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ABSTRACT

Cofie, P., 2000. Mechanical propertics of tree roots for soil reinforcement models.
Doctoral thesis, Wageningen University, Wageningen, The Netherlands.

Evidence from forestry has shown that part of the forest floor bearing capacity is delivered
by tree roots. The beneficial effect however varies and diminishes with increasing number
of vehicle passes. Roots potential for reinforcing the soil 1s known to depend among
others on root mechanical properties, distribution, morphology, etc. Rooting intensity and
root patterns of forest trees are complicated, but some information is available. The
objectives of this study are therefore as follows: (1) addressing the occurrence of field
traffic on forest soils, (2) identifying root mechanical properties that play a role in soil
reinforcement, {3) measuring root stress-strain relationships, root failure stress and strain
and root behaviour under repeated loading and (4) simulating root reinforcement effect
using a FEM (Finite Element Method) code capable of accounting for root properties in
reinforcement simulations.

The repeated loading experiments included repeated loading of tree roots to ditferent
loading levels and loading with different loading rates or elongation rates. These studies
revealed that tree roots possess stiffness and failure strengths. They show elastic as well
as plastic behaviour. They also show fatigue phenomena in repeated loading. Available
FEM codes were studied with respect to their capability in dealing with soil reinforcement
by roots. PLAXIS which is a commercially available FEM code was used due to its ability
to calculate stresses, strains and failure states of soil mechanical problems. It can also
cope with unsaturated reinforced soil, The finite element calculations conducted with
PLAXIS are intended for soils loaded by forestry vehicles. These involved situations with
and without reinforcement by tree roots. The reinforcement effects are, among others,
decrease of wheel rut depth and rolling resistance, decrease of damage to soil structure
by the wheel load and as a negative effect, physiological damage to the tree root system.
The magmtude of these effects depends on a number of parameters: stiffness and strength
of the tree roots, soil mechanical properties like cohesion, angle of internal friction,
compression index, preconsolidation stress, depth of a hard sublayer (if present), distance
between vehicle and tree, rooting patterns, adhesive and frictional properties of the soil-
rootinterface, wheel load and contact surface. The presented simulation results, which are
based on realistic input data, show the sensitivity of the reinforcement effect to the listed
variables.

Keywords: shear strength, tensile strength, beech, larch, PLAXIS, interface properties,
geotextiles, bearing capacity, FEM (Finite Element Method).
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Number of loading cycles before root failure depend on the percentage stress
level.
- this thesis.

Spread of stress-strain values of pairs of root picces that were neighbours are
closer to each other than that exhibited by random picces from their
corresponding diameter classes.

- this thesis.

Only relatively small numbers of people directly depend on forests for their
livelihood, but vast numbers are concerned about their use and condition,
- Mather, A.S., 1990. Global forest resources, Belhaven Press, London, 341 pp.

The extent to which a soil will be compacted during field operations depends
on the type of field traffic as well as on the prevailing soil conditions.

-Van den Akker, 1.1 H., and A L.M. van Wijk, 1987. 4 model 1o predict subscil
compaction due to field traffic. In: G. Monnier and M.J. Goss {eds), Soil
compaction and regeneration, Balkema, Rotterdam, 69-84.

As cultivatable land resources are limited, increased agricultural production can
only be attained through increased yields per unit area of land and improved
preservation of already produced commodities.

- Hall, C.W., 1973. Principles of agricultural mechanization. In: M.L. Esmay
and C.W. Hall (eds), Agnicultural mechanization in developing countries, Shin-
Norinsha Co., LTD, Tokyo, Japan, 1-15.

Stilstand 1s achteruitgang.

Een goede leefbaarheid is gebruiken wat de natuur ons biedt.

Stellingen behorend bij het proefschrift
Mechanical properties of tree roots for soil reinforcement models
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1 GENERAL INTRODUCTION

1.1 BACKGROUND

Soil mechanics in relation to plant growth has developed significantly, as can be seen
from numerous textbooks (Gill and Van den Berg, 1967, Koolen and Kuipers, 1983;
McKyes, 1985; Larson et al., 1989; Soane and Van Quwerkerk, 1994). Strength of soil
with a vegetation depends among other things on the vegetation roots (Waldron, 1977,
Waldron and Dakessian, 198 1; Waldron and Dakessian, 1982; Wuetal., 1979; Wuetal,
1988; Willatt et al., 1990; Abe and Ziemer, 1991; Terwilliger and Waldron, 1991).
However, knowledge of soil reinforcement by roots is very limited and needs further
attention (Wisterlund, 1990). The Soil Technology Group of Wageningen University has
been involved in forestry since 1980 (Beekman, 1987; Koolen, 1989; Heij and Koolen,
1993; Koolen, 1994; Makarova et al., 1998). An earlier work done by Liu (1994) on soil
reinforcement by tree roots was mainly focussed on the development of experimental
techniques for measuring failure stresses and strains, and stress-strain relationships of thin
tree roots. It showed that in repeated loading, thin tree roots exhibit permanent strain that
increases with the mumber of loading cycles and that roots can show fatigue failure.

