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a  b  s  t  r  a  c  t

Understanding  root-reinforcement  of vegetated  slopes  is  hindered  by  the cost and  practicality  of full
scale  tests  to  explore  global  behaviour  at  the slope  scale,  and  the  idealised  nature  of  smaller-scale  test-
ing  to  date  that  has  relied  on  model  root analogues.  In  this  study  we  investigated  the  potential  to  use
living  plant  roots  in small  scale  experiments  of slope  failure  that  would  use  a  geotechnical  centrifuge  to
achieve  soil  stress  states  comparable  to those  in  the  field  at homologous  points.  Three  species  (Willow,
Gorse  and  Festulolium  grass),  corresponding  to distinct  plant  groups  with  different  root  architecture  and
‘woodiness’  were  selected  and  cultivated  for  short  periods  (2 months  for Willow  and  Festulolium  grass,  3
months for  Gorse).  The  morphologies,  tensile  strength  and  Young’s  modulus  of these  juvenile  root  sam-
ples  and  their  effects  on  increasing  soil  shear  strength  were  then  measured  (via tensile  tests  and  direct
shear  tests)  and  compared  with  published  results  of  more  mature  field  grown  specimens.  Our test  results
show  that  when  all  juvenile  root  samples  of  the  three  species  are  considered,  the  commonly  used  negative
power  law  does  not  fit  the  data  for the  relationship  between  root tensile  strength  and  root  diameter  well,
resulting  in  very  low  R2 values  (R2 <  0.14).  No  significant  differences  in tensile  strength  were  observed
between  roots  with  different  diameter  for Willow  and  Gorse,  and  the  average  root  tensile  strength  for
all juvenile  root  samples  was  8.70  ±  0.60  MPa  (Mean  ± SE),  9.50  ±  0.40  MPa,  21.67  ±  1.29  MPa  for  Willow,
Festulolium  grass  and  Gorse,  respectively.  However,  a strong  linear  relationship  was  observed  between
tensile  strength  and  Young’s  modulus  of  the  roots  of  the juvenile  plants  (R2 = 0.55,  0.69,  0.50  for  Willow,
Festulolium  grass  and  Gorse,  respectively).  From  a centrifuge  modelling  perspective,  it was shown  that
using  juvenile  plants  could  potentially  produce  prototype  root systems  that  are  highly  representative  of
corresponding  mature  root systems  both  in  terms  of  root mechanical  properties  and  root  morphology

when  a suitable  growing  time  (2 months)  and  scaling  factor  (N =  15) are  selected.  However,  it remains  a
challenge  to  simultaneously  simulate  the distribution  of root  biomass  with  depth  of  the  corresponding
mature  plant.  Therefore,  a  compromise  has  to made  to resolve  the  conflicts  between  the  scaling  of  rooting
depth  and  root  reinforcement,  and  it is suggested  that 1:15  scale  would  represent  a  suitable  compromise

 in  a  g
ublis
for  studying  slope  failure
©  2017  The  Authors.  P

. Introduction

Vegetation as an effective and environmental-friendly approach
o improve slope stability has been recognised in geotechnical
nd ecological engineering practice to prevent shallow landslides

nd erosion. Planting trees, shrubs or grasses on slopes not only
mproves aesthetic appearance, but more importantly: (i) controls
he groundwater regime and slope hydrology (e.g. Smethurst et al.,

∗ Corresponding author.
E-mail address: tzliang@dundee.ac.uk (T. Liang).
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eotechnical  centrifuge.
hed  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license

(http://creativecommons.org/licenses/by/4.0/).

2006, 2012, 2015) and (ii) directly increases shear strength as roots
act like miniature anchors/piles for soil reinforcement (Stokes et al.,
2009; Schwarz et al., 2010b). The approach can be more cost-
effective than traditional engineering approaches of soil nails or
micropiles, but uncertainty that remains about the effects of roots
on slope stabilisation hinders uptake of the use of vegetation to
stabilise slopes by practitioners (Stokes et al., 2014; Kim et al.,
2017). To quantify the mechanical effect of roots on soil shear

strength, many studies have been performed either in the labo-
ratory (Waldron, 1977; Operstein and Frydman, 2000; Normaniza
et al., 2008; Mickovski et al., 2009; Loades et al., 2010; Veylon
et al., 2015) or the field (Hengchaovanich and Nilaweera, 1996; Wu

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Scaling laws for centrifuge testing related to this study (After Schofield, 1981; Taylor,
2003; Muir Wood, 2003).

