Transpiration is accentuated when the vegetation has an extensive root system and rapid

transpiration continues throughout winter (Perry et al. 2003).

The removal of water is also affected by the shading provided by vegetation. Shading
helps prevent the desiccation of the soils which results in shrinkage and cracking allowing the
deep penetration of rain water. Plants need to have a high leafto root ratio and have the ability to

persist through hot summer months in order to provide effective shading of the soils (Perry et al.
2003).

273 The mass of vegetation o

The mass of vegetation is only likely to have an influence on slope stability when larger
trees are growing on the slope. A tree of 30 -50m height is likely to have a loading of
approximately 100 -150kN/m2. The larger trees should be planted at the toe of the slope with a
potential rotational failure as this could increase the factor of safety by 10%. However if the tree

ISPfanted at the top of the slope this could reduce the factor of safety by 10%.
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Each slope stability situation should be considered independently for the vegetation
volved It is important to remember that transpiration will reduce the weight of the slope as

oisture is lost. This can be significant on slopes of marginal stability (Greenwood et al. 2004).

If larger trees are removed from the toe area of a slope there will be both a reduction in
soil strength due to the loss of evapo-transpiration effects and a reduction in applied loading
which may result in temporary suctions in clay soils which could lead to softening as the
available water is drawn in to compensate for the suction forces. This is similar to the recognized
softening of over-consolidated clays due to the relaxation of overburden pressures when placed

in the top layers of an embankment from deep cutting (Greenwood et al. 2004).

2.74 Mechanical reinforcement of roots

Roots reinforce the soil through growing across failure planes, root columns acting as

piles, and through limiting surface erosion.

(@ Root growth across failure planes

When roots grow across the plane of potential failure there is an increase in shear
strength by binding particles. The roots anchor the unstable soil into the deeper stable layers or
bedrock (Mattia et al., 2005). This most readily occurs when there is rapid deep growth (1.5m
deep) of roots which last for more than two years. However it is important to note that the
strength exerted by roots generally only extends down to Im while most failures occur between
1.0-1,5m soil depth (Perry et al. 2jj03).

(b) Root reinforcement model

The root reinforced earth root model is the result of the root elongation across a potential
slip plane which produces a tensile root force which is transferred to the soil by cohesive and
frictional contacts between the root and the soil (van Beek et al. 2005).

Tensile root strength contribution and pull out resistance

The pull-out resistance of a root is the measured resistance of root structure to be pulled

°f the ground. The measured tensile strength of the root is found to be more than the pull-out
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strength- In the cases where there is no pull out data available, the tensile strength data can be
used as a rough guide to the maximum pull out resistance available (Greenwood et al. 2004,

Osano and Mwea, 2011).

The tensile root strength of a range of diameters over a range of species has been tested in
the laboratory and has been found to vary between 5 and 60MN/nr. In order for the root to
actually enhance slope stability the root must have sufficient embedment and adhesion with the
soil The way that roots interact with the soil is intricate but for engineering purposes the

available force contributions may be measured with in situ pull out tests (Greenwood et al.

2004).

(d) Root morphology and modes of failure

The root length and the type of root branching affects the way root failure occurs
(Greenwood et al. 2004; Norris 2005). Three different modes of failure have been identified in
hawthorn roots which relate to the root soil relationship which is shown in the shape of the roots
and the shape of the failure curve. Roots which have no branches tend to fail in tension and pull
straight out of the ground with minimal resistance. Roots which have multiple branches generally
fail in stages as each branch breaks inside the soil. These roots can then separated into two

different groups;

1 those that initially reach their maximum peak force and then maintain a high force

that progressively decreases as the root branches fail after significant strain and

2) those that break with increasingly applied force.

In a number of tests, considerable adhesion between a segment of the root and the soil

can be measured prior to the root eventually slipping out of the soil mass (Greenwood et al.
2004).

(e) Type A failure

Roots that do not have branches generally fail in tension and pull straight out of the

u»d with only minimal resistance. The root reaches its maximum pullout resistance then
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rapidly fails at a weak point. The roots easily slip out of the soil due to the gradual tapering
(progressive decrease in root diameter along its length) which means that as the root is pulled out
it is moving through a space that is larger than its diameter which consequently has no further

bonds or interaction with the surrounding soil (Norris, 2005).

(o Type B failure

Type B failure occurs when branched roots initially reach their maximum peak
resistance, and then sustain a high resistance which slowly reduces as the branches of the roots
fail after significant strain. In some tests considerable adhesion between a section of the root and
the soil mass can be measured before the root eventually slips out. Forked roots require a greater
force to be pulled out as the cavity above the fork is thinner than the root which is trying to move
through the cavity, this can then result in deformation of the soil as the root moves through the

soil (Norris, 2005).
(@  Type C failure

Roots that have multiple branches or forked branches also can undergo tensile failure but
predominantly fail in stages as each branch breaks within the soil. These roots break with
increasingly applied force in stages in the form of stepped peaks corresponding to the
progressive breaking of roots of greater diameters. The root progressively releases its bonds with

the soil until final tensile failure (Norris, 2005).

In some cases when the royt has a sinusoidal shape with many small rootlets along its
length the root reaches its maximum pull out resistance on straightening and then breaks at the
weakest point, however at this point the root is not pulled out of the soil as it adheres and
interacts with the soil producing a residual strength. If pulling was stopped at this point, the root
would give increased strength to the soil. However if the root is completely pulled out of the

ground then there is no further interaction with soil and therefore no increase in soil strength is
Provided (Norris, 2005).
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og Factors which affect root pull-out resistance

Studies by Norris (2005) have shown that the pull out resistance of hawthorn and oak
roots are affected by intra species differences, inter-species variations and root size (diameter) in
asimilar as way as root tensile strength varies (as measured in the laboratory). In the pull out test
the applied force acting on the root acts across a larger root area, which involves multiple
branches, longer lengths) than the short (approximately 150mm) length of root used in tensile
strength tests. In pull out test the root is likely to fail at weak points such as branching points,

nodes or damaged areas.

Norris (2005) also showed that there is a positive correlation between maximum root pull
out resistance and root diameter for hawthorn and oat root. Smaller diameter roots had a lower

pull out resistance or breaking force than the larger diameter roots.
29 Root columns acting as piles

Trees and root columns can prevent shallow mass movement through acting as piles
when there is buttressing and soil arching through a woody deep root system which has multiple
sinker roots with embedded stems and laterals (Perry et al. 2003). Section 2.5 presents the

literature on this theory.
2.10 Limitation of surface erosion

Vegetation can be used tcrcontrol water erosion by limiting surface processes such as
sheet wash and overland flow. Vegetation can provide a considerable contribution to the stability
of slope through enhancing soil cohesion. This cohesion is dependent upon the morphological

characteristics of root systems and the tensile strength of single roots (Mattia et al. 2005).

There is considerable evidence of fine roots resisting surface erosion. The role of fine
roots in general slope stability is not fully understood. It is thought that the fine roots help keep
the surface soil together and prevent surface erosion. The fine root network may have an
aPParent enhanced cohesion which is comparable to geosynthetic mesh elements. The limitation

°f surface erosion processes is particularly apparent in areas of shrub and grass where the fine
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rOot distribution is consistent and clearly defined, however cohesion is generally limited to the

top Im of soil (Greenwood et al. 2004).

2il Soil bioengineering systems & root geometry

Bayfield et al. (1992) explained that the surfaces of slope from the direct impact of
raindrops is protected by plants, and they help trap waterborne sediment, reduce the velocity of
surface runoff and strengthen the soil by the binding action of their roots. Similarly, vegetation
has been indicated to have the tendency to reduce the moisture content of soil through
interception of rain and transpiration. These usually increase the stability of slope; however, they
also increase infiltration through root penetration, and may in some circumstances (such as
where there is heavy surface runoff) decrease stability.

Grasses are the most widely used vegetation on slopes as their roots concentrate usually
in the top of 30 to 50 centimeters of soils, but they can also penetrate up to about one meter.
Shrubs and trees, on the other hand, provide deeper slope reinforcement, with roots which
penetrate to three meters and more, but are mainly concentrated in top one to two meters.
Specialized methods have been developed to establish vegetation on slopes. In these methods,
un-rooted cuttings, which are cut from live plants, are used, imbedded and arranged in the
ground, in special patterns and configurations. These embedded cuttings take root, become
established on the slope and act as barriers to earth movement, soil reinforcement, moisture
wicks and hydraulic drains.

Two commonly used systems are extended to sufficient depth to serve as reinforcement
in shallow slides. Brush layers consist of live branches which are placed in trenches or between
layers of compacted fill (Fig. 2.7). Live stakes or live poles are stems cut from live trees and
installed vertically or in a direction perpendicular to the slope (Wu, 2007). Live poles (Steele et
al., 2004) consisting of willow stems, with diameter of 4-10cm and length of about 2m, were

used to stabilize shallow slides.
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Fig. 2.7; Brush layering

Wu (2007) showed that, root geometry denotes all the properties which are necessary to
define the positions and dimensions of the roots in the system.

Plate-shaped root systems are composed mainly of lateral roots. The diameter of lateral
roots decreases rapidly with the distance from the root crown. The mass which contains most of

lateral roots is sometimes called the root mat (Fig. 2.8 a and b)

(@) (b)
Fig. 2.8 (a) and (b): Tangled root mat
More detailed correlations between different dimensions of a root system can be
developed and used in computer simulations so as to generate a distribution of root diameters at

various distances from the stem (e.g. Wu & Watson, 1998).
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212 Root reinforcement theories
2121 Introduction

Root reinforcement theory has basically been developed along two avenues. The first
method originated with the effects to quantify the effects of deforestation and precipitation on the
stability of slopes, and entailed a description of root soil interaction within a shear band through
force equilibrium. The formulations were proposed by Waldon (1977) and Wu et al. (1979).
Subsequent advances to these approaches mainly comprised refinements (for instance) in the
form of explicit definitions of reinforcement element orientation (Gray & Ohashi, 1983) and
improved description of load transfer from soil to reinforcement elements (Juran et al., 1988).
These advances were, however, increasingly based on fiber reinforced soil behavior with root
reinforcement, owing its origin to the description of the behavior of composite materials. This
method considers the macroscopic properties of composites, with the distinct characteristics of
fibers and matrix having been homogenized or averaged with roots. Within this context of fiber

reinforcement, root reinforcement is clearly identified as a specific case.

2122 The Wu et al. (1979) Model

The model of Wu et al. (1979) is used to estimate the increase in soil shear strength due
to presence of roots. Their model assumes that roots grow vertically and act as loaded piles, so
tension is exerted to them as the soil is sheared. This model was also used by De Baets et al.
(2008) where they tested root tensile strength and root distribution of typical Mediterranean plant
species. If the soil is rooted, the increased soil shear strength can be expressed as an additional

cohesion in Equation 2.2;

sr-s + Cr Equation 2. 2

where;

(o s is soil shear strength without roots (kPa),

(‘0 sr(kPa) is the shear strength of the soil with roots, and

(>  Cr(kPa) is the increase in shear strength due to the presence of roots.

When shear forces occur, the root fiber deforms. This deformation causes the fiber to

Stretch’ Provided there is sufficient interface friction, confining stress and anchorage length to
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lock the fiber in place and to prevent slippage or pullout. The fiber elongation mobilizes the
tensile resistance in the fiber (Gray and Sotir, 1996). The tension developed in the roots is
resolved with a tangential component resisting shear and a normal component increasing the
confining pressure on the shear plane. The most critical assumption of this model implies that all

roots attain ultimate tensile strength simultaneously during soil shearing.