1.2 PROBLEM FORMULATION

The threat of soil structure deterioration/compaction in forest soils is on the rise due to
increase in mechanized timber harvesting with large forestry machinery. Tree roots in
forest soils are however known to contribute to the bearing capacity of soil and hence
tending to reduce soil deformation. In order to take full advantage of this, it should be
possible to predict the reinforcement effect by roots. Until now, soil-vehicle mechanics
does not account for this effect, which depends on the mechanical properties of the soil
itself, the mechanical properties of the root material, soil-root interface properties, the
morphology of the root system and loading characteristics. In relation to dense and dry
soil, roots have a great resilience. So, the benefit from roots is expected to be higher in
weak soils than in strong soils. The overall mechanical properties of a root are determined
by the mechanical properties of the different root components such as bark, sap wood, and
core wood. These properties vary with season and root age. The shearing resistance of
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soil-root interfaces depends on the “true” soil material-root surface angle of friction and
adhesion, on the relative softness of the outer part of the root and the soil material and the
normal stress on the interface. Important root system factors include root patterns, root
thickness, root hairs, etc. Significant loading characteristics include the stress level in the
soil, loading duration, and the number of load repetitions. In the case of repeated loading
the length of the time intervals between successive loading events and residual
stresses/strains during these dwell times must be considered. A mechanistic approach to
arrive at the desired prediction will include quantification of the above factors, and to
incorporate these factors into an adequate prediction model. The complex nature of the
stress and strain distribution in the loaded soil-root system will require the use of FEM
(Finite Flement Methods). Only this advanced calculation procedure will be capable to
handle the complexities involved. Literature currently available on loaded soil-root
systems is very limited. Knowledge of fibre reinforcement mechanics will therefore be
important to better understand root reinforcement. Studies have however shown that
elongation rate (test speed) does affect the magnitude of mechanical properties of fibres
(Morton and Hearle, 1976; Lopes, 1996). Effect of elongation rate on mechanical
propertics of tree roots has not been studied. In cyclic loading experiments, relative
loading ©,,,./0; (G, and o; are maximum stress and failure stress respectively) in a single
loading are not accurately determined duc to wide scatter of o; measuring values, It is
expected that o, measurement of a piece of root that was adjacent to the piece that has
been subjected to cyclic loading will provide a good estimate. Among the scientific
questions that will be investigated in this thesis are the following:
(1)  are failure stresses of a pair of adjacent root pieces closer to each other than those
from the diameter class to which they belong?
(2)  does elongation rate affect stress-strain relationship of roots?
(3)  does the diameter of a thick root affect its stress-strain relationship?

The emphasis of this thesis will be on the measurement and analysis of mechanical
properties of roots (single as well as repeated loading of root experiments will be carried

out) and the use of FEM to study roots contribution to increase in soil bearing capacity.



1.3 OBJECTIVES

The main aims of this thesis are as follows:

(I}  addressing the occurrence of fieid traffic on forest soils

(2)  identifying root mechanical properties that play a role in soil reinforcement

{3) measurements of root stress-strain relationships, root failure stresses and strains,
and root behaviour under repeated loading

{4)  simulating the root reinforcement effect using finite element code known as
PLAXIS.

Results from the above studies will be significant with respect to forestry and other types

of land use under permanent vegetation such as grassland, slopes, roadsides and dikes.

1.4 LAYOUT OF THE THESIS

Chapter 2 deals with those aspects of tree roots which more or less are relevant to assist
in examining the role of roots in soil stabilizing and/or contribution to increase in soil
strength. This includes reviews on physiology and morphology of tree roots, root growth
patterns and distribution, and influence of root surface structures on the soil. Definitions
of some biological terms used in the thesis can be found in appendix 1. Measurements of
roots mechanical properties are reviewed in chapter 3, emphases are placed on tensile and
shear stress experiments. Chapter 4 covers the experimental section and focuses on
finding an appropriate clamping procedure for roots to minimize slippage and promote
tailure further away from clamp jaws, measurement of failure stresses and strains,
measurement and comparison of stress-strain relationships of neighbouring root parts to
those of their diameter classes, fatigue behaviour of thick roots using rehable percentage
stress level, and studying the effects of speed on measured values of root strength. Chapter
5 contains information on composite materials, soil remforced by geotextiles, soil-
geotextile modelling techniques, interface properties, and soil-root reinforcement models,
etc. and simulation of root reinforcement effects in the soil-wheel system. Chapter 6
presents general discussions and conclusions resulting from the thesis. Symbols used in
the thesis are compiled in appendix II. In appendix III soil parameters derived from
Mawcook gravel-sandy loam and Ste-Rosalie ¢lay are listed.




2 ROOTS

2.1 INTRODUCTION

Environmental damages caused by the usage of field machinery (especially heavy and
large ones) are often clearly noticeable during/after mechanized foresiry operations.
During such operations damage is caused to remaining trees, regrowth, surface covering,
and most importantly, the soil. Disturbances caused to the forest floor may consist of soil
compaction, displacement and puddling, and is aggravated by the usage of heavier
machinery. These disturbances may be manifested as ruts (Heij and Koolen, 1993) and
occur as a result of inability of the soil section under the wheel to support the exerted
vertical pressure. The extent of deformation caused is usually associated with: (1} vehicle
properties, e.g., type of vehicle, wheel dimensions, inflation pressure, wheel load, contact
pressure, etc., (2) number of wheel passes and (3) prevailing soil conditions (Pollock et
al., 1986; Van den Akker and van Wijk, 1987). Several methods ranging from practical
to theoretical approaches that tend to estimate the magnitude of the deformation have been
proposed. Presence of roots acting as reinforcement members and fallen leaves as
cushions (i.e., between the wheel and the soil) are however known to reduce the
magnitude of deformation caused to the soil (Waldron, 1977; Waldron and Dakessian,
1981, Waldron and Dakessian, 1982; Wu et al., 1988; Wiisterlund, 1990; Willatt and
Sulistyaningsih, 1990; Ess et al., 1988).

In this chapter an attempt has been made to present a brief discussion on those aspects of
roots or root systems, such as physiology and morphology, growth patterns and
distribution, association with microorganisms, etc., which are relevant in revealing the
role played by roots in stabilizing and/or contributing to increase soil strength. Definitions
of some of the biological terms used in this chapter can be found in appendix 1.

22 THE PHYSIOLOGY AND MORPHOLOGY OF ROOTS
2.2.1 Root initiation

In terms of well-being of the plant, roots are equally as important as the other main
structures such as shoots or leaves. However, in comparison to these structures, little
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Figure 2.1  Root initiation: (a) root arising from the initial radicle of a seedling
and (b) development of lateral roots.
Source; Adapted from Berrie et al. (1987)

attention has been paid to the study of roots. Partly, this is attributed to extensive root
branching behaviour, variable forms, and labourious study methods that are involved. But
as Russell (1977) puts it, the performance of root systems seemed of minor interests. In
situations where root studies were conducted, seedlings or small trees were mostly used.