Parameter Scaling law: Model/Prototype Dimensionsa

Length/Depth 1/N L
Area 1/N2 L2

Volume 1/N3 L3

Seepage (Consolidation Time) 1/N2 T
Density 1 M/L3

Mass 1/N3 M
Stress/Tensile Strength 1 M/LT2

Strain 1 –
Force 1/N2 ML/T2

Bending moment 1/N3 ML2/T2
08 T. Liang et al. / Ecological E

nd Watson, 1998; Ekanayake et al., 1998; Van Beek et al., 2005;
ammeraat et al., 2005; Docker and Hubble, 2008; Fan and Su, 2008;
an and Chen, 2010; Comino and Druetta, 2010; Comino et al., 2010)
sing direct shear tests. However, most of these existing studies
ocus on the strength of soil reinforced by young trees and herba-
eous plants. While this is important for understanding short-term
mprovement in stability of slopes planted with trees, only a few
tudies report the contribution of roots of well-developed mature
rees to soil strength (important for long-term stability assess-

ent), predominantly because of the large size of mature tree root
ystems and the limited size of available field shearing apparatus
Sonnenberg et al., 2011). Field monitoring of full-scale slopes could
rovide invaluable data on real slope behaviour. However, imple-
enting a field trial is usually expensive, time consuming and it is

ften difficult to trigger a failure to identify the failure mechanism
or safety reasons. Geotechnical centrifuge modelling, on the con-
rary, can provide a good balance between keeping expense low
hile maintaining a high level of fidelity and is potentially there-

ore a better method for investigating the global performance of
egetated slopes under known boundary conditions (Sonnenberg
t al., 2010; Liang et al., 2015).

In previous applications of centrifuge modelling to study veg-
tated slopes, plant roots have been modelled either using root
nalogues (e.g. Sonnenberg et al., 2011; Eab et al., 2014; Liang et al.,
015; Ng et al., 2014, 2016) or live plants (e.g. Sonnenberg et al.,
010; Askarinejad and Springman, 2015). Root analogues have a
ajor advantage of high repeatability of architecture and prop-

rties and they can be easily and quickly produced. The major
ifficulty of this modelling technique, however, is to identify a
uitable material which can simultaneously model the stiffness,
trength and complex architecture of live roots, though some
rogress has recently been made by Liang et al. (2014, 2017)
nd Liang and Knappett (2017), who employed the 3-D printing
echnique using Acrylonitrile butadiene styrene (ABS) plastic to
roduce root analogues of complex geometry, while simulating
trength (Tr) and stiffness (E) much more realistically than previ-
usly used materials (e.g. wood or rubber dowels). However, these
re limited to use in dry cohesionless soils due to the necessity of
luviating the soil around the analogues for installation.

Use of live plants in the centrifuge can potentially model both
echanical and hydrological effects. Compared to root analogues,

ive plants could provide not only representative root strength and
tiffness, but also more correct stress-strain response, including the
aximum strain and stress localisation, and highly representative

oot-soil interaction properties (Hinsinger et al., 2009). However,
revious studies using live plants (e.g. Sonnenberg et al., 2010;
skarinejad and Springman, 2015) did not consider in detail the
caling of the properties in the model. For example, for the 290-
ay-old Willow used by Sonnenberg et al. (2010), tensile strength
f root sample with a diameter of 0.2 mm is approximately 80 MPa
t model scale. If this root is being tested in a centrifuge at a gravi-
ational acceleration of 15g (i.e., N = 15), according to the centrifuge
caling laws, the root diameter at prototype scale would be 3 mm,
here the root tensile strength of Willow in the field is less than

0 MPa  for roots larger than 3 mm (Mickovski et al., 2009). Such
ver-representation of root strength could lead to over-prediction
f root reinforcement and its contribution to slope stability.