From Wu et al. (1979 model, the predicted shear strength increase from a full

mobilization of root tensile strength is given by Equation 2.3;

Cr=fe(sin 9 + cos 9 tan Equation 2.3

Where;
0] 9 is the angle of shear distortion in the shear zone, which is the angle the root
makes across a shear zone in a soil profile when the root develops tension (Fig.
2.9); the component of this tension tangential to the shear zone directly resists
shear, while the normal component increases the confining pressure on the shear
zone.
(i) ¢ is the soil friction angle (°), and
(i) Jr is the total mobilized tensile stress of roots fibers per unit area of soil.
Generally, the model simplifies the actual behavior of the sinker roots (Fig. 2.10) and
assumes that a flexible, elastic root penetrates vertically across a shear zone. The root is initially
oriented perpendicularly to the shear zone. A tensile force develops in the root as the soil is
sheared (Fig. 2.11). This tensile force can be resolved into components acting normally and
tangentially to the shear zone. The tangential component directly resists shear while the normal

component contributes to the confining stress on the shear zone.
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Fig. 2.9: Tensileforce development during shearing

Fig. 2.10: General sinker roots development in soil
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Fig. 2.11: Tensileforce resolving in the shear zone

The mobilization of the root’s tensile resistance increases the shear strength of the soil by

anamount as in Equation 2.4.

A. .

ASr= Tr——(sin 6 + cos 6 tan”) Equation 2.4
Where,

(0 ASr = shear strength increase resulting from root displacement,

(ii) 6 = angle of shear distortion,

@ = angle of internal friction,

(iv) Tr = average tensile strength of the roots,

(V) -—-—- = root area ratio or the fraction of the soil cross-sectional area by roots,

A

which is dimensionless.

Wu et al. (1979) pointed out that the bracketed term in Equation 2.3 is relatively

insensitive to any change in the expected value of either the shear distortion angle, 6, or the

mternal friction angle, <& of the soil. An average value of 1.2 was determined for the bracketed

term after considering all possible combinations of 6 and O. The maximum shear strength

mcrease resulting from root reinforcement is now approximated as shown in Equation 2.5;
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ASb= |27+ Equation 2.5

2.12.3 The McOmber (1981) Model

McOmber (1981) presented a model for soil interaction which analyzed the mechanism
of failure as the soil-root adhesion is exceeded and the root pulls out of the soil. His model
assumed that soil-root interaction resulted from the adhesion between the soil and the root, and
from the resistance of the soil to lateral motion of the root. In his simplified soil-root system,
shown in Fig. 2.12 - 2.14, McOmber (1981) assumed that roots behave as perfectly flexible

fibers resisting forces in pure tension.

Fig. 2.12: Idealized soil-root system - tensile rootfailure (after McOmber (1981))
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Fig. 2.13: ldealized soil-root system - deflection ofroot section a (after McOmber (1981))

|> ShearZone

Pig. 2.14: Idealized soil-root system - initiation of movement in root section b and c (after

McOmber (1981))

Therefore, the roots could only fail in tension and never in shear. This assumption is
consistent with the assumption made in the model developed by Wu et al. (1979).

In analyzing the soil’s resistance to root motion, McOmber compared the soil reaction to

| displacement to the soil reaction of a laterally loaded pile. McOmber determined the

°rizontal and vertical soil reaction by using the method proposed by Broms (1964a) to solve the
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pile deflection problem. Fig. 2.15 illustrates a pile subjected to a lateral load and the resulting

soil reaction.

Soil Reaction Soil Reaction

Fig. 2.15: Distribution oflateral soil reaction (after Broms (1964a))

uniformly distributed pressure as shown in Fig. 2.15.

py= KCWD
Where,
(0 Py = the ultimate soil reaction,
H K = the coefficient of subgrade reaction, dimensionless,
(H) Cu = the undrained shear strength, and
(ivy D = the diameter of the pile.

The ultimate resistance of the cohesive soil to the lateral pile motion is approximated by a

Equation 2.6

Fig. 2.16 is a free body representation of the root model during the latter stages of
loading.
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Fig. 2.16: Free body diagram ofroot after initiation of movement in sections b and c (after
McOmber (1981))

At this stage, the soil-root adhesion in sections b and c has exceeded. Point O has moved
to point O’, section a has deflected horizontally and section b and c have deflected both
horizontally and vertically. Therefore, the ultimate soil resistance must be overcome both in the

horizontal and vertical directions. Summing the forces in the x and y directions yields Equation
27 and 2.8;

IFy=0

Tosina, =KCWxr+nrD Ibsin®*' " +1 ** +lasin(ax+a?)

\'zJ
Equation 2.7
and
A — Na, N rad' . (ax+a2
COSOf, » =KC.,D+niBxos +1 | 2 J +1sin
\z ] %
Equation 2.8
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where,
(i) la, Iband Ic = lengths of root sections a, b and c respectively,

(i) nr = residual soil-root adhesion, and

(iii) a,, or2, «3,and o4 = angles shown in Fig. 2.16.

2.13 Root reinforcement testing

A number of investigators have determined the influence of root or fiber reinforcement
on the shear strength of soils by performing direct shear tests on laboratory and field samples.
Kassif and Kopelovitz (1968) tested a non-cohesive soil that contained synthetic fibers and
compared the shear strength of the reinforced soil. They concluded that the fiber reinforcement
increased the cohesion of the soil but had little effect on the internal friction angle. Cohesion
increased with increases in the surface area, bulk density, and fixity of the fibers. Kassif and
Kopelovitz suggested deformation and failure of a reinforced soil occurs in a number of stages.
The first stage is the elastic deformation of both the soil and reinforcement. Next, the soil
undergoes plastic deformation while the reinforcement continues to deform elastically. During
this stage or the following stage the shear strength of the reinforced soil surpasses the maximum
shear strength of the non-reinforced soil. Eventually both the soil and reinforcement exhibit
plastic behavior.

Endo and Tsurata (1969) determined the reinforcing effect of tree roots on soil shear
strength by performing in-situ direct shear tests on soil blocks containing live tree roots. Fig.
2.17 - 2.19 illustrates Endo and Tsuruta’s testing procedure.

The shear strength of the rejpforced soil increased directly with the bulk weight of roots

per unit volume of soil. Endo and Tsurata (1969) summarized their results in the empirical

Equation 2.9
ASr=a(R +b) Equation 2.9
Where;

(*  ASr = increase in shear resistance

W R = concentration or density of roots in the soil, and

(*v) aandb= empirical constants (a = 0.93x10, b = 53 g/m3



Fig. 2.17: In-situ shear test: soil pedestal guide box inplace (after Endo and Tsuruta (1969))

pig- 2.18: In-situ shear test: soil pedestal excavated and exposed (after Endo and Tsuruta
(1969))

44



literature Review

Nominal
Recoder Load

Anchorage

Shear Load
Load Cell Shear

Box

Fig. 2.19: In-situ shear test: shear box emplaced over pedestal (after Endo and Tsuruta (1969))

Manbeian (1973) sheared soil columns reinforced with barley, sunflower, and alfalfa
roots. The plants were grown in large diameter containers of homogeneously packed silty clay
loam He then sheared both fallow and root reinforced samples in a direct shear machine.
Manbeian reported that peak and residual shear strengths of the root reinforced samples were 2
and 4 times greater than shear strength of the root free samples. These strength increases were
attributed entirely to the mechanical reinforcement provided by the roots since soil suction was
eliminated by saturating samples prior to testing.

Waldon (1977) and Osano and Mwea (2011) conducted a series of tests similar to the
tests performed by Manbeian. Waldon investigated the soil reinforcing effects of alfalafa, barley
and pine by growing these plants in large cylindrical containers and then subjecting the saturated
sail cylinders to direct shear tests. Waldron found that the presence of each plant type increased
the shear strength of the soil. He also attributed this increase to the mechanical reinforcement
provided by the roots.

McOmber performed tests to measure the pullout resistance of roots in a cohesive soil.

McOmber conducted these tests using a simplified model root (Fig. 2.20) constructed of 1/8 inch
diameter steel cable.
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Fig. 2.20: McOmbers testing apparatus and model root

Cable sections a, b, and ¢ were connected by brass connectors. Strain gauges were
mounted on these connectors to measure the strain, and in turn the stress, at these points.

The root was buried in a sandy clay soil and then the soil was compacted under a 716
kN/m2load. At various stages of loading, x-rays were taken to determine the relative position of
the buried root. Knowing the load applied to the top of the root, the loads measured at the
connections of the root, and the relative position of the root, McOmber provided information
regarding the pullout resistance of the model root in a cohesive soil. McOmber analyzed the soil-
root interaction using the concept of subgrade reaction. Analysis of McOmber’s test data

provided an average value for the coefficient of subgrade reaction, k, of approximately 6.0.

214 Catastrophic landslide occurrences around the world
(@  Rock Avalanche Dammed Lake Gojal, Pakistan
On January 4th, 2010, a 50 M m3rockslide formed a dam approximately 1200 m
long, 350 m wide, and 125 m high. The initial mass movement Killed at least 19 people,
dammed the Hunza River at Attabad (northern Pakistan), and formed a large impounded
lake (Lake Gojal). Fig. 2.21 shows the satellite image showing the location and extent of
the slide. The lake began to overtop the rockslide debris through a spillway constructed

by Pakistani authorities. At maximum height, the lake was 22 km long, covered and area
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of 12 km2, and contained a volume of 585 M m3 of water. Currently, the dam is still
stable, with no credible estimates of catastrophic failure (Evans et al, 2009).
74'60'E 74'82E 74°84%

A8 2.21: ASTER satellite image showing the location and extent ofLake Gojal (Source: Evans
et al, 2009).
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The 1949 Khait Rockslide-loess Flow
w

In July 1949, Khait earthquake, which was having a magnitude of 7.4 on the ritcher scale,
jiggered many hundreds of landslides in a mountainous region near the southern limit of the
Tien Shan Mountains, central Tajikistan. These landslides involved widespread rock-slope
failure as well as large numbers of flowslides in loess that mantles the steep slopes of the region.
The Khait landslide involved a transformation of an earthquake triggered rockslide into a very
rapid flow by the entrainment of saturated loess into its movement. The moving mass travelled a
horizontal distance of 7.41 km, while descending vertically 1421 m. The total volume of mass
was 75 M m3, an order of magnitude lower than previously published estimates. It was estimated
that the total loss of life due to landslide inundation in the Khait epicentral region was
approximately 7,200 people (Evans et al, O. 2009). The image showing the location and extent
ofthe 1949 Khait rockslide is shown in Fig. 2.22.
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Frg. 2.22: Image showing the location and extent ofthe 1949 Khait rockslide-loessflow from
Chokrak mountain, createdfrom SRTM data (NASA) and ASTER GDEM data (METI and NASA)
(Source: Evans et al, 2009).

(© 1772 Catastrophic Flank Collapse, Papandayan Volcano, Indonesia

The Papandayan stratovolano complex is located in the North West region of the Island
of Java, Indonesia (07° 19' S/107° 44' E). A satellite image of the location is shown in Fig. 2.23.
During the catastrophic 1772 eruption the north east flank collapsed, creating a massive debris
avalanche. The failed mass travelled downslope to the NE over 10 kilometres, covering a total
area of over 20 km2. This event destroyed 40 villages and killed almost 3000 people.