According to Craul (1993), a healthy tree will have a well-developed root system, whilst
a sickly tree will have a limited root system. This rule of thumb may provide a clue as to
the reason why in agriculture interest is preferably focussed on the creation of soil
conditions favourable for plant growth (e.g., ploughing, seedbed preparation, irrigation,
fertilizer application) rather than extensive study of plant roots.

Roots develop from a root primordium. Two basic ways in which these occur can be cited:
(1) root primordia arising from the initial radicle of a seedling, giving rise to lateral root
primordia (figure 2.1 (a)) and (2) root primordia arising endogencusly in the stem tissues
{(figure 2.1 (b)), giving rise to an extensive adventitious root system. In general, the
prerequisites for root initiation appear to be the availability of parenchyma cells which
may be stimulated into cell division, and also provide part of the stimulus for new root
formation. Environmental factors which influence root initiation include temperature,
aeration, pH of the medium, water availability and light.

A developing root in its primary growth consists of four main portions; (1) root cap,
(2) meristematic region, (3) region of elongation and (4) region of differentiation and

maturation (see figure 2.2).

lateral root which
U il I has grown through

By cortex to the
. . ,[ < outside

\ ataral root

penetrating the
cortex

‘ region of
&\ root hairs

AN -

region of
etangation

} apical meristem
root cap

Figure 2.2 Tip of a developing root.
Source: Berrie et al. (1987)




The root cap is commonly regarded as a structure that protects the root meristem and
assists the root in the penetration of the soil during its growth. The latter function is
suggested by the mucilaginous consistency of the walls of the outermost root cap cells.
Existence of friction between the soil and roots during growth causes the root cap to wear
away. In most roots, cells are however added to the root cap about the same rate to
compensate for this wear. In maize, a rate of about 10,000 cells a day have been estimated
by Berrie et al. (1987). The root cap can easily be seen in aenal roots such as Rhizophora
spp., Red Mangroves, Pandanus spp. Behind the root cap is the meristematic region
mainly characterized by cell differentiation and absorption. Next to this region is the
elongation region in which existing cells undergo clongation. These cells tend to be thin
walled and are active in absorption of water and nuirients. The fourth region, 1s the region
of differentiation and maturation. This region is characterized by the formation of root

hairs arising from the root epidermis and in some cases, from the cortex.
2.2.2 Root growth
2.2.2.1 Introduction: basic root systems

Generally, root systems are classified into two main groups. Those characteristic of: (1)
monocotyledonous plants (monocots) and (2) dicotyledonous plants (dicots), (Bell, 199t;
Haper et al., 1991). In monocots, the first root (i.e., tap root) usually lives a relatively
short time and the root system is then further formed by adventitious roots arising on the
shoot. This kind of root system is usually referred to as the fibrous root system. Common
examples of plants with fibrous root systems are cereals and grasses (Russell, 1977). In
dicots plants, the entire root system 1s nsually subtended by a single tap root. Major roots
of dicots plants are usually massive structures, sometimes showing annual growth rings
in cross-section and developing a thick bark (Bell, 1991). Comparing fibrous and tap root
systemns, the former branches less (Berrie et al., 1987), penetrates less deeply in the soil,
but binds the superficial layers of the soil more firmly than the latter (Esau, 1977). Other
methods of root systems classification have been based on the growth behaviour and
functions (Schneemann, 1988), as well as shape (Lichtenegger and Kutschera-Mitter,
1991). Root systems at any time, may consist of a mixture of individual roots of different
kinds and ages (Atkinson, 1983). Examples of root systems of some common forest trees
are as shown in figure 2.3. Brief summaries of root systems of desert trees have been



presented by Fitter (1991); Rundell and Nobel (1991).

Figure 2.3 Root systems of common forest trees.
Source: Kastler et al. {1968)



2.2.2.2 Classification of individual roots

Various ways of classifications of individual roots have been documented. In terms of
distribution, Kolesnikov (1971) divided them into vertical and horizontal roots, whilst
according to length and thickness, he grouped them into skeletal and fibrous roots.
Hortzontal roots are considered as those growing more or less parallel to the soil surface
(at a depth of about 30 to 100 cm), whereas vertical roots grow vertically downwards into
the soil. Skeletal roots, on the other hand, are considered to be long and thick (i.e., from
several centimetres to several metres long and diameter can be up to several centimetres).
In terms of diameter, Glifiski and Lipiec (1990) classified roots into 6 main groups: very
fine (< 0.5 mm), fine (0.5 to 2 mm), small (2 to 5 mm), medium (5 to 10 mm), large (10
to 20 mm) and very large (> 20 mm),

Most fine roots are found within the surface 1 m of the medium textured soils, with the
majority of fine, non-woody roots in the upper 15 cm of seil. Craul (1993) attributed this
to genetic control and proximity of favourable growth conditions of the surface soil.
According to Wiisterlund ( 1989), roughly about 70% of roots in thinning stands (i.e., roots
of both tree and ground vegetation) are found in the humus layer. Some of the important
characteristic features of individual roots are surface texture, colour and diameter (Fitter,
1991). Young roots may be unpigmented or tinged with pink or orange, however, they
attain one of the various shades of brown when older, In addition to root hairs the
following structures may be seen on the root surface away from its apex: nodules in
association with bacteria, mycorrhiza in association with fungi (discussed in section 2.3)
and root buds capable of developing into new complete shoot systems.

2,2.2.3 Patterns and distribution of roots

Root distribution and growth patterns are seen to be exceedingly diverse both in the same
species (e.g., under different environmental conditions} and different species (e.g., under
the same environmental conditions), with some exhibiting changing architecture as they
develop. Roots of neighbouring trees interlock often forming a kind of root net in the soil,
This usually leads to the uprooting of surrounding tree(s) when one of the trees with its
roots in the root-net is uprooted (Coutts, 1983). In general, rooting patterns of forest trees
exhibit superficial root systems (frequently lacking a taproot) whilst smalier trees show

10



deeper and fewer wide-spreading root systems (Schneemann, 1988). Architecture of root
systems is noted to depend on a number of variables. These include: extent of elongation,
branching angle, mortality of axes and apices, size, topology (i.¢., distribution of branches
within the root system) and link lengths (distance between branching points) (Haper et al.,

N
DA

@ ®)

Figure 2.4  Distribution of root branches within the root system:
{a) herringbone and (b) dichotomous.
Source: Fitter (1991)

1991; Fitter, 1991). Fitter divided the topology of root systems into two extremes groups:
herringbone and dichotomous pattern (figure 2.4).