Previous studies on root biomechanical properties have
evealed that root tensile strength and stiffness often decrease with
ncreasing root diameter for mature plants (e.g. Bischetti et al.,
005; Genet et al., 2005; Pollen and Simon, 2005; Zhang et al.,
014), and also that they increase with root age (Loades et al., 2015;

onnenberg et al., 2010). Due to the counteracting effects between
oot diameter and root age on the root biomechanical properties, it
ight be possible to use juvenile fine roots to simulate the biome-

hanical behaviour of mature coarse roots of the same species (for
Young’s modulus 1 M/LT2

Second moment of area 1/N4 L4

a L = length; M = mass; T = time.

similar root architecture) in centrifuge models. Docker and Hubble
(2009) have previously applied a similar concept to simulate the
root system architecture of mature trees using field excavated juve-
nile trees to study the role of mature trees on slope stability at field
scale.

The aim of this paper is to identify candidate species to better
represent scale root morphologies and mechanical characteristics
for use in centrifuge modelling. After preliminary assessment of
suitable species, three species, which represent three distinct plant
functional groups, were selected and cultivated for limited peri-
ods of time. A series of direct shear and axial tensile tests were
undertaken to quantify root morphologies, tensile strength and
Young’s modulus of these juvenile root samples and their effects
on increased soil strength. Based on the test results, the potential
uses of the juvenile root systems to model biomechanical behaviour
of mature coarse roots in centrifuge were discussed through a
comparison with published results of more mature field grown
specimens.

2. Materials and methods

2.1. Principles of centrifuge modelling

A geotechnical centrifuge is a device which can provide an
enhanced gravity field to a reduced-scale physical model via
centripetal acceleration. When testing a small scale model in a
geotechnical centrifuge, similitude of stresses (and therefore the
non-linear stress-strain behaviour of soil) at homologous points
within the model and full-scale prototype can be achieved. In this
way, the global performance of a full-scale soil slope prototype can
be simulated to a high level of fidelity at a small scale model. Rel-
evant scaling laws for centrifuge modelling used in this study are
show in Table 1 (Schofield, 1981; Taylor, 2003; Muir Wood, 2003).
These are principally based on the concept that the model is scaled
purely geometrically, with model material properties (e.g. Tr, E)
scaled 1:1.

2.2. Soil properties

All plant specimens were grown in 150 mm diameter tubes
530 mm long packed with mechanically compacted Bullionfield soil
(mineral portions consisting of 71% sand, 19% silt, and 10% clay,
James Hutton Institute, Dundee, UK) with a pH of 6.2 (Loades et al.,
2015). The length/height of the tubes was selected to be the same
as the maximum depth of soil that could be modelled in a cen-
trifuge strong-box at the University of Dundee, UK. The liquid limit

and plastic limit of the soil were determined to be 0.297 gg−1 and
0.192 gg−1, respectively, following the fall-cone test and mould-
ing tests, described by the British Standard (BS1377:1990 Part 1).
The base of each tube was covered with a mesh membrane (1 mm
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ig. 1. Particle size distributions of Bullionfield soil sieved to 2 mm (Laser diffracti
as  adopted for particles >0.3 mm).

perture) and an overlying thin layer of pea gravel, 20 mm thick,
o facilitate drainage. Before compaction, the soil was sieved to

 largest particle size of 2 mm.  The soil particle size distribution
PSD) curve was determined using a combination of dry siev-
ng (particles > 0.3 mm)  and laser diffraction (particles < 0.3 mm)
BS1377:1990 Part 1) and is shown in Fig. 1. De-aired distilled water
as then added to the sieved soil and mixed thoroughly to achieve a
ater content of 0.18 gg−1, which was the optimum water content

f the sieved soil samples, according to the measured relationship
etween dry density and water content (BS1377:1990 Part 4). The
ixed sample was stored in a sealed container for a minimum

eriod of 24 h to allow for moisture equalisation. In each tube, the
oil column was packed in 10 layers using a standard 2.5 kg rammer
sed in the standard Procter compaction test, targeting a 1.4 g/cm3