This event is part of an on-going study researching global catastrophic landslides (Evans
e“al. 2009).
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Fg 2.23: Image showing the location and extent ofthe 1772flank collapse ofPapandayan
createdfrom NASA's SRTM data and geological mapping. (Source: Asmoro et al, 1989)
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(d Sea Highway (Olympic Corridor) Rockfall, British Columbia, Canada

The site of the July 31st 2008 Sea to Sky rockfall/rockslide was examined in 1997. Fig.
274 shows the site at that time. The photo at the lower right was taken soon after the 2008 event
by Canadian Press. The slope consists of resistant Coast Plutonic Complex granite but as seen on
the 1997 photograph the rock mass is characterized by more-or-less planar stress relief (sheeting)
joints that dip west (downslope) towards Howe Sound. Undercutting of the slope during
construction of highway in 1958 resulted in the sheeting joints daylighting in the rock slope. The
location of the 2008 rockfall is known as Porteau Bluffs, they run for just under 1 km along
Howe Sound (49° 33’ 52.15”N; 123° 14’ 01.44”W), and the rock slopes along this section of

highway exhibit similar rock mass characteristics to those involved in the July 2008 event (Evans

etal. 2009).

P

& *24: Image showing the exact location ofthefailed cliffin 1997 and the subsequentfailure
in July, 2008 (LRP, 2008; inset Canadian Press, 2008)
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Rock and lce Avalanches: Mount Steele, Yukon, Canada
(e)

A large rock and ice avalanche occurred on the north face of Mount Steele, southwest
Yukon Territory, Canada, on July 24, 2007 as shown in Fig. 2.25. In the days and weeks
preceding the landslide, several smaller avalanches initiated from the same slope. The ice and
rock debris traveled a maximum horizontal distance 5.76 km with a maximum vertical descent of
21160 m, leaving a deposit 3.66 km in area on Steele Glacier. The seismic magnitude estimated
from long period surface waves (Ms) is 5.2. Modeling of the waveforms suggests an estimated
duration of approximately 100 s and an average velocity of between 35 and 65 m/s. This
landslide is one of 18 large rock avalanches known to have occurred since 1899 on slopes
adjacent to glaciers in western Canada. Lipovsky et al., 2008 described the setting, reconstructed
the event chronology and presented a preliminary characterization of the Mount Steele ice and
rock avalanches based on field reconnaissance, analysis of seismic records and an airborne
LiDAR survey. They also presented the results of a successful dynamic simulation for the July

24 event.
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fc 2.25: Oblique image showing thefailure on the North Face ofMount Steele (Source: Yukon
Geological Survey, 2007), (after Lipovsky et al., 2008)
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Rock Avalanche and Debris Flows, Nevado Huascaran, Peru

The 1962 and 1970 Huascaran mass movements originated as rock/ice falls from the
fountain's North Peak, transformed into higher-volume high-velocity mud-rich debris flows by
mnourporation of snow from the surface of a glacier below Huascaran and the substantial
entrainrent of morainic and colluvial material from slopes below the glacier terminus. Fig. 2.26

jsthe aerial photograph of the rock avalanche.

Water for fluidization of the entrained material originated in the melting of incorporated
snOw and the liberation of soil moisture contained within the entrained materials. Eyewitness
reports indicate very high mean velocities for the events; 17-35 m/s (1962) and 50-85 m/s
(1970). The runout distances and velocity profiles of both events were simulated. Both mass
movements continued downstream as debris floods (aluviones), that in 1970 reached the Pacific

atadistance of 180 km (Evans et al. 2009).
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Fg 2.26: Aerialphoto ofthe major rock avalanche and debrisflowsfrom Nevado Huascaran,
Peru, 1970 (NASA). (Evans et al. 2009).
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~ j5 Database of plants suitable for slope stability

plants suitable for erosions control and slope stability have been categorized by various
Cﬁ)anizations and researchers. These plants have been summarized in Appendix 2. When
fléeting plants for erosion control or slope stabilization, it is important to use fast growing
species that have root systems that will “hold” the soil in place. Heavy plants are not
recommended for slope control because their dense foliage can actually contribute to slope
erosion. For example, ice plants (Carpobrotus sp., Drosanthemum sp., etc.) are a poor choice for
slope control because their shallow root systems cannot hold their heavy leaves. All of the listed
species, however, are lightweight, have fibrous root systems and provide great coverage for
slopes. A database similar to Appendix 2 showing plants suitable for erosion control and slope
stability in Kenya will help designers and land managers to make qualitative assessment and

perform quantitative slope stability analyses.

216 Conclusion

It has been shown that roots contribute to the shear strength of a soil. The root’s influence
on the shear strength of the soil is dependent on the bulk density of roots in the soil, the
orientation of roots with respect to the shear zone, and the tensile strength of the roots. Research
investigating the effect of roots on soil shear strength has determined that the roots tend to
increase the cohesive component of shear strength while showing little influence on the internal
friction angle of the soil. The soil-root interaction model proposed by Waldon and wu et al.
provides insight into the behavior of a root located across a shear zone and its contribution to soil
shear strength. **

As the use of vegetation to stabilize soil slopes has become an increasingly used
envirrnmentally friendly alternative to traditional soil improvement methods, a better
demanding on its application in important. At present, widespread use of vegetation to
Abilize soil has been inhibited by a lack of verified methods to predict the reinforcing effect of
Vars Plant types (Bransby, 2004). This research investigates the link between root systems,

001 mechanical properties and soil-slope stability to shed more light on this subject.
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31 Introduction

This chapter presents the testing procedure designed to analyze the strength of individual
roots, the root’s effect on soil strength, root’s pull-out characteristics, the determination of the
critical angle of slopes and the effect of strain rate on stress-strain relationships of individual
roots for different species. By performing a large direct shear test on a soil containing roots
together with a control test, it was possible to determine the root’s contribution to the shear
strength of the soil.

For pull-out tests, real roots rather than model roots as used by McOmber (1981) were
tested. A series of tests using actual roots obtained from landslide susceptible sites (Sasumua and
Murang’a) on remoulded soil samples were performed. Extreme care was observed in order to
replicate the soil conditions and characteristics during the remoulding process at the laboratory
by performing various physical tests at site and laboratory. The testing procedure used by
McOmber (1981) was modified by pulling-out roots axially and repeating the tests to obtain
additional information regarding pullout resistance of the actual roots.

Direct shear tests were performed on soil containing the roots and those without. Specific
attention was given to the soil’s resistance to root motion and the effect of the pullout resistance

ofthe root on the normal force on the shear plane.

32 Description of study sites

321 Sasumua site

Root sampling of different plant species, each plant species comprising of 3-5 individual
samples, took place in the Sasumua Water Treatment Backslope, situated in Njambini Division,

%andarua District of Central Province in Kenya. Fig. 3.1 shows the geographical map of the
research site.
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Sasumua is situated at a latitude of 0° -47' 0 S and a longitude 36° 42' 0 E. The location is
situated 245 Kkilometres south west (216°) of the approximate centre of Kenya and 57 kilometres

north (347°) of the capital Nairobi.

s
Roads
Rivars
use
[ agriculture (danaa)
foreat n

> 0 2 4 1 Kilometer!

Fig. 3.1: Geographical map ofNyandarua District indicating the location o fSasumua

The Sasumua backslope had steep slopes, ranging from 15° to 55°. The length of entire
sope is about 180m. Soils comprise of hard murram, fine grained gravels to red coffee soils.
During the rainy season, the slope experiences seepage from underground water which tends to
reduce its stability. Fig. 3.2 is the photograph showing the extent of the shallow landslide of

within Im depths and rampant gully erosion.
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Fig. 3.2: Photograph ofthe research site showing an eroded terrain with effects ofshallow
landslides in which the sliding surface is located within the soil mantle or weathered bedrock
(typically to a depthfrom few decimetres to 1 metre)

322 Murang’a site
(@  Site description

The typical landslide comprehensively investigated under this research occurred in
Mung’aria Village situated in Murang’a North District, Kenya. A major landslide occurred on 6th
November 2008. Interviews with tffe local residents revealed that it had been raining heavily for
the whole week preceding the landslide occurrence. The landslide destroyed a house and
collapsed onto a girl who was sleeping, Killing her instantly.

Field investigations were conducted at the landslide site five days subsequent to its
occurrence. The terrain was particularly steep and varied from steep dissected slopes (25 - 30°)
onrelatively hard, fine grained gravel soils to very steep slopes (40 -65°) on red soils. Vegetation
consisted of tea and coffee plantations on the uphill to unvegitated ground at midlands to nappier
Brass plantation downhill sides.

The depth of landslide failure was largely a function of the thickness of the soil and

Alluvium overlying mudstone lithologies.
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The soils on the site were found to be shallow (<3 m). At the landslide occurrence, soils
were brown and well drained. This is typical of land that is being eroded. The abrupt loss of
strength of the soil during wetting was found to be a distinct feature of the soil in the area. Fig.
33 and 3.4 show the landslide site. The portion that underwent landsliding measured 7m long by
Smwide by Imdeep.

SOMALIA

INDIAN
OCEAN

Figure 3.3: Muranga location in Kenya

Figure 3.4: Murang'a County map
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(1)  The Landslide
The landslide measured 7m high by 5 m long as shown in Fig. 3.5 from left side view. Fig. 3.6 is

right side view and Fig. 3.7 presents the aerial view of Mung’aria Village landslide site

Figure 3.5: Left Side View ofMung ‘aria Village Landslide

Figure 3.6: Right Side View ofMung 'aria Village Landslide
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Figure 3.7; Aerial View ofMungaria Village Landslide Site

(©  Weather pattern during the Month of October-November-December (OND) 2008 -

Courtesy ofKenya Meteorological Department

The October-November-December (OND) 2008 *“Short-rains” seasonal rainfall was
characterized by very poor temporal distribution. Most parts of the Central Kenya experienced
heavy and continuous rainfall during the month of October and the first half of November (Fig.
38—3.11). This rainfall resulted into flash floods and landslides/mudslides leading to loss of life

and property as well as destruction of infrastructure in several areas.

However, the entire country remained generally sunny and dry throughout the second half
°f November and the entire month of December. During the month of December, for example,

most stations in the country recorded monthly totals not exceeding 10mm.

Stations atNyeri recorded a highest seasonal rainfall total of 566.6mm (105%).
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Fig 3.8: October 2008 Rainfall Performance
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Fig. 3.9: November 2008 Rainfall Performance
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Fig. 3.10: December 2008 Rainfall Performance
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Fig. 3.11: The October-November-December (OND) 2008 Rainfall Performance
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33 Sampling

Roots were sampled for conducting shear tests, tensile strength tests, pull-out tests and
the effect of strain rate on stress-strain relationships in the laboratory. Selection was random, and
roots species having root penetration into soil of more than 0.2m were excavated. Selection was
random, from depths of not more than Im, being the maximum depths of shallow landslides in
which the sliding surface is located within the soil mantle or weathered bedrock (typically to a
depth from few decimeters to 1 meter). Samples were favored from areas where there was great
effect of the shallow landslides. These plant species were grasses: Switch grass (Panicum
virgatum) from Sasumua Site and Red oats (Themeda triandra) from Mung’aria Site; shrubs:
Saltbush (Atriplex halimus) from Sasumua Site and Tree ferns (Asparagus species) from
Munga’ria Landslide Site.

Testing was conducted in the University of Nairobi geotechnical laboratory. The
investigations that took place included the determination of root area ratio (RAR), pull-out
strengths, shear strengths, natural moisture contents, slope angles, angle of shear distortion,
internal angle of friction, cohesion and soil densities.

For conducting the effect of strain rate and specimen length on stress-strain relationships,
roots were collected from Luton, UK, and transported to the University of Portsmouth, UK,
where a computer aided 50kN Universal Tensile Machine with a variable strain rate adjuster is
installed.