Within the last two decades, computer modelling or simulation is commonly used as non-
destructive method in studying root growth, patterns and disiribution. Hettiaratchi and
Ferguson (1973) presented a theoretical model which seeks to throw light on the growth
of roots. Their model consists of four main steps: (1) when the axial elongation of the root
tip is arrested by the inability of the root cap to penetrate the soil ahead of it, the
elongation zone of the root located just behind the menstem enlarges radially outwards,
(2) this radial enlargement causes a reduction in penetration resistance at the root cap, (3)
the root then extends longitudinally until the root cap is once again in a zone of soil where
it is unable to penetrate and (4) the cycle repeats again. Rose (1983), on the other hand,
used an analytical model to represent root growth. Assumptions made m her model
meclude: (1} roots are undamaged and healthy, (2} laterals emerge strictly acropetally, (3)
rates of extension and branching of each class of root members are uniform throughout
the root (ic there is no spatial variation) and (4) no aging of roots. Though some of her
assumptions seem unrealistic, the model can be used to estimate total length of root
members, and total number of root members in the root system. Similar growth models
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have been presented by Jones et al. (1991).

Deans and Ford (1983) demonstrated the use of the method of path reconstruction to
simulate root patterns and distribution in the root system. A test of the model conducted
with inputs from a root system of a 16-year-old Sitka spruce tree produced results that
bore close resemblance to the actual (i.e., excavated) root system of the plant (figure 2.5

(a) and (b})).

(a)

Figwe 2.5 Plan views of (a) excavated and (b) simulated root systems of 16
year old Sitka spruce tree.
Source: Dean and Ford (1983)

Attempts have been made by a number of authors to relate root parameters such as
number, diameter and orientation to the size of the stem or crown diameter. For example,
Kuiper and Coutts (1992) reported thai highly significant positive correlations exist
between stem diameter at a height of 1.3 m and root biomass. This was also portrayed in
root geometry model presented by Wu et al. {1988). Relation between stem diameter and
root geometry was represented by figure 2.6 and equations 2.01 to 2.03. In this model, the
main lateral root was assumed to start radially from the stem and from there on follows

12



a random walk process.

: Number of
Diameter, D, » lateral roots, N

Length of Number of
lateral root, L, |—M{branch roots, N,
Initial diameter

of branch root

2 nd order root

Diameter along
length of root, Iy

Figure 2.6  Root geometry model.

Source: Wu et al. (1988)
N =3.35+0.15D, 2.01
D, =133+039D, 2,02
L, =89.44 D, 203

where N, D,, L, D, equal the number of laterals formed on stem, mean of the initial
diameter of the lateral, total length of a root and stem diameter respectively.

Van Noordwijk etal. (1996) reported two parameter descriptive models that describe root
length density as a function of depth and horizontal distance from the plant. Distribution
of castor plants has been studied by Smith et al. (1991}. According to L6hmns et al.
(1991), vertical distribution of fine roots is one of the most important characteristics that
show connection between the stand and the soil. Work done by Watson (1993) indicated,
that the rate of new root elongation in temperate climates is smaller than that in
subtropical climates. The former was given as 300 - 600 mm/year, whilst the latter was
given as 600-1100 mm/year (his comparison was based on roots under climates of
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northern United States (i.e., temperate) and Florida (i.e., subtropic)). Growth rates
(mm/day) of some root species are as presented in table 2.1.

Table 2.1 Growth rates of some root species.

Root species Growth rate (mm/day) Source
Grass 12 Glifiski and Lipiec {1990)
Pine 25 Glifiski and Lipiec (1990)
Maize 60 Russell (1961)
Apple 3-9 Russell (1961)
Oak 8.2* Watson {1993)

*Growth rate of oak was given as 3000 mm/year in Florida. 1 year = 365 days

Basic differences in root pattern and distribution have been attributed to plants genetic
constitutions. This is depicted by numerous papefs {e.g., Troughton and Whittington,
1968; Pearson, 1974; Van Noordwijk, 1989, Waisel and Eshel, 1991) that have been
written on the subject. Van Noordwijk (1989) pointed out, that different species of tree
roots grown under the same circumstances may develop root systems which differ in total
weight or length, orientation (geotropy), total depth, as well as branching patterns.

Table 2.2 Probe pressure at which root elongation ceases.

Plant Texture Bulk density | Measure of resistance Critical probe
(g/cc) pressure, g, (bar
Pea and barley Sand 1.40-1.65 | Constant rate probe 12
Cotton Fine sandy [.55-1.85 | Constant ratc probe 34
loam
Pea Sandy loam 1.10-1.70 | Constant rate probe 33
Pea and wheat Loam 1.50 - 1.70 | Constant rate probe 36
Com Clay 0.90 - 1.30 | Constant rate probe 8
Source: Greacen et al. (1969)

14




Though plant’s genetic constitutions play significant roles in the attainment of final
rooting patterns, physical and chemical environment of the root is equally significant in
most field situations (Pearson, 1974). Pearson argued, that mechanical impedance by
compacted soil layers, for example, can tum a normally deep-rooted plant into a very
shallow-rooted one. Earlier experiments conducted by Taylor and Ratliff (1969) on root
elongation rates of cotton and peanuts confirmed, that the elongation rate of root decreases
as soil strength increases. Greacen et al. (1969) constructed a table of values of probe
pressure at which root elongation ceased in a range of soils (table 2.2).