ry bulk density. At this density the soil has a penetration resistance
f 1.22 ± 0.07 MPa, which was determined using a 2.96 mm diame-
er penetrometer with a 30 ◦ cone tip. If the penetrometer resistance
s higher than 2 MPa, the soil will strongly impede root elongation,
ence the soil samples as packed are favourable for plant growth
Schmidt et al., 2013; Bengough et al., 2016). The friction angle and
ohesion of the soil at the target dry bulk density were determined
o be 36.4◦ and 3.5 kPa, respectively, following a series of conven-
ional direct shear tests performed on fully saturated soil samples
BS1377:1990 Part 7, 8). For each layer, 8 blows were applied, to
epresent an equivalent compaction energy of 67.9 kJ/m3. During
acking, a plate with a thin outer ring protruding from its sur-
ace was put on the soil surface (Mickovski et al., 2009). Hence,
oil just within the rim of the tube would be compacted more and
he denser soil here would discourage unwanted preferential root
rowth along the container walls. Soil surfaces between each suc-
essive layer were roughened prior to packing the subsequent layer
o ensure full adhesion between soil layers (see Loades et al., 2013).
o check the influence of potential over compaction on the bot-
om layer, one compacted soil core was cut into 5 segments with

dentical height (100 mm)  and each weighed. There was  no signif-
cant difference in wet density between the top and bottom layers
P > 0.5). The saturated hydraulic conductivity of the compacted
s  used to quantify the amount of particles smaller than 0.3 mm,  while dry sieving

soil sample is 2.15 ± 0.15 × 10−7 m/s, according to constant head
permeability tests conducted on three 450 mm height soil cores
compacted in 50 mm diameter tubes.

The soil water retention curve (SWRC) was  determined using
five samples packed in 100 cm3 steel rings (average dry bulk den-
sity �d = 1.42 g/cm3). Each ring was subjected to suctions ranging
from 1 to 1500 kPa using a tension table (1–50 kPa) and a pressure
plate apparatus (50–1500 kPa; ELE International, Hemel Hemp-
stead, UK). The SWRC was  fitted to the Van Genuchten model (van
Genuchten, 1980) in terms of gravimetric water contents:

w = wr + ws − wr[
1 + |˛ |n

]m (1)

Where w is the soil water content (gg−1), wr is the residual soil
water content at 1500 kPa (0.122 gg−1), ws is the saturated soil
water content, taken as the recorded water content at the suction
of 0.5 kPa (0.27 gg−1),   is soil matric suction (kPa), and �, n and
m are model parameters, fitted as 0.15 kPa−1, 1.43 and (1 − 1/n),
respectively (R2 = 0.98).

2.3. Plants

Three species, Salix viminalis (Willow, variety Tora), Ulex
europaeus L. (Gorse) and Lolium perenne × Festuca pratensis hybrid
(Festulolium grass), corresponding to distinct plant functional
groups with contrasting root systems, were selected and cultivated
for approximately two  or three months (two month for Willow and
Festulolium grass, three months for Gorse) following a preliminary
assessment of suitable species for use in slope engineering appli-
cations. Salix viminalis tora (Willow) is a fast-growing species, and
willows are widely used by ecological and geotechnical engineers
as “live poles” (cuttings) to improve the stability of slopes within
the UK and across the world (Mickovski et al., 2009; Wu et al.,

2014). Festulolium hybrid (L. perenne × F. pratensis) was  developed
by the Welsh Plant Breeding Station in the 1970s, which has a typ-
ical fibrous root system and has been proposed for potential use
due to its water storage/flood mitigation qualities identified in the
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ig. 2. Soil water retention curve of Bullionfield soil sieved to 2 mm and compacted
or  the van Genuchten (1980) model.

uperGraSS project (Macleod et al., 2013). Ulex europaeus L. (Gorse)
an develop a typical tap root system consisting of a thicker tap root
nd numerous very fine roots, which represents a very distinct root
orphology compared with Willow poles and Festulolium grass.
orse has also been shown to have high water-removing ability

resulting in improved hydrological reinforcement) compared to
ther tested native species in the UK according to a recent study
Boldrin et al., 2017a). For each species, 6 replicates were prepared,
hree of which were used for measurement of root architecture and
rovision of specimens for root tensile testing, while the other three
ere used for direct shear tests. A further three replicate pots were
acked only with soil to the same density and were used as fallow
ontrols in the shear testing programme.