After excavation, roots were stored in plastic bags to preserve their moisture contents.
Roots were taken to a laboratory and kept in a cold room for 12 hours to conserve their moisture
content. The average temperature at the cold room was 7°C. A 2m’ soil sample was excavated at
random and transported to the laboratory to conduct laboratory pull-out and shear testing from
both sites, except for tests conducted in the United Kingdom where soil samples were not
required. For tests in the United Kingdom, a 50kN Universal Testing Machine was used to

mvestigate the effect of strain rate on stress-strain relationships of roots. Details are given in
Section 3.8.
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34 Laboratory apparatus and testing procedures
34.1 Shear test

The standard testing method adopted for laboratory shear testing was BS 1377-7: 1990,

Roots were selected from three different plant species, i.e. Switch grass, Saltbush and
Tree fern. The roots were manually inserted into the apparatus and soil material introduced and
rammed in three layers. The length of the roots inside the apparatus was 150mm and outside the
apparatus was 350mm. Ramming of soil specimen was in three layers, with each layer being
60mm before ramming and 50mm after ramming. Ramming was by a 4.5 Kg rammer, giving 25
equally distributed blows around the specimen. Moisture contents were determined at each layer
by taking samples and keeping them in an oven, giving an average value of 14% for all the layers
after 24 hours of oven-drying.

The test samples were then repeatedly submerged in water which was left until saturation
wes reached. Immediately saturation point was reached, water was bailed from the shear
apparatus and instruments installed. A manually driven CBR jack was used to shear-test the soil
blocks. All shear tests were carried out with the test block submerged and under a normal load of
150 kg equivalent to an overburden pressure at the potential shear plane of a 1-m-thick soil.
Strain was applied at a constant rate to give an approximate shear displacement rate of 1 cm/min.
Load cells with resolution of 0.0 kN were used to measure the shear force. Shearing was done
close to the maximum displacement capacity of the jack which was approximately 90mm. The

procedure was repeated for all samples.

34.2 The testing facility
A field set-up to perform in-situ shear tests on soil with and without roots was presented
A Jagath, Ekanayake and Chris (2003), and was used to test soil samples in New Zealand. The
above experimental set-up formed the basis for apparatus devised and adopted with minimum
Modifications, to perform laboratory tests to meet the objectives of this research. The
Modifications included the introduction of 1000mm x 1000mm x 1000mm box simulating earth
using shear displacement rate of 1 cm/min rather than the 2 cm/min as used by Jagath,
Ekanayake and Chris (2003), which was argued to be quite fast and could not allow the sample

Dshear at its weakest point. Fig. 3.12 is the sectional drawing of the set-up.
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Fig. 3.12: The laboratory set-up

The essential features of the apparatus thus follow:

1

A container for the specimen, which was termed the ‘shear box’, which was square in
plan, was 300mm square in plan and 150mm deep divided horizontally into two equal
parts which enabled a square prism of soil to be laterally restrained and sheared along a
mechanically induced horizontal plane while subjected to a pressure applied normal to
this plane. The upper part, which was 75mm deep where an increasing horizontal force
was applied, thus causing the prism to shear along the dividing plane of the box. The
lower part was also 75mm deep, and was not fitted with a baseplate like in the ordinary
small shear box apparatus, thus making it an open-ended box. This enabled easier placing
of prepared soil blocks.

The materials comprising the root-reinforced soil testing apparatus were all resistant to

corrosion by electro-chemical reaction with each other.
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3. The upper part of the container was fitted with a porous plate of corrosion-resistant
material, about 2mm smaller than the internal plan dimensions of the shearbox. Its
porosity allowed free drainage of water throughout the test and prevented the intrusion of
soil into the pores. The thickness of the plate was made 20mm which was sufficient
enough to prevent breakage under load, and was made to be of negligible compressibility
under the loads applied during the test.

4. A loading cap to cover the porous plate was provided. It was 2mm smaller in plan than
the internal dimensions of the shearbox, and was made rigid enough to transmit the
vertical load uniformly to the specimen without deformations. A thickness of 20mm was
set to give sufficient rigidity to avoid bending of the plate during loading.

5. Calibrated Lead weights to apply a vertical force to the loading cap were provided. The
weight was equal to the overburden pressure above the potential shear plane. It was
estimated to be about Im thick of soil.

6. A CBRjack to apply horizontal shear to the vertically loaded specimen at constant rates
of displacement from which a rate to suit the soil being tested was provided.

7. Calibrated force measuring load rings were provided to measure the horizontal shear
forces.

8. Calibrated dial gauge to measure the relative horizontal displacement of the two halves of
the shearbox was provided.

9. Calibrated dial gauge to measure the vertical deformation of the specimen during the test
was provided.

The shear test results are analysed in Section 4.1 of Chapter 4.
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35 Root tensile testing
The Hounsfield Tensometer apparatus (Fig. 3.13a and 3.13b) was used to determine root

tensile strength, T. The schematic diagram of the Hounsfield Tensometer apparatus is shown in

Fie. 3.14.

Fig. 3.13a - Image ofHounsfield Tensometer apparatus

Fig. 3.13b - Artist's impression o fHounsfield Tensometer apparatus
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DETAILS OF THE TENSOMETER A10
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Fzg. 3.7-7: The schematic diagram ofthe Hounsfield A10 Tensometer

The machine is motor driven to achieve a constant rate of extension for the large
extensions expected of plant roots. The standard motor drive unit (M.D.U.) consists of a cast
base plate which is located at the back of the Tensometer base by two dowels. A 9” Pulley is
fitted to the drive shaft on the Tensometer. The motor is controlled by a switch mounted in a
small metal box at the end of a flexible cable. Forward and reverse limit switches are provided
which clip on to the rear standard and stop the motor at predetermined positions of the crosshead.

The sample to be tested was clamped between two grips. Clamping was the most critical
*<c when measuring root strength. In the tests, the roots were clamped using wedge grips as
shown in Fig. 3.15. They were self gripping, were quick to use, and did not have to be removed
fromthe machine for each test. To improve the clamping and avoid slippage, fine sand paper was
atached to the grips. Roots were clamped into entire wedge grip length in order to achieve a
superior grip which could avoid slippage during testing.

After clamping the roots into wedge grips, the motor was driven manually to apply initial

ns'On into the roots, and the mercury scale set at zero. Root diameters at either ends were taken,

11 fr~ initial length of the exposed root also recorded. The motor drive unit was then put on
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subjecting the sample to a movement of the clamps at a constant rate of IOmm/min., and testing

commenced. Loading was recorded at every 30 seconds until failure occurred.

Fig. 3.15: Clamping ofthe roots using wedge grips

The elongation of the roots was recorded by simply taking the length between the grips at

failure. Equation 3.1 was then used to calculate the root tensile strength, T (De Baets S. et al.,
2008).

T= £D2A Equation 3.1
n

Where;

(M Frex is the maximum force (N) needed to break the root, and

(i) D is the mean root diameter (mm) before stretching.
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Results of roots that failed at the grips were discarded as rupture occurred below their

actual strength. The root tensile tests results are shown in Section 4.2

36 Pull-out tests

The apparatus was specially designed and fabricated for this research (Fig. 3.16).

Fig. 3.16: The Pull-out test Apparatus

The main features of the apparatus are:

1 A box measuring Im x Im x Im filled with soil material from the site under
investigation, where roots are embedded for pull-out.

2. A pulley mechanism with loading cap to apply a horizontal pull-out force on the root.
The wire-rope to be inelastic and to accommodate large pull-out forces of up to 100N,
which is the estimated maximum pull-out force for small-rooted vegetation.

A steel table where the box is fixed high enough to allow the pulley movement to take
place during the pull-out displacement

4- Loading weights measuring 1Kg each
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The sample to be tested was clamped between two grips. To ensure that no slippage
occurred during each pull-out test, the root crown was gripped using a specially designed wedge
and barrel system similar to those used for tensile testing, but capable to grip thicker roots.

Soils were remoulded into the box after knowing the weight required to fill the box.
When remoulding reached halfway the box, the root was embedded, and carefully soil was filled
around it, rammed around it while avoiding hitting the root. Soil was filled to the entire box.
After clamping the roots into wedge grips, the pulley mechanism was mounted, and the loading
started, at IKg weight intervals. Displacement was recorded for every added weight until root
sudden pull-out failure took place. A Photograph of the pulled out root was taken. This test was
repeated for different root configurations for all the plant species. The force just before failure
waes recorded for each root system.

In a different set-up, moisture contents of soil samples were varied, and the maximum

pull-out resistance was determined.

37 The effect of changes in slope angle and the determination of critical
slope angle

The area surrounding the landslide was surveyed to determine why sliding occurred on
ore side of the slope only, while other areas remained stable. Slope angles at 5 different points,
including the landslide spot, were determined by use of a Topcon GTS-235 total station (Fig.
317) to measure coordinates and angles by recording the values in a data collector.

Fig. 3.11: The Topcon GTS-235 total station
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Equipment parts;

1 Yellow case with total station, serial cable, plumb-bob, raincover, battery charger for

total station, power cord, tool kit.

2. Prism, data collector, USB cable and prism holder.
3. 5m Range pole

4. Tripod

5. Staff

The total station was mounted with 2 pole prisms. The total station combined an
electronic transit with a laser distance measurer. The pole-mounted prism was then sighted.
Horizontal (relative to a previously determined baseline) and vertical angles from the station to
the prism were measured. By combining the angles with the measured slope distance, horizontal

distances and elevation distances were calculated

The areas surveyed and angles taken are given below;
Area 1- slope angle 23°
Area 2 - slope angle 25°
Area 3 - slope angle 33°
Area 4 - slope angle 15°
Landslide area - slope angle 46°

Fig. 3.18 is a site layout of the area under investigation at Murang’a.
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KEY

Area of Landslide

® Tea Plantation
Tea Bush Plantation ® Coffee Tree

A Blue Gum Tree
Tree
*  Grass/Undergrowth

Fig. 3.18: Murang 'asite layout

The number and type of vegetation found at each area was noted, together with the

number and diameter of roots crossing at depths of Im, where majority of shallow landslides
OCCUrs.

o*
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38 The effect of strain rate and specimen length on stress-strain

relationship of vegetation roots

@ Theory

The engineering tension test is widely used to provide basic design information on
images/the strength of materials and as an acceptance test for the specification of materials. In
the tension test, a specimen is subjected to a continually increasing uniaxial tensile force while
simultaneous observations are made of the elongation of the specimen. An engineering stress-
strain curve is constructed from the load elongation measurements.

The strain used for the engineering stress-strain curve is the average linear strain, which
is obtained by dividing the elongation of the gauge length of the specimen, d, by its original
length.

The parameters, which are used to describe the stress-strain curve of a metal, are the
tensile strength, yield strength or yield point, percent elongation, and reduction of area. The first
two are strength parameters while the last two indicate ductility. Tests on non-metals are
conducted using specialized jaws to grip the specimens, as there is tendency of specimens

slipping from the jaws during testing.

O Equipment

A 50kN Universal Testing”™lachine was used to investigate the effect of strain rate on

stress-strain relationships of roots. The equipment assembly is shown in Fig. 3.19.

This equipment is suitable for tensile, compression, bending, shearing, peeling and
tearing test of metal and nonmetal materials, such as rubber, plastic, electrical wire and cable,
composite, profiled bar, bar metal, board, spring, components and so on. It confirms to ISO
75°01, ASTM A370, ASTM E4 ASTM ES8 and JIS, DIN, BSEN testing standards.