Effect of root zone temperature on the morphology and distribution of tree roots has been
examined by Nielsen (1974). Nielsen (1974) indicated, that in cooler temperatures roots
usually become whiter, thicker (i.¢., diameter) and branch less than at warmer
temperatures. Also in cold periods, cell maturation is usually delayed, whilst elongation
is favoured. With respect to the effect of soil aeration, three main factors have been
identified: oxygen content in the soil air, carbon dioxide content in the soil air and content
of by-products of anaerobic decomposition, such as hydrogen sulphide, methane, etc.
High carbon dioxide (CO,) and low oxygen (O,) concentrations in the soil have been
found to be detrimental to roots development and growth. According to Russell (1961),
CO, concentration of about 9% to 10% can be tolerated by roots only for short periods.
For optimum growth, concentration of under 1% is expected. With regards to oxygen, a
minimum concentration of 5% has been quoted for root growth (i.e., below which growth

ceases).

Availability of carbohydrates for translocation to the roots for growth appear to be
proportional to those not immediately needed by the aerial parts of the plant (Russell,
1961). Thus, it can be readily deduced that any factor which allows carbohydrate
production to go on but discourages aerial growth in the plant will tend to encourage
active root growth. For example, in corn crops and fruits, it has been found that when seed
or fruits are ripening, root growth does not take place, since at that period the aenal parts
are drawing heavily on the available carbohydrate supplies. Within perennial species
matured plants may have root forms which are different from the vouthful plants. This
change of form has been attributed to aging.
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23 INFLUENCE OF ROOT SURFACE STRUCTURES

In this section attempts will be made to briefly discuss the common structures that are
found on root surfaces, such as root hairs, nodulus, mucilage and root association with
rhizobium and fungi (mycorrhiza). These root structures or associations are of paramount
mmportance because they do not only enhance the absorption of water and nutrients by
roots, but also contribute immensely towards the improvement of frictional properties
between the root and the soil.

Removal of water from the soil by roots shrinks the soil, allowing other soil particles to
come into contact and eventually become cemented (Koolen and Kuipers, 1983; Craul,
1993). Micro-organisms are attracted in great numbers and diversity to roots producing
exudates, mucilages, etc., in addition to what is produced by the roots themselves. Recent
studies show, that contact between growing roots and the soil matrix is established largely
by mucigel and secretions that are found on the root surfaces (Russell, 1977). Whilst
mucilages enhance the formation of bridges between soil particles and the root surface,
root secretions flocculate colloids and cement soil aggregates (Glinski and Lipiec, 1990).
Sloughing of root epidermal cells by friction between the roots surface and soil particles,
as well as cyclic death of fine roots and sometimes the entire root systems contributes

enormously to the amount of organic matter which causes cementation of the soil.

Root hairs are considered as important component of the root system. They do not only
enhance anchorage of roots, they also increase the absorbing surface of the root system.
Hofer (1991) described them as having cylindrical straight forms with dome-shaped tips
often forming right angles with the root surfaces. Formation of root hairs is much
influenced by the environment. In a favourable environment root hairs frequently emerge
from the epidermal cells in the zone of cell extension within 5-10 mm of the apex. They
develop acropetally (i.e., progressively towards the root apex) and their emergence
appears to follow a retardation in the elongation of the parental epidermal cells (Russell,
1977). Depending on the species, lengths and diameters of individual root hairs range
from 80 to 1500 pm and 5 to 20 pm respectively (Hofer, 1991). According to Kolesnikov
(1971), the absorbing surface of a root system may be increased by a factor of 2 to 10 by
the presence of root hairs. His studies that were conducted on one-year-old anis apple
seedling showed as many as 17 million root hairs with a total length of about 3 km. In a
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matured root system of winter rye, more than 10" root hairs have been estimated
(Russell, 1977). Root hairs, however, have short lives, collapsing and being worn away
after a few days or weeks (Schneemann, 1988; Hofer, 1991).

Associations of rhizobium and specific fungi with root systems of forest trees have
adequately been documented. Root association with rhizobium often leads to the
development of root nodulus. The rhizobium bacteria invade the root mostly through the
root hairs and in multiplying form an infection thread which further develops into nodules.
Some authors argued that root nodules are modified lateral roots, but developmental
studics do not support this concept (Esau, 1977). Fungi that form mutnally beneficial
relationships (symbiotic association) with plant roots are known as mycorrhizae. Two
principal forms of mycorrhizae have been identified. These are (1) ectomycorrhizae and
(2) endomycorrhizae (Bowen and Rovira, 1991; Esau, 1977, Craul, 1993; Foth, 1990).
With ectomycorrhizae roots, the fungi envelop on the entire root surface forming a sheath
but penetrate only the outer cell layers of the root cell walls. In such roots the
development of root hairs may be depressed, and the volumes of apical meristem and root
cap may as well be reduced. These roots are mostly short, branched and appear swollen

(figure 2.7).
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Figure 2.7  Anatomy of ectomycorrhizae root.
Source: Foth (1990)

Unlike ectomycorrhizae roots, the cells of endomycorrhizae roots are deeply penetrated
by the fungi. This therefore makes the presence of the fungi difficult to determine
visually. Endomycorrhizae roots are normally similar to uninfected roots in form but are
darker in colour. Mycorrhizae associations with roots are known to occur under conditions
of low or lack of balance in the availability of nitrogen, phosphorous, potassium, and

17




calcium. Light and substances exuded by roots are said to enhance their initiations. From
the roots the fungus presumably receives sugars, amino acids, etc., whilst in return the
following benefits may be derived by the root: (1) increase in amount of absorbing surface
in contact with the soil, (2) increase in diameter and branching, (3) longer life
{ectomycorrhizae infection prolongs the life of the roots) and (4) increased drought and
heat resistance.
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2.4 ROOT STUDY METHODS

Work done by Bohm (1979) provided a good basis and insight into root studies. He
pointed out, that a unique classification of the existing root-study methods on a systematic
basis is impossible because several methods, different in principle may have certain
features which are similar, He documented the following root-study methods:; excavation
methods, monolith methods, auger methods, profile methods, glass wall methods,
container methods and indirect methods. In his book, (i.¢., root study methods) detailed
discussions of each of these methods were presented.