The machines comes with high capacity self-tightening wedge grips (Fig. 3.20) designed
ensure quick and easy clamping of a wide variety of components and materials. Their capstan
acllon speedily loads the sample securely in the jaws prior to the test. The wedge grips are

SPplied fitted with integral jaw faces to maximize the clamping force and reduce slippage.
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Fig. 3.19: The 50kN Universal Testing Equipment assembly
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Q

Equipment specifications
Parameters
Accuracy

Measuring range offorce (KN)

Resolution offorce

Accuracy ofdisplacement measuring

Resolution ofdisplacement

Accuracy ofdeformation measuring

Speed adjusting range of

displacement

Speed adjusting range offorce

Speed adjusting range of

deformation

Speed adjusting range of constant

displacement, force and deformation

Ranges
<+1% (0.5% as special order)

0.4%—100%FS

1/300000 of maximum force

+0.5%

0.01pm

+0.5%

0.01 -500mm/min

0.005-5%F.S/ S

0.005-5%FS/S

0.5%-100%FS/S
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<

&idc

Speed controlling accuracy =+1.0% of the set value

Valid tension testing space 800
Compression testing space 950
Valid width oftesting space 370
Power supply 220, 15 kW, 50/60Hz

Working environment Room temperature 10°C ~ 30°C, relative

humidity<80%

Over Dimension and Weight 740x500x1780mm, 580kg
Equipment components m

A Load frame consisting of two strong supports for the machine.

Load cells - A force transducer or other means of measuring the load.

Cross head - A movable cross head (crosshead) controlled to move up or down at a
constant speed, called a constant rate of extension (CRE) machine capable of
programming the crosshead speed at a constant force and a constant deformation.
Electromechanical, servo-hydraulic, linear drive and resonance drive to be used.
Extensometers to measure extension.

Computer interface for analysis and printing.

~ controlled room or a special environmental chamber during testing.

79



Methodology
» Test fixtures, specimen holding jaws and related sample making equipment.

(e) Testing procedure

Vegetation roots of English broom shrubs (Cytisus scoparius) comprising in total of 4
samples were collected from Luton, England, and transported to the University of Portsmouth
laboratory where the 50kN Universal Testing machine is installed. The samples were stored in a
cold room to maintain their moisture content for a maximum period of 12 hours but in any case
testing was conducted the same day of obtaining the specimens. The average temperature at the
cold room was 10°C.

Individual roots from each sample were cut and their skin peeled off. This was essential
because the wedge grips could not tightly grip the roots when their skins were on. Straight and
uniform diameter specimens were with gauge lengths of 70mm, 100mm and 120 and 150mm
were prepared.

The sample to be tested was clamped between two grips. Clamping was the most critical
issule when measuring root strength. In our tests, the roots were clamped using wedge grips as
shown in Fig. 3.20. They are self gripping, are quick to use, and do not have to be removed from
the machine for each test. To improve the clamping and avoid slippage, fine sand paper was
attached to the grips. The 70mm samples were carefully put in between the jaws before tightly
fastening the wedge grips for conducting the variable strain rate test. The upper wedge grip was
connected to a cross-head which was moved upwards at a pre-programmed rate to apply tension
tothe sample. The resistive force between the apparatus and the tensioned sample was measured.
During the tensile test the cross-head movement and resulting force were logged. The data was
then used to calculate material properties. Test speeds were varied, i.e., 2mm/min, 4mm/min,
8mm/min, and 16mm/min for each 70mm fresh sample and the resulting graphs recorded for
analysis. Tests were repeated for samples which failed prematurely when as a result of slippage
athe grips.

Lastly, gauge lengths were varied i.e., 100mm, 120 and 150mm, using a 2mm/min. test

@ The results are presented in Section 4.7.
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rhapter four

Results and discussion

Shear test results

Stress-strain curves are shown in Figs. 4.1 for test samples of each plant species and for
mivegetated soil.

Shear Stress Vs Horizontal Displacement for Vegetated Soil and
Unvegetated Soil Samples

o 1 2 3 4 5- 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

ShearDisplacement (cm)

mTree fern roots  ---—- Saltbush roots Switch grass roots ~ ---—- Unvegetated soils

%e 4.1: Shear Stress vs. horizontal displacementfor representative samples ofvegetated and

unvegetated soils

The shear stress in different root systems varied as testing was being done. This is due to

I Cerent root densities and orientations of the root matrix.
The results suggest that unvegetated soil achieved a maximum shear stress of 16 kPa. For
\igetated soils, the maximum shear stress for switch grass roots was 90 kPa, saltbush roots

80 kPa and tree fern roots was 120 kPa. Averagely the highest strength obtained was 96.7
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tpa. The rooted soils were stronger in shear by a factor of 6. It was noted the varying shear
jAngths for different soil samples for each species. This varying degree is attributed to root
biomass density.

Shear stresses were still increasing at the end of the test for the rooted samples. Thus root
jonsile failure was not happening. Observations of the roots after test indicates roots elongated.
This elongation can be related to the root biomass density to explain why varying strengths were

obtained for different samples of a same species.

42 Root tensile testing
421 Root morphology

Differences among plant species in morphology and patterns of growth are assumed to
influence their ability to acquire resources and, consequently, their competitive ability.
Comparisons of root morphology, growth rate and topology of seedlings of nine herbaceous
plant species that occurs in early to mid-successional fields revealed significant differences
among species. Tree ferns and shrubs produced longer and more branched roots than did grass
species. The grasses allocated proportionately more biomass to roots but did not produce deeper
roots or better branching pattern.

Well-developed tap roots were generally associated with deep root systems and with
species developing root-borne shoots, while fasciculate roots with numerous fine roots were
usually associated with species forming shoot-borne roots, but never root-borne shoots. In the
studied species, shoot-rooting was related to laterally spreading root systems reaching moderate
depths. These features are clearly adaptive for those species, which tend to spread horizontally.

Fg 4.2 - 4.10 shows the growth patterns on some ofthe studied roots.
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Fig. 4.2: Tap root system with lateralsfrom Sasumua (Panicum

virgatum)
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Fig. 4.3: Tap root systemfrom Sasumua (Atriplex halimus)
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Fig. 4.4: Fibrous root systemfrom Sasumua (Agrostis gigantean)
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Fig. 4.5: Fibrous root systemfrom Sasumua (Asparagus species)

86



5 and discussion

Fig. 4.6: Fibrous root systemfrom Sasumua (Agrostis caruna)
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Fig. 4.7: Tap root system lateralsfrom Sasumua (Agropyron

repens)
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Fig. 4.8: Tap root systemfrom Sasumua (Ailanthus altissima)
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Fig. 4.9: Fibrous root systemfrom Sasumua (Festuca glauca)
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[ R4

Fig. 4.10: Fibrous root systemfrom Sasumua (Pinus sylvestris)
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12.2  Tensile force - diameter relationship

The relationship between root tensile force and diameter is linear as shown in Fig 4.11-

413

Sluub

------- Specimen | ------- Specimen 2 ------ Specimen 3 ------- Specimen4

Fig. 4.11: Tensileforce - Diameter relationshipfor shrubs

Glasses

Diameter <uun)

Fig. 4.12: Tensileforce - Diameter relationshipfor grasses
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Tree ferns

Specimen 2 - Specimen3 e Specimen4

Diameter (nun)

Fig. 4.13: Tensileforce - Diameter relationshipforferns

Thicker roots fail at higher tensile forces than narrow roots within a similar species. The
graphs show that root failure is abrupt after undergoing plastic behaviour., explaining why
during shear test of root reinforced soils, shear stresses still increase at the end of the test,
indicating that root tensile failure do not occur during the shear tests. Root elongation or
slippage rather than breakage is thus the most common condition during failure. This mode of
failure appears to allow for the survival of certain plant species after a landslide event. Root
tensile strength - root diameter relationship depend on plant species. Tensile strength within a
species varies by root diameter. Tegsile force increases with diameter. Generally shrubs break at

high tensile force (160 N maximum), followed by tree ferns (maximum 90 N) and lastly grass
(maximum 75 N).
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423 Tensile strength - diameter relationship

The T-D relationships for these species are shown in Fig. 4.14 - 4.16. It is noted that root
tensile strength decreases with increasing root diameter, and follows a power law equation of the
form;
f(X) =axk Equation 4.1

Generally, tensile strength can be well predicted by root diameter. The maximum root
tensile strength values recorded was 39 N/mm?2 for grass. The a and k values and the R2 values

areshown Table 4.1, where n is the number of roots tested.

Table 4.1: a and k values and R2valuesfor the power relationshipsfor the root tensile strengths

Vegetation type  Diameter range a k n R2
(mm)
Shrub
1.2-6.0 49.21 -1.45 3 0.99
2.4-52 38.87 -0.76 5 0.70
2.2-45 38.49 -0.63 4 0.99
2.2-5.1 46.05 -1.17 5 0.98
Grass
1.3-2.3 22.45 -1.55 5 0.79
1.2-2.9 25.53 -0.87 5 0.98
1.1-2.9 44.08 -1.28 5 0.98
1.6-3.9 25.53 -1.23 5 0.97
1.3-2.9 36.72 -0.87 5 0.97
~ree fern
14-2.4 30.5 -1.53 3 0.94
1.8-3.2 39.29 -0.88 4 0.95

1.4-3.0 55.86 -1.44 5 0.99
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It is noted that strong roots have high a-values and low ~-values and vice versa. Shrubs
generally have high a-values, but a great variation is noted within individual plant species.

Shrubs

¢ Specimen1 mSpecimen2 *Specimeni XSpecimen4 *Specimen5 < Specimen6

Fig. 4.14: T-D relationshipfor shrubs. The curves show increasing tensile strength with

decreasing root diameterfollowing power law

Grasses

¢ Specimen | mSpecimen! aSpecimen3 xSpecimen4 *Specimen?

4.15: T-D relationshipfor grasses. The curves show increasing tensile strength with
decreasing root diameterfollowing power law
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Fern Trees

¢ Specimen 1 mSpecimen 2 aSpecimen3 XSpecimen4

Fig. 4.16: T-D relationshipfor treeferns. The curves show increasing tensile strength with
decreasing root diameterfollowing power law

43 Pull-out tests

0.1 Pull-out resistance against displacement
@  Shrubs: Saltbush (Atriplex halimus).

The maximum stem diameter ranged between 17.55mm and 31.55 mm. The pull-out
resistance force increases drastically at the early stage of the test that is, at a small displacement,
lesthan 25.0 mm (Fig. 4.23). Subsequently, the gradient decreases gradually and the pull-out
resistance begins to drop after reaching the maximum value, at about 0.9 KN. At the final stage,
'heirregular sounds of the root snapping were heard just before the plant was uprooted from the
*% The soil-root interaction resulted from the adhesion between the soil and the root, and from
"e distance of the soil to lateral motion of the root. Thus roots behave as perfectly flexible
fbere resisting forces in pure tension. Therefore, the roots could only fail in tension and not in*

*ear-N is mechanism is consistent with the one made by McOmber (1981).
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Shrub
Specimen1(31.33mm) - Specimen 2 (29 6 5mm)

Specimen 3 (22.44nuu) e Specimen 4 (17.55mm)

Fig. 4.17: Plots ofpull-out resistance against displacementfor Saltbush (Atriplex halimus)

()  Switch grass (Panicum virgatum)

The stem diameters of the tested samples ranged from 9.50 mm to 15.70 mm. The lateral
roots spread not more than 15 mm from the primary root and the depth was up to 38.5 cm. The
gradient decreases gradually and the pull-out resistance begins to drop after reaching the
maximum value, at about 0.5 kN. At the final stage, the irregular sounds of the root snapping
were heard just before the plant was uprooted from the soil. This observation indicates that the

tap root plays a major role in providing the maximum pull-out resistance to this type of plant,

This behavior is shown in Fig. 4.24.
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Glasses
Specimen 1(15 70mm) - Specimen 2 (10.0?min) - Specimen 3 (8.<S$tnm)

Displacement (nun)

Fig. 4.18: Plots ofpull-out resistance against displacementfor Switch grass (Panicum virgatum)

© Tree ferns (Asparagus species)

The stem diameter ranged between 10.50 mm and 30.50 mm. The roots spread not more
than 32mm from the primary root. Similar to the previous species, Asparagus species exhibits
gradual increase in the pull-out resistance against displacement. The lateral and fibrous roots of
the plant contribute most of the pull-out resistance force to the plant. The value of the maximum
pull-out resistance for Asparagus species ranged from 0.6 to 0.9 kN (Fig. 4.25). The
displacement increases as the resistance increases and drops drastically at a certain point due to

breaking or dislodging of most of the lateral roots that is, when the plant was completely
uprooted.

Tree ferns

——————— Sp ecimen 1 (30.5mill --------Sp ecunen 2 (2 5.6111111) 1 Sp ecnuen 3 (10 5111111)

4.19: Plots ofpull-out resistance against displacementfor Treeferns (Asparagus species)
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Understanding of the pull-out resistance of a plant is useful in our assessment of the
ability of a plant to sustain environmental stress and forces such as wind, landslide, mass
movement and soil creeping. Overall results imply that both shrubs and tree ferns show
promising great reinforcing properties due to their superior pull-out resistance than the grasses.
They both show similar trend in which only single peak value can be seen. These species acquire

the maximum strength of pull-out resistance from mainly the lateral roots.

4,32 Correlations between pull-out resistance and shoot morphologies

There are many factors that influence the pull-out resistance-displacement relationship
which include the development and conditions of the root system. In order to have a better
understanding of these influences, some properties of the root system are correlated to the pull-
out resistance. In this study, pull-out tests have been conducted on plants of different stem sizes.
The correlation between the pull-out capacity against the maximum stem size is illustrated
(Figure 4.26). A strong linear relationship is observed between pull-out capacity and maximum

diameter that is, the pull-out resistance increases as the diameter increases.

mib—L0

Pig. 4.20: Plots ofpull-out resistance against maximum stem sizefor the three species
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Fig. 4.21: Plots ofpull-out resistance againstplant heightfor all species

The result is anticipated as the length and the root density seem to be correlated to the
plant age which can be estimated from the plant height. The results also, arguably, imply that the
higher the plant age, the higher the plant diameter and height, thus the higher pull-out resistance
(Fig. 4.27).

433 Pull-out resistance force versus root morphologies

It was observed that during the test, the lateral roots play a very important role in
providing the pull-out resistance especially during the early stage of the test. After the end of
each test, number of lateral roots wz?s] recorded and results clearly show that the pull-out capacity
varies linearly with number of lateral root (Fig. 4.28).

After each pull-out test, the plant (together with the root) was completely taken out of the
Sl and the total length of all roots was then measured. The root length density (RLD) was
Mlculated as total root length / soil volume. This parameter reflects the intensity of the root
Astem and hypothesized to have a positive effect on the pull-out capacity. It is evidently shown
A the relationship is linear where the pull-out resistance directly depends on the root length
Aty (Fig. 4.29).

Overall correlation and regression analysis show that the pull-out resistances of all

~c'es have a positive, either weak or strong, linear relationships with all the morphological
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properties of the plants. Bigger plants can resist pull-out force better than the smaller plants. The
increase in plant size will normally generate high pull-out resistance.

Taller plants will resist uprooting better than the shorter ones. Plants that invest more in
their above ground parts would also invest more in the proliferation of their root systems. The
pull-out resistance of plant is dependent on the plant shoot dry weight, which means that as more
development happens on the stem section, the more developed the plant root system. The
increase in pull-out resistance of plants that have root systems with extensive number of lateral

root is due to the fact that the stronger soil-anchorage is developed by the lateral roots.

Fig 4.22: Plots o fmaximum pull-out resistance against number o flateral rootsfor all specimen
species

* 4-23: Plots ofmaximum pull-out resistance against root length densityfor all the species
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434 Pull-out resistance against soil moisture content
In a different set-up, moisture contents of soil samples were varied, and the maximum
pull-out resistance was determined for shrubs, grasses and trees. Fig. 4.30 demonstrates the

relationship between pull-out resistance and moisture content of soil.

Pull-out reristunc? against soil moisture content

------ Shrubs -------Glasses -------Trees

Soil Moisture Content (%)

Fig. 4.24: Plots ofpull-out resistance against soil moisture content

All species tested give similar trend in the pull-out resistance and displacement
relationship, where only one peak v,alue is observed.

Overall correlation and regression analysis show that the pull-out resistances of plants
tave a positive, either weak or strong, linear relationships with all the morphological properties.
Bigger plants can resist pull-out force better than the smaller plants. The increase in plant size
M1 normally generate high pull-out resistance. The increase in pull-out resistance of plants that
A\&root systems with extensive number of lateral root is due to the fact that the stronger soil-
anehorage is developed by the lateral roots. The pull-out resistance force decreased drastically as
“toisture content was increased. It was observed that at moisture content averagely 55%, most

2 es could be at the brink of collapse as the root reinforcing mechanism is severely
APromised.
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44 Root area ratio and root distribution

Biomechanical characteristics of the root system were assessed by measuring Root area
ratio (RAR) values and tensile strength of root specimens. RAR (the ratio of the sum of the root
areas to the area of soil profile they intersect) values of the roots were obtained using profile
trenching method as a function of soil depth in order to estimate root contribution to soil
strength.

Mean cross-sectional area occupied by roots were obtained for soil depth intervals of
0.05m.The number of roots at intervals of 0.05m is then multiplied with the mean cross-sectional
area (m2) of a root of a certain species. This value is then divided by the horizontal cross-
sectional area determined by the vertical orthogonal projection of the above-ground biomass,
being our reference area. RAR or root biomass concentration as a function of soil depth is
required in order to estimate root contribution to soil strength (De Baets et a/., 2008).

In order to obtain RAR values, individual roots were counted manually after the plant
wes uprooted from the soil. The number of roots and depth at which they occur were taken and
recorded for each species. RAR values were obtained at depth increments of 0.05m of all roots
vithdiameter more than Imm. The diameters of roots intersecting the soil profile were measured
by a Vernier caliper.

The distribution with depth for shrubs, grasses and trees is shown in Fig. 4.17 - 4.19.
From the plot, it is observed that values of RAR show great variability with depth. Maximum
RAR values were located within 0.1 m for all the species, with maximum rooting depth of 0.7 m
Fr fern tree. Shrubs species showed high RAR values between 0.1 - 0.3 m depth. In general,
vegetations growing in the Sasumua backslope have shallow roots (maximum root depth 0.65 m)
therefore unable to reinforce the soils to stop the landslide occurring at 1 m depths. It therefore

Follows that the vegetation in this area was inappropriate for slope stabilization and hence the
slippage.
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Shrubs

e Specimen1 —a—Specimen 2 —*—Specimen 3 specimen 4

RAR
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Fig. 4.25: Root area ratio (RAR) distribution with depthfor shrubs
Grasses
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Fig. 4.26: Root area ratio (RAR) distribution with depthfor grasses
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Fei n trees

e Specimen 1 —e —Specimen 2 —*—Specimen.) " Specinien 4
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Fig. 4.27: Root area ratio (RAR) distribution with depthfor treeferns

45 Root cohesion

The Wu et al. (1979) model was used to assess the shear strength due to roots. According
toWu et al. (1979), the effect of vegetation roots on soil shear strength can be taken as part of
the cohesive strength component of the soil-root system. Assuming that the phreatic surface is at
the soil surface and the location of the potential shear plane is z distance below the soil surface,
the safety factor (the minimum possible shear strength / the maximum possible shear stress) for a

vegetated infinite slope is given by Equation 4.2;

JClJfAC t ( Ooaé 1 wtCOS(X\]Itan’\'I

[.zysatcosa sina t wtsina]]

Equation 4.2

) c 'and $ are the effective soil strength parameters,
(i) Ac is the increased cohesion due to tree roots,
(i) a is the slope angle,

(iv) wt is the vegetation surcharge (weight/ unit area),
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(v) Yaa is the saturated unit weight of soil, and

(vi) yw is the unit weight of water.

If the soil is rooted, the increased soil shear strength can be expressed as an additional

cohesion as given in Equation 2.2, Section 2.12.2, i.e;

sr=s+Cr
Hence the numerator of the equation can be obtained by assessing the contribution of

roots to soil strength and adding to the shear strength mobilization without roots.

The most critical assumption of this model implies that all roots attain ultimate tensile

strength simultaneously during soil shearing.
From Wu et al. (1979) model, the predicted shear strength increase from a full

mobilization of root tensile strength is given by Equation 2.3, section 2.12.2, i.e.;

Cr=/R(sin 6 +cos 6 tan )

Laboratory tests conducted on soil specimen yielded a soil friction angle of 22° and angle

of shear distortion was taken as 45° for Murang’a landslide soils. Substituting to Equation 2.3

yields Equation 4.3;

Cr=0.993/R Equation 4.3

rRcan be calculated from a modified model of Wu et al. (1979) to give Equation 4.4.

Equation 4.4

Where;
(i) T is root tensile stress (MPa),
(it) a is the root cross-sectional area (m2), and
(ili)) A is the reference area of soil occupied by roots (m , determined by the vertical
projection of the above-ground biomass of the plant).

T was tested for 5 roots in each species and plotted against Diameter, D. From graph, T

"\ésobtained for all the roots.
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It has been established that root tensile strength decreases with increasing root diameter,

and follows a power law equation of the form of Equation 4.5;

f(x) = axk Equation 4.5
Generally, tensile strength, T, can be well predicted by root diameter.
From Figs. 4.14, 4.15 and 4.16 as well as Table 4.1, tensile strength can be predicted

using equations for different species as shown in Equations 4.6, 4.7 and 4.8, by taking the lowest

avalues from the population tested.

T=38c/"076 for Grass Equation 4.6
T=22d” % for Shrub Equation 4.7
T=30<T13 for Tree ferns Equation 4.8

From average T values, Ir can be predicted at Im depth, hence Cr can be calculated for
eachspecies.

The potential of soil reinforcement by roots was estimated for each species as shown in
FHg 4.20-4.22.

Slu libs
mSpecimen 1 ‘Specimen 2 —*—Specimen.! —"—Specimen4
Cr (kPa)
50 100 150 200 250 500

Fig. 4.28: Cohesion (C) distribution with depth by the root systemfor shrubs
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Glasses

«~— Specimenl mSpecimen 2 Specimen 3 — Specimen 4 * Specimen 5
Cl (kPa)

0 50 100 150 200 250 300

Fig. 4.29: Cohesion (Cp distribution with depth by the root systemfor grasses

Pel'll trees
¢ " Speciiueu 1 Specimen 2 Speciuieu 3

Cr (kPA)
o) 50 100 150 200 250 300

—* Specimen 4

Fig. 4.30: Cohesion (CJ distribution with depth by the root systemforfern trees

Similar to the RAR distribution, reinforcement effect decreases with depth. The
Aimum reinforcement effect exerted by shrubs was 155kPa, for grasses was 197kPa and for
treeferns was 188kPa. High values of cohesion is noted at low depths, explaining why there are

dallow landslides occurring at 1 m depth, where there are no roots to offer sufficient cohesion.