Hamazah et al. (1983) reported of the use of soil-block technique for estimating fine roots
(roots of less than or equal to 5 mm in diameter) formation in forest ecosystems. Soil-
block technique is considered more environmentally friendly than other methods used for
similar purpose, since with this technique soil removed during root studies can be returned
to its original location in the soil profile without much physical disturbance. Other
advantages of this method over soil coring method include: (1) less labour and (2} can be
used in a system where there are no significant changes in the standing root biomass
throughout the year, Bragg et al. (1983) compared four different methods that are used to
measure root distribution: mim-rhizotrons installed vertically, mini-rhizotrons installed
at an angle of 45°, core-break root counts (i.¢., counting the number of living roots per
unit area on horizontal soil surfaces at different depths) and direct measurement of lengths
of roots washed from soil cores. Between 30 cm below the soil surface and maximum
rooting depth, it was found, that mini-rhizotrons installed at 45° gave better estimates of
root distribution than the other methods. However, a number of conditions need to be
satisfied to ensure good estimates (Vos and Groenwold, 1983). These include the
following: (1) roots should not evade the interfacial area, (2) roots should not proliferate
preferentially at the interface and (3) soil properties in the interfacial area should not be
different from the rest of the soil. The use of autoradiagraphic technique for studying
spatial distribution, density and length of roots has been documented by Fusseder (1983).
With this method, autoradiagrams obtained from serial soil sections were used to
reconstruct spatial distribution of roots, as well as for calculating root length and density.
The main advantage of this technique over other methods is that only living roots or root
parts of the plant under investigation are considered. Summary of root study methods
including their disadvantages and significance presented by Harper et al. (1991) is as
shown in table 2.3,
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Table 2.3 Root study methods for structure and distribution of root systems.

Roet study method Type of data obtained Disadvantages
Excavation of whole plant Information on whole root Limited data about precise
system system structure of individual distribution of roots. No

plants. data concerning the
interaction between roots of
neighbouring plants.

Profile wall Information on vertical and Ouly part of root system
horizontal distribution of roots. | studied. No data on

structure.

Pinboard As in profile wall, with Data limited to ‘slice’ of the
additional data about root root system. Roots have to be
length. separated from the soil.

Coring (soil samples taken Information about No insight into structure or

using auger) length/weight in soil samples neighbouring effects. Roots
taken from various areas. must be separated from soil.

Isotopes Information about the inter- No information on structure

Solution containing penetration of the root systems | paramaters.

radioactive element (usually P { of neighbours.

or 8) injected into plant or into

soil around plant.

Resin embedding. Precise spatial distribution of | Time consuming. Requires
roots in the soil. special equipment.

Rhizotrons Changes in lengths and Expensive to build.
numbers of roots over time.

Mesh bags Growth of root system into Data limited to net changes in

Soil cores taken from field ‘rootless” soil. growth over time. Roots  must

and bags filled with soil free be separated from the  soil.

from roots put in place.

Dyeing Changes in root length over Method works well only

Different coloured dyes time with porous media. Need to

applied sequentially to soil. separate roots from the soil

Parts of root system which to obtain the data.

are of different colours

indicate amount of growth

made.

Source: Harper et al. (1991)
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3 PROPERTIES OF ROOT STRENGTH

3.1 INTRODUCTION

The importance of mechanical properties of roots in soil-root reinforcement studies have
been highlighted by many authors: Makarova et ai. (1998); Liu (1994); Liu et al. (1994),
Blackwell et al, (1990); Commandeur and Pyles (1991); Terwilliger and Waldron (1991);
Wu et al. (1988); Wisterlund (1986); Waldron and Pakessian (1982); Waldron and
Dakessian (1981); Waldron (1977), etc. Until recently, needed root mechanical properties
for use in analysing soil-root systems were assumed or extrapolated from studies that were
not always applicable to these systems. With these systems, the likelihood of producing
results that significantly deviate from actual situation (ie., where roots are involved) seems
highly probably. Investigations on root mechanical properties have mainly been focussed
on the study of tensile strength, Young’s modulus of ¢lasticity, and shear strength because
of the paramount roles they play in soil-root reinforced systems. Recent studies on
mechanism of soil nailing have however indicated, that with regards to soil-reinforcement
interaction, pull out strength and bending force of the reinforcement must be studied as
well, Other mechanical properties which have also featured in discussions involving
continual contribution of roots to improvement in soil strength and stability are creep,
fatigue failure and Poisson’s ratio. Few measurements on root strength properties have
been reported (Wisterlund, 1989), therefore in the succeeding sections, discussion on
measured data of root mechanical properties will be centred on: (1) tensile and (2) shear

properties.

3.2 MEASURED VALUES OF ROOT MECHANICAL
PROPERTIES

3.2.1 Tensile strength and Young’s modulus of elasticity

Generally, single roots of grass species are known to be weaker than that of trees species.
On the average, axial strengths of the former have been found to be 3-10 MPa whilst that
for the latter have been estimated to range from 10-70 MPa (Gliiski and Lipiec, 1990).
Tests conducted on individual roots of tree species put the estimates of tensile strengths
of Sitka spruce, Western hemlock and Red huckleberry to be 17-52 MPa, 14-61 MPa and
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15-23 MPa respectively. Wiasterlund (1986) found tensile strength of Douglas-fir roots
1o range between 20 and 30 MPa for the cross section area inside the bark. Studies
conducted on conifer tree roots indicated a tensile strength between 10-60 MPa.

Both tensile strength and modulus of elasticity of roots of 20-year-old Douglas-fir
(diameter ranged between 0.25 - 2.00 cm) have been studied by Commandeur and Pyles
(1991). Roots used in their experiments were collected below the humaus layer (down to
a depth of about 30 cm) and were gencrally straight and free from major imperfections.
Before testing, the roots were packed in a mixture of moist moss, humus and mineral soil,
sealed in plastic bags, and stored in a refrigerator (at 10° to prevent desiccation and
mainfain freshness) for a duration of two weeks. Load cell and a linear variable
differential transformer were used for measuring the tensile force and elongation of the
gauged section of the roots respectively. Gauge length varied between 13.5 and 18 cm,
whilst the distance between the grips was kept at 7.9 cm more than the gauge length. This
was done to avoid the influence of end effects on the determination of the modulus of
clasticity. Roots were debarked at their ends to ensure a firm grip of the clamps. Young’s
modulus of elasticity, E, was defined as the proportionality between stress and strain
(equation 3.01).