The simple perpendicular model of Wu was used to calculate soil reinforcement by action

°fro°ts. It was observed that, generally, smaller diameter roots have higher tensile strengths, but

:was a wide variation in the decline in tensile strengths among individual species. Maximum
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JMR values were located within 0.1 m for all the species, with maximum rooting depth of0.7 m
fOr fern tree. Shrubs species showed high RAR values between 0.1 - 0.3 m depth. In general,
vegetations growing in the backslope have shallow roots (maximum root depth 0.7 m) therefore
enable to reinforce the soils to stop the landslides occurring at 1 m depths.

Shrubs have a typically dense and fibrous root system. Tree ferns have a typical tap root

system with branching. The general behaviour of root density is to decrease with depth.

46 The effect of changes in slope angle and its determination

From Section 4.2.3, it has been established that
Cr=0.993tR Equation 4.9

And fois calculated from a modified model of Wu et al. (1979) as

Equation 4.10

From past results, tensile strength is predicted for shrubs as follows;

r =3<T06 Equation 4.11
From average T values, facan be predicted at Im depth, and thus Cr can be calculated.
Safety Factor is obtained from the following Equation 4.12;

[c'+cr+8tan <] m _
fysicosa sina +wtsina\ Equation 4.12

At the landslide site, the above parameters were obtained and are summarised in the
Table 4.2;

Table 4.2a: Landslide strength parameters

C Z Y sat Wt a. 6 %1
(kN/m?2) (m) (kN/m2) (kN/m2)  (deg) (kN/m?3)
2 1 16 17 46 17 13
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Table 4.2b: Landslide strength parameters

T a A tr n ltr cr
(kN/m2  (m2 (m2) (kN/m2  (No) (kKNm2  (kN/m2
X200 3.14x1c4 0.9 0.69 19 13.12 13

By substituting the values into Equation 4.12, the safety factor is obtained as 1.08. This is
close to unity, explaining why the landslide occurred at this point.
Safety Factors for the other regions adjacent to the landslide are calculated and tabulated
inTable 4.3;
Table 4.3: Safetyfactors with Slope angles
Area 1 Area 2 Area 3 Area 4 Landslide spot
Slope angle 23 25 33 15 46
SF 18 16 13 2.6 11

The relationship between slope angle and safety factor for this type of soil and vegetation
isshown in Fig. 4.31. The safety factor decreases with increasing slope angle until the slope fails
atacritical angle, and follows a power law equation of the form;

f(x)=axk

Although the actual slope éngle at the landslide was 46°, it was very close to the critical

angle and failure could have been triggered by a slight sudden movement of the ground when

there was a heavy downpour.
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Safety Factor

Fig. 4.31: Plots ofslope angles versus Safety Factors

47  The effect of strain rate on stress-strain relationship of vegetation roots
(«  Strain rate variations

Fig. 4.32 is the stress-strain plots of identical specimens but varying test speeds. The
stress-strain curves indicate that Young’s modulus for these specimens is consistent at 2.2 - 2.8
kPaand that each specimen behaves in the same manner in the elastic region (Fig. 4.34). Failure
seen to occur at different levelsrof stress. As test speed was increased from 2mm/min to
'6mm/min, the samples’ ultimate tensile stresses increased from 53kPa to 62kPa while the yield
stresses improved significantly from 23 - 60kPa. The increase in strain rate did not significantly

affect the Young’s modulus of elasticity.

Given that all specimens behave identically in the elastic region, it is clear that the strain
A have an effect on mainly the plastic deformation behavior. It is interesting to note that
\ggetation roots thus can increase their yield stress and the ultimate tensile stress during sudden
"r'lUd movements, a characteristic where strain rates are increased, induced by earthquakes or

APitation, and thus mitigating against landslide occurrence on slopes susceptible to failure.

|
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0 0.01 0.02 0.03 0.04 0.0? 0.06 0.07 0.0S 0.06 0.1

Strain

Fig. 4.32: Stress-strain curvesfor several strain rates

Table.4.4 and Fig 4.33 shows the ultimate tensile strength (UTS) and yield strength (YS)
for the strain rate domain. With increasing strain rate, the stresses tend in general to increase.
As speed was increased from 2 - 16mm/min, elongation was reduced by almost half. The

UTS increased by 17%.

Table 4.4: Corresponding Speed, UTS and Elongation parameters

Speed (mm/min) UTS (kPa) Elongation (mm)
2 53 3.85

4 55 3.0

8 61 2.3

16 62 1.85

As strain rates approached 16mm/min, it is observed that the difference between UTS and

®diminishes. This implies that specimens ruptured without undergoing plastic and significant

~ormation.

112



Results and discussion

Fig. 4.33: Behaviour of the ultimate tensile strength (UTS) and yield strength (YS) against

strain ratesforfour specimens

Fig. 4.34: Young’ modulus ofelasticity (E) against strain ratesforfour specimens
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(b) Gauge length variations

Fig. 4.35 is the stress-strain curve for varying gauge lengths. Table 4.5 summarizes the
observations and shows that there is a decrease in strength values with increasing gauge lengths.
A 13% decrease in strength is observed for increase in gauge length from 70 - 150mm and a
corresponding increase in elongation of 32%. These result show that shorter gauge lengths which
more closely approximate the plane strain conditions of confinement in soil that approach the
‘zero’ length gauge lengths between soil particles and vegetation roots would be stronger,
therefore implying that roots would act like all other ordinary reinforcing materials in slope
stability problems. However, Young’s Modulus of Elasticity fairly remained constant regardless
ofthe gauge used (Fig. 4.35).
Table 4.5: Corresponding Gauge Length, UTS and Elongation parameters

Gauge Length (mm) UTS (kPa) Elongation (mm)
70 53 3.6
100 48 4.0
120 46 4.5
150 46 4.75

4.35: Stress-Strain curvesfor constant test speed and varying gauge lengths
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The difference between UTS and YS generally diminish as gauge lengths increases

4.36).

Fig. 4.36: UTS and YS against gauge lengths
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Chapter five

51 Design tables and chart for shrubs

It has been established that shrubs species reinforce soils better than all other species

tested and generally, their tensile strengths follow a power law curve (equation 5.1);

T=22d % Equation 5.1

An attempt has therefore been done to produce design charts and graphs for Shrubs. This
has been made possible by the fact that most shrubs species undergo relatively orderly growth
patterns, and that their shoot morphologies can be quickly established with plant height.

To know the contribution to soil strength by a certain shrub species on a slope, the
number of roots of a single species crossing the shear plane, at approximately Im depth, and
average diameter of the roots should be established. With this information, (r values can picked
from the charts.

tR values are obtained quickly for shrubs species by referring to the design table in

Appendix 3. Fig. 5.1 illustrates the behaviour of the diameter against /r values in a logarithmic
chart.

Equation 5.2 is then used to obtain Cr(kPa), which is the increase in shear strength due to

trepresence of roots.

Cr=Kl/r Equation 5.2

Where;
0] K is (sin# + cos 6 tan 5
(i) (p is the soil friction angle (°),
(iti) 0 is the angle of shear distortion in the shear zone, and

(iv)  tr is the total mobilized tensile stress of roots fibres per unit area of soil.

The design table in Appendix 4 gives K values for the range of 1°- 50° 6 values and the
| erange for $values. K values should be between 0.5 and 0.999 for a better result for a root
forced soil design. High K values are associated with high 4> values, which are also

with  hard soil or rock, and thus reinforcement is not necessary.
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10 1 01 0.01 0.001
fRValuta (kPn)

----- Curveisfor 2-root vegetation ----- Cumin for 20-root vegetation
----- Curvesfor 30-root vegetation

Fig. 5.1: Power law curvesfor root diameter against /» Values

52 Application of the design tables to assess safety factors for the
Murang’a landslide

Consider the Murang’a landslide, whose parameters have been given in Section 3.7 and
4.4;
Site exploration yielded the following physical parameters;

a) Landslide site Safety Factor computation

* Number of plants 39 (manually counted)
* Diameter, average 30mm

*  Number of roots 19

* Measured angle of distortion, 9 5°

* Soil friction angle, » 13°

* Cohesion, c' 2 kN/m2

* Normal stress, 5 17 kKN/m3

* Slope angle, a 46°

* Vegetation surcharge (weight / unit area), w, 17 KN/m2

* ys isthe saturated unit weight of soil, yst 16 kKN/m2
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Using the given diameter (30mm) and number of roots for each plant (19), rR= 1.3113
obtained from Appendix 3 tables.

Using the angle of distortion and soil friction angle, K = 0.3102 obtained from
Appendix 4 tables.

Therefore, applying equation Cr= K/r, = 0.4067

Total mobilized Cr for total number of plants = 0.407 x 39 = 15.87 kPa

[c'+cr + S tan )\
Safety Factor, SF= [zy ~ COSa slua + wtSIN ct\

, [2-f-15.87 + 17 tan 13]
[1x16cos 46 sin 46 + 17sin 46]

= 1.0778, agreeing with the values computed in Section 4.4.

Area 21Safety Factor computation

* Number of plants 40 (manually counted)
* Diameter, average 32mm

* Number ofroots 20

* Measured angle of distortion, 9 2°

* Soil friction angle, € 13°

* Cohesion, ¢ m 2 KN/m2

*  Normal stress, 8 17 KN/m3

* Slope angle, a 25°

* Vegetation surcharge (weight / unit area), w, 17 kN/m?2

* yx is the saturated unit weight of soil, yst 16 kN/m2

Using the given diameter (32mm) and number of roots for each plant (20), tR= 1.4771
Stained from Appendix 3 tables.

Using the angle of distortion and soil friction angle, K = 0.259 obtained from
PP~dix 4 tables.
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Therefore, applying equation Cr= Klr, = 0.383
Total mobilized Crfor total number of plants = 0.383 x 40 = 15.2 kPa

[2+ 15.2+ 17tan 13]
Safety Factor, SF - [! x ,6 C0S25Sin 25+ 175sin 25]

= 1.58, agreeing with the values computed in Section 4.4

53 Conclusion

An attempt has been made to produce design charts and graphs for Shrubs.
Appendix 3 gives the Ir values while Appendix 4 gives K values for the range of 1°- 50°

0 values and the same range for <> values. These parameters are then used to design root

reinforced slopes.
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Chapter six

Conclusions, recommendations and further research

6.1 Conclusions

6.1.1 General

The main objective of this investigation was to provide information about the

contribution of plant roots to soil shear strength. This information will help designers and land

managers to make;

0] Qualitative assessment, and

(i) To perform quantitative slope stability analyses in vegetated landfills, riverbanks,

shorelines, embankments, cut slopes and retaining walls, and other reclamation

applications where the mechanical contribution of root reinforcement is important

to predicting soil behaviour.

To obtain the objectives, the following investigations were conducted;

(iii)  Investigations into the behaviour of an individual root located across a shearing

zone. Testing was performed to determine the behaviour of the soil and root

below the shearing zone and what effect this behaviour had on the soil being

sheared.

(iv) Investigations about individual root tensile strength of typical plant species and

their contribution to soil shear strength. Root area ratio (RAR) values were

obtained of the individual species to determine their distribution in the soil in a

typical site where shedlow landslide problems were rampant.

(V) Investigations into root pull-out strengths were conducted.

(vi) Investigations into the effect of strain rate and specimen length on stress-strain

relationships of typical vegetation roots used in slope stability problems were

conducted. By varying the strain rate, we established the behaviour of these roots

during sudden movements, as in landslides, when the strain rates were increased.

This investigation yielded information that lead to establishment of a standardized

mechanism of testing of roots and the establishment of a generalized design

criteria using design charts.

(yii)  Critical slope angle was also determined
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Ideally, this investigation and perhaps follow-on studies can help to establish both the
merit and a practical approach to incorporating vegetation for its physical functions in land
stabilization, including for situations where it is currently routinely disregarded.

The questions that were answered in this research report were:

* Do the roots contribute to the stability of slopes?
* Which kind of tree species should be introduced in slopes?
* What is the critical slope angle for any root-reinforced soil?

 How do we design a root-reinforced soil slope

Conclusions from results of this study are presented in Sections 6.1.2 - 6.1.8 for separate

tests as they were conducted.

6.1.2 Shear strength

Unvegetated soils are weaker than vegetated slopes in shear. Tests conducted at Sasumua
backslope indicated that shear values reached a 16 kPa for unvegetated soils. On the other hand,
vegetated soil had maximum values of 90 kPa, 80 kPa and 120 kPa. Rooted soils were thus
stronger in shear as compared to fallow soils. Within the same species, varying shear strengths
values emerged indicating that root biomass density played a significant role in mobilizing shear
strengths. Tree ferns reinforced soils better than the Switch grass, which was weakest, and
Saltbush roots.

Shear stresses increase at the end of testing for the rooted samples. Thus root tensile
failure was not happening. Observations of the roots after test indicates roots elongated. This

elongation can be related to the root biomass density to explain why varying strengths were

obtained for different samples of a same species.

*»13 Tensile strengths and root distribution

The perpendicular model of Wu et al. (1979) was used to calculate soil reinforcement by

at’nofroots.

The T-D relationships indicate that root tensile strength decreases with increasing root

Ir~ter, and follows a power law equation of the form;
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f(x) =axk

Strong roots have high a-values and low ~-values and vice versa. Shrubs generally have
high a-values, but a great variation is noted within individual plant species.

It was observed that, generally, smaller diameter roots have higher tensile strengths, but
there was a wide variation in the decline in tensile strengths among individual species. Maximum
RAR values were located within 0.1 m for all the species, with maximum rooting depth of 0.7 m
for fern tree. Shrubs species showed high RAR values between 0.1 - 0.3 m depth. In general,
vegetations growing in the Sasumua backslope have shallow roots (maximum root depth 0.7 m)
therefore unable to reinforce the soils to stop the landslides occurring at 1 m depths. Root tensile
strength - root diameter relationship depend on plant species. Tensile strength within a species
varies by root diameter. Tensile force increases with diameter. Generally shrubs break at high
tensile force (160 N maximum), followed by tree ferns (maximum 90 N) and lastly grass
(maximum 75 N). Shrubs have a typically dense and fibrous root system. Tree ferns have a
typical tap root system with branching. The general behaviour of root density, in any case, is to
decrease with depth.

Tensile strength of root decreases with increasing root diameter. Some correlations are
observed between tensile strength properties; maximum tensile resistance, tensile strength and
root diameter of all species studied. The results strongly imply that shrubs species have
prominent root mechanical properties and it is anticipated that these particular plants have the
necessary features to be outstanding slope plants.

From Table 4.1, tensile strengths can be predicted using equations for different species as
drown in Equations 4.6, 4.7 and 4.8«reproduced below, by taking the lowest a values from the
Population tested;

T-38gT0%6 for Grass

r=22d+% for Shrub
~A=30d 153 for Tree ferns
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6.1.4 Pull-out strengths

The fabricated equipment has served its intended function and pull-out test had been
performed successfully. All species tested give similar trend in the pull-out resistance and
displacement relationship, where only one peak value is observed.

Overall correlation and regression analysis show that the pull-out resistances of plants
have a positive, either weak or strong, linear relationships with all the morphological properties.
Bigger plants can resist pull-out force better than the smaller plants. The increase in plant size
will normally generate high pull-out resistance. Taller plants will resist uprooting better than the
shorter ones. Plants that invest more in their above ground parts would also invest more in the
proliferation of their root systems. The pull-out resistance of plant is dependent on the plant
shoot dry weight, which means that as more development happens on the stem section, the more
developed the plant root system. The increase in pull-out resistance of plants that have root
systems with extensive number of lateral root is due to the fact that the stronger soil-anchorage is
developed by the lateral roots

The pull-out resistance force decreased drastically as moisture content was increased. It
vas observed that at moisture content averagely 55%, most slopes could be at the brink of

collapse as the root reinforcing mechanism is severely compromised.

6.1.5 The effect of slope angle
The safety factor decreases with increasing slope angle until the slope fails at a critical
angle, and follows a power law equation of the form;

f(x)=axk

The critical slope angle of 48° for Murang’a site is deduced. Although the actual slope
Agle at the landslide was 46°, it was very close to the critical angle and failure could have been
Inggered by a slight sudden movement of the ground when there was a heavy downpour.

Generally, a slope angle of 30° yields a safety factor of 1.5, and is considered as a stable

“Pe. Slopes more than 30° are in most cases unstable, and communities living in such areas
’bouMbe relocated.
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6.1.6 Soil reinforcement by roots

Two ways are considered in which vegetation can affect slope stability: changes in the
soil moisture regime and contribution to soil strength by the roots.

Roots physically reinforce soils and resist erosion. Deep, woody roots lock the soil layers
together, and lateral roots connect many plants into an interlocking grid. Fine feeder roots form a
network through the upper soil layer, preventing surface erosion. Grasses have relatively shallow
roots and low biomass, so they prevent surface erosion only, and do not stabilize deep soil. Trees
possess deeper roots than shrubs and are essential for slope plantings. Rainfall saturates the
upper soils and then seeps laterally causing slides. Deep tree roots penetrate into the compacted
layer and help tie the layers together, preventing slides.

Moisture content of 50% or more is detrimental, as this can initiate slope failure. The root

reinforcing mechanism is severely compromised at this moisture content, regardless of the type

of plant roots present.

6.1.7 Design tables and chart

In this investigation, easy-to-use design tables and a graph have been developed to
quickly determine the contribution of shrub roots to soil strength. Using design tables in
Appendix 3 and 4 respectively, it is possible and easy to roughly estimate the contribution of
roots to shear strength of a soil.

By estimating the number of roots crossing the potential shear plane, the average root
diameter, the shear distortion angle and internal angle of friction, the contribution of roots to
shear strength can be computed. *

The information obtained in this study has certain limitations regarding its application to
nfst naturally occurring root permeated soils as the tables do not give values for root diameters
heater than 100mm. The growth pattern of shrubs has been assumed to be uniform so that with
stasame age or height, it is assumed that the number of roots crossing the shear plane is the

for all the plants. Additional testing using varying soil conditions and a variety of root

~figurations is necessary to gain a more complete understanding of root reinforced soil
Paviour.
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6.1.8 The effect of strain rate on stress-strain relationship of vegetation roots

With increasing strain rate, the stresses tend in general to increase. As speed was increased
from 2 - 16mm/min, elongation was reduced by almost half. The UTS increased by 17%. The
increase in strain rate did not significantly affect the Young’s modulus of elasticity. Vegetation
roots thus increase their yield stress and the ultimate tensile stress during sudden ground
movements, a characteristic where strain rates are increased, like during earthquakes or rainfall
event, and thus could offer more resistance to forces causing instability in slopes.

A 13% decrease in strength is observed for increase in gauge length from 70 - 150mm and a
corresponding increase in elongation of 32%. Shorter gauge lengths which more closely
approximate the plane strain conditions of confinement in soil that approach the ‘zero’ length
gauge lengths between soil particles and vegetation roots would be stronger, therefore implying
that roots would act like all other ordinary reinforcing materials in slope stability problems.
Young’s modulus of elasticity fairly remained constant regardless of the gauge used.

In general, strain rate and specimen length variation significantly alter the stress-strain
behavior of the specimens causing substantial changes in the yield stress and specimen failure
mechanism.

This investigation yielded information that lead to establishment of a standardized
mechanism of testing of roots and the establishment of a generalized design criteria using design
charts.

62 General recommendations

Based on the findings from the two Sites, the following recommendations are drawn;

h Vegetation capable of developing deeper roots (> 1 m) should be introduced generally in
most slopes in order to reduce the frequency of shallow landslides occurrence. These
vegetations should have high values of RAR and high tensile strengths. Shrubs species
provide superior soil reinforcing properties with high values of RAR and are
recommended.

Vegetation with potential to develop high surcharge (weight / unit area) are detrimental
and should be avoided. Trees generally fall in this category and should be avoided.
However, if trees are to be used for soil reinforcement, shorter families which grow to

less than 5m in height and a girth of less than 30cm are recommended.
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3,

The vegetation density is a great issue in slope stability and vegetation should be spaced
Im apart in order to influence full mobilization of shear strength as the roots integrate
with the soil mass. Conclusions from this research indicated that if root diameters of a
certain slope are 100 mm and if root population is 10 per plant, then strength in the range
of 7 kPa could be mobilized. For 20 of those plants, a mobilization of 140 kPa is
achieved.

Population living in slopes greater than 30° should be resettled in gentle areas as safety
factor beyond 30° is less than 1.5, and failure can be triggered during a rainy spell.

A proper drainage system should be designed and constructed over slopes to dissipate
surface runoff immediately it occurs in order to avoid premature failure of slopes. When
moisture content approaches 50%, the shear strength mobilization decreases. When water
is quickly drained, the build-up of moisture content is slowed down, and slopes can
remain intact.

When selecting plants for erosion control or slope stabilization it is important to use fast
growing species that have root systems that will “hold” the soil in place. Heavy plants
are not recommended for slope control because their dense foliage can actually contribute
to slope erosion.

There should be coordination with plant suppliers before preparing areas to be planted.
Depending on the species and season, not all species may be available and delays may
result in substantial erosion.

The newly planted site will be especially vulnerable to erosion until the plants have
become established. Temporary stabilization barriers should be used as needed to prevent
erosion during plant establishment. These barriers may include hay bales, erosion control
blankets, temporary seeding, nurse crops, and erosion control netting.

When the establishment site is located adjacent to water bodies (i.e. drainage ditches,
canals, streams, etc.), measures should be taken to minimize movement of soil into them.
The easy to use design charts developed under this research should be applied for root

reinforced soils design process.
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6.3

Further research

In order to conclusively determine the contribution of vegetation roots to soil stability and how

they can be applied, a number of further researches are necessary. The following are the areas

which need immediate attention in addition to this research;

1.

Comparison of tensile strengths of fibers from different plant species used in slope
stabilization

A fundamental biological and geotechnical study of how different plant species increase
slope stability. This research will provide a fundamental understanding of how roots from
different plants species interact with soil to stabilise slopes, quantify the impact of root
reinforcement on slope failure experimentally, and therefore determine which root system
structures are most beneficial for slope stabilisation. This will enable environmentally
friendly technologies for slope stabilisation by vegetation through cross-disciplinary
research that links plant root biomechanical properties with modelled slope behaviour.
The creation of reduced-scale root analogues will allow different root architectures to be
investigated sequentially to assess their importance.

Using in situ three-dimensional plant root architecture in models of shallow-slope
stability. This research shall incorporate three-dimensional digitizing to obtain accurate
root system architecture data in forest stands along slopes and to obtain the effect of mass
of vegetation to shear strength. These results can then be incorporated directly to
equations already developed, or from charts derived under this research.

Centrifuge modelling of soil slopes reinforced with vegetation. This research shall be
conducted for a series of..geotechnical centrifuge model tests to investigate the
mechanical reinforcement of slopes by vegetation. The model slopes shall contain young
trees, which shall be grown in controlled conditions to provide different root distributions
and mechanical properties. Slopes can be brought to failure in the centrifuge by
increasing water pressures. The failure mechanisms can be investigated photographically
and using post-test excavation. By measuring the soil properties and pore pressures in
each test when failure occurs, slope stability calculations could be performed for each
slope failure. This modelling technique is suitable for further investigation of root

mechanical interactions with slopes.
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