_ ASrress 301
AStrain

where, A Stress and A Strain = change in stress and strain respectively.

Basically, two different types of curves evolved from the experiments conducted by
Commandeur and Pyles (1991): (1) sigmoid type of behaviour (figure 3.1 (a)) and (2)
hyperbotlic type of behaviour (figure 3.1 (b)). Behaviour of the sigmoid curve was
attributed to straightening up of tortuous roots in the first portion, and then producing a
hyperbolic curve in the second portion after the roots have straightened. From the first
straight line segment, Young’s modulus of elasticity was termed as form modulus, Eg,
whilst in the second portion it was termed as material modulus, E,; (see figure 3.1).
Average material modulus of intact root (i.e., with barks) was found to be at least 2.5
times as large as the form modulus (i.e., E,; = 604 MPa, E; = 240 MPa), whilst average
tensile strength was found to be 17 MPa.
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In a related study, Waldron and Dakessian (1981) measured modulus of elasticity, E and
maximum tensile strength, o,,,,, of pine and barley roots using an Instron model 1130

tensile tester with a cross head speed of 2.5 mm min™.
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Figure 3.1  Stress versus strain for root displaying: (a) sigmoid and (b)
hyperbolic behaviours.
Source: Commandeur and Pyles (1991)
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Pine roots exhibited two linear parts: first part extending from 3 to 5% strain; second part
extending from 5 to 6% strain to failure. Generaliy, ultimate tensile strength and modulus
of elasticity of roots decreased with increasing root diameter and their relationships were
given according to equations 3.02 and 3.03.

E =aD? 3.02
a =DV 3.03

max

where D = diameter of root (cm) and a, b, ¢ and f are constants for the root species (see
table 3.1). E and o,,,, were measured in g cm™.

Table 3.1 Root constants for barley and pine.

Type of root a b [ f
Barley 8.32%10° -1.210 7.85 * 10° - 0.944
Pine 5.38 * 10° -0.389 6.89 * 10 -0.116

Source: Waldron and Dakessian {1981)

Tensile strengths of beech and larch roots were found by Liu (1994a) to be 24 + 1.58 MPa
and 18.45 £ 2.25 MPa respectively. Roots used in his experiments were taken from old
beech and larch stands about 3 m away from the parent trees, and within a depth of 0-30
cm of the soil surface. Root diameter ranged between 0.8 - 6.0 mm. Liu’s calculation of
the Young's Modulus of elasticity followed similar procedure as reported by
Commandeur and Pyles (1991). Madutus of elasticity of the first linear portion of the
curve was called initial modulus of elasticity, whilst that for the second portion was
referred 10 as final modulus of elasticity. The former for beech and larch roots were found
to be 527 + 49.87 MPa and 293 + 61.42 MPa respectively, whilst the latter were found
to be 61.95 + 9.9 MPa and 53.88 + 7.6 MPa respectively.

In a companion paper, Liu (1994b) presented a report on the time-dependent characteristic
of root strength under cyclic loading (ie. repeated loading). Similar roots (i.c., beech and
larch, diameter = 0.8 - 6.0 mm) were used. Elastic as well as plastic strains were observed
during each loading cycle. When the test included non-zero dwell times at the force
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reversal points, during which root length was fixed, root stress appeared to change during
the dwell times. This change was a relaxation for the upper reversal points and a strength
recovery (stress increase) for the lower reversal points. In this report he indicated that
beech roots exhibited more stable characteristic on dynamic load than larch roots. Beech
roots generally failed after 10-15 cycle loads whilst larch roots failed after 6-8 cycle
loads.

Tensile properties (i.e., loading to failure and cyclic loading) of beech and larch roots
have also been studied by Makarova et al. {1998). In their experiments, axial stress-strain
relationships of the aforementioned roots were measured. Modulus of elasticity in this
case was termed as an overall modulus of stiffness. Values for the first 10 cycles for beech
and larch roots ranged between 162-763 MPa and 123-461 MPa respectively. During
loading to failure, thin roots lost up to 60% of their water content and showed failure
strains up to 16%. Results from this study showed that incremental plastic strains
decreases with increase in number of cycles.

In his earlier research conducted with roots (diameter = 4-10 mm) of Sitka spruce, Coutts
(1983) confirmed that, in fact, roots under tension follow a curve with a linear relationship
between stress and strain up to the elastic limit before undergoing plastic deformation.
Roots taken from a distance of about 80 cm away from the base of the stem were used for
his experiments. He presented data on tensile strength of some tree roots. Among these,
are those found in table 3.2.

Table 3.2 Tensile strength of tree roots.

Species Proportionality limit Failure
Stress (kPa) Strain (%) Stress (kPa) Strain (%)

Picea sitchensis 15000 3 35000 13
Pinus ponderosa 4300 4 9000 20

Populus deltoides 8900 3 26600 12
Populus yunnanensis 12900 4 41000 18
Salix matsudana 12900 3 41000 18
Salix purpurea 15800 2 45300 13

Source: Coutts (1983)
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3.2.2 Shear strength

Shear strength of the root is often calculated as the difference between shear strength of
root permeated soil and the corresponding volume corrected root-frec shear strength of
the s0il (see Terwillinger and Waldron, 1991; Waldron and Dakessian, 1982; Waldron
and Dakessian, 1981). This is stated in equation 3.04. Often, this is estimated from soil-
root in-situ shear test, soil-root in-situ pullout tests or simulatien conducted from soil-root

interaction models.

45, =8, - Sputow 3.04
where,

A8, = absolute increase in soil’s shear strength by roots

S, = shear strength of rooted soil

S oy = shear strength of root free soil.

According to Waldron (1977), a direct shear device in which a prism of soil is sheared
along a plane perpendicular to the axis of the prism, is particularly well suited to study the
effect of plant roots on soil shearing resistance. To measure the contribution of roots,
such as alfalfa (1 year old), barley and yellow pine (6 months) to soil shear strength, he
conducted direct shear tests on 25-cm diameter root-permeated soil columns at shear
depths of 15, 30 and 45 cm. Displacement rate of 2.74 mm min" was used. Before
testing, matric potential of the shear plane of the samples were brought as close as
possible to zero by adding water approximately 2 cm deep on the soil surface. This was
done to ensure a steady flow through the column immediately sheared. Graphs of shearing
resistance against horizontal shear displacement showed a rapid rise of shear stress with
displacement to a maximum and then declined to a rather constant value. This behaviour
of the graphs was more pronounced in barley and pine than alfalfa. Increase in soil shear
resistance was observed 1n all the soil samples containing roots, with alfalfa registering
the highest shear resistance. Absolute strength increase due to alfalfa at this depth (i.e.,
30 cm) was 100 g/cm?® whilst that of barley and pine were 23 g/cm® and 10 g/cm®
respectively. From other studies Waldron (1977) quoted the shear strength of the root of
European alder (4/nus glutinosa-L) at 20 cm depth to be 83.7 g/cm’.
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Waldron and Dakessian (1982) studied shear strength increase due to the presence of a
number of young root species ranging from 3 to 52 months old. Among these plant specics
were hardinggrass (Phalaris tuberosa-L), Wimmera 62 ryegrass (Lolium rigidium-L),
Palestine orchardgrass (Dactylis glomerata-L), Blando brome (Bromus mollis-L),
greenleaf sudangrass (Sorgum bicolor sudanense-L), Anza wheat (Triticum oestivum-1),
and barley {(Hordeum vulgare-L), Cylindrical samples of rooted and root-free soil
materials were each sheared along a predetermined plane perpendicular to a cylinder axis.
The samples were prepared by packing soil materials into containers of 0.61 m in length
made from two sections of (.25 m diameter tubular concrete form taped together with a
3 mm thick spacer at the joint. When samples were to be tested, the tape and spacer were
removed and the soil column sheared at the plane of the joint at a horizontal displacement
speed of 2.7 mm/min. At shear displacement and soil cohesion of 25 mm and 2.0 kPa
respectively, estimated values of roots contribution to soil shear strength, AS,, are as
shown in table 3.3. These AS, values however showed a decrease of about 10% with
increase in soil depth from 0.30 m to 0.45 m.

Table 3.3 Increase in the soil’s shear strength ( AS,) for soil depths of 0.30 m and 0.45 m.

Root types AS, for soil depth of 0,30 m AS, for soil depth of 0.45 m
(kPa) (kPa)
Hardinggrass 10.6 9.4
Ryegrass 9.8 7.7
Orchardgrass 9.5 6.2
Oak 94 5.1
Bromegrass 6.4 3.6

Source: Waldron and Dakessian (1982)

Terwilliger and Waldron (1991) used a direct shear device that had been specially
designed to measure shear strength of large (0.25 m diameter by 0.61 m) root permeated
soil samples. They used soil samples extracted under three vegetation types: chaparral,
prescription-burned chaparral, and grassland. Shear strength of the rooted soil S, in their
tests was determined to be the maximum shearing force S, exhibited during horizontal
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displacement per cross-sectional area of soil being sheared. This is as given by the
equation 3.05 below.

g = Spmax 3.05

where, A = cross-sectional area of the soil sample.

In the above experiments, root-free-soil samples were produced by decaying roots from
extracted soil samples using hydrogen peroxide (H,0,). This was accomplished by
treating the tops of those samples with 1 ml of 30% H,0, on two consecutive days and
covering them with metal slab to prevent frothing or other significant movement of soil
particles. The samples were then stored for one month at 30° C on a stand slightly above
a pool of water in a covered container. In order to gather enough trials necessary to
simulate natural field conditions, a rapid horizontal displacement rate of 2.74 mm min™
was used. Load applied to the shear plane of each shear test was the weight of the soil
above the area being sheared. In this studies, soil’s strength was found to increase
significantly by the presence of all the vegetation types (paired t-tests; P < 0.00001 for
grassland and burned chaparral; P < 0.0003 for unbumed chaparral). Mean values and
coefficient of variation (c.v) of S, and S,,,., found for the three vegetation types are as
presented in table 3.4.

Table 3.4 Shear strength values for three different vegetation types.

Vegetation type S, (kPa) Statom (lP2) AS, (kPa)

Mean c.v Mean v Mean Max.
Unburned chaparral | 2.5 0.4 2.1 0.3 04 30
Burned chaparral 2.6 0.3 2.0 0.3 0.6 27
Grassland 2.8 0.3 22 0.3 0.6 2.4

Source: Terwilliger and Waldron (1991)

Measuring the in-situ shear strength of soil-root hall interface, Smith (1986) used an
apparatus which has been designed to apply a maximum torque of 50 kNm, This apparatus
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was an adaptation of a torsional shear test. It consisted of a torque bar, equalizing bar,
winch, load cell and various wire ropes, shackles, slings and blocks. The theoretical
principle underlying the use of his apparatus was that, if the shear strength of the interface
at failure is assumed to be uniform across the shear failure, then the torque developed can
be estimated by equation 3.06.

3T
S, = 3.06
" 2mR?
where,
S, = shear strength on the failure surface
T = torque
R = radius of failure surface.

Comparatively very little field studies have been done on the pull-out resistances of roots.
Pull-out resistances of single roots of field pea (Pisum sativum-1) is quoted to be 100
g/cm” root surface in the absence of root hairs and 300 g/cm? to 600 g/em® where root
hairs were present. These values were found in a compacted clay loam with a bulk density
of 1.7 g/cm’® and matric potential of -0.3 bar.

In general many confounding factors make it difficult for the true magmtude of roots
contribution to increase in the soil shear strength to be determined. These are not only soil
factors (some of which are discussed in section 2.3), but may include factors which
directly or indirectly affect the measurement of root tensile properties and/or soil-root in-
situ shear strength. Measurement of root tensile properties may be affected by:

(1)  rate of elongation used

(Z)  season

(3) clamping

(4)  root preparation before measurement.

On the other hand, factors affecting the measurement of soil-root in-situ shear strength
may include: (1) testing equipment used, (2) scheme of root placement in the soil and (3)
level of soil compaction,
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