.4. Test setup

The tubes that were used for shear testing were each pre-
ut at shear plane depths of 100, 200, 300 and 400 mm  from the
olumn surface to create multiple sections. To prevent interlock-
ng between these cut surfaces during shear testing, narrow gaps
etween the plastic pipe sections were left deliberately by insert-

ng 3 mm thick spacers between the two sections of each pipe, and
hen wrapping across the joins using a strong waterproof adhesive
ape to secure the two sections together during plant growth.

For Willow cores, one 100 mm-long Willow stem cutting was
nserted into each core leaving 30 mm (i.e., approximately 1/3 of the
otal length) protruding from the soil surface. For Gorse and grass
ores, seeds were pregerminated on filter paper at 20 ◦C, and then
ealthy seedlings were transplanted when roots were 5–10 mm-

ong, to (aim to) achieve nine grass seedlings per core and five gorse
eedlings (after initial thinning).

All tubes were placed in a designed indoor growing area at the
niversity of Dundee, and they were left there for 60 or 90 days
nder controlled lighting and temperature. A standard data log-
er EL-USB-2 (LASCAR electronics, UK) and a Maxiswitch Pro light
ontroller MBMSP6 (MAXIGROW LTD, UK) were used to measure

nd control the environmental conditions, consisting 16 h day-
ight per day (24 h) under controlled temperature of 27 ± 0.38 ◦C
Mean ± SE), and 8 h night per day at a temperature of 22 ± 0.13 ◦C.
he recorded daily relative humidity was 41 ± 0.06%. Lights were
y density of 1.4 g/cm3, mean values of five replicates (±SE) are used in curve fitting

provided by Maxibright T5 fluorescent lighting unit MBT5LW8T1-9
(MAXIGROW LTD, UK), which was  equipped with eight blue T5 flu-
orescent tubes. Each tube could deliver 4450 lumens of light with a
very low heat output. The height of lighting unit was adjusted with
the growth of the plants and kept a constant distance (150 mm)
away from the tallest shoot tips. Water was supplied to planted
and fallow containers using a watering can every two days. Water
was added regularly to maintain the soil columns at constant mass,
corresponding approximately to soil field capacity (5 kPa suction,
0.25 gg−1, see Fig. 2 and (Boldrin et al., 2017b)).

2.5. Root system architecture measurement

After cultivation, the nine planted samples prepared for ten-
sile testing were carefully removed from the soil and washed,
with extra care taken to not discard finer root material. The root
samples were then cut into four sections corresponding to depths
150, 300 and 450 mm.  Root segments below 450 mm  were dis-
carded because any roots in this region were located close to the
gravel layer, where different root properties might have developed.
Approximately 15% of each segment (by dry weight) was  selected
randomly and treated with 75% v/v alcohol for root system mea-
surement. The remaining 85% of the samples were kept fresh for
tensile tests, which were performed within 72 h after sampling.
Both treated and fresh samples were labelled and stored at 4 ◦C on
moist blotting paper. When the tensile tests were completed, roots
were placed in paper bags and left to dry at 70 ◦C for 48 h in an
oven. The total dry root biomass was then measured. Each treated
sample was scanned on an A3 size flat-bed scanner at a resolution
of 300 dpi. This could guarantee a relatively accurate analysis but
with a much faster analysis time. The root morphology together
with root length density (RLD, defined as the length of roots per
unit volume of soil) was  then analysed using WinRhizo software
(Regent Instruments, Canada). The total RLD for the whole root sys-
tem was  then back-calculated based on the dry weight (fraction of
scanned samples compared to the total sample).
For the measurements of root distribution at the shear plane
depths used in the shear test samples, the testing method and
procedures reported by Loades et al. (2010) were employed. After
shear testing, soil cores extruded from the shear box were carefully
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Fig. 3. Typical shear rates for landslides and debris flows (Davies et al., 2010), field shear box testing (Ekanayake et al., 1998; Cammeraat et al., 2005; Docker and Hubble,
2008;  Fan and Su, 2008; Van Beek et al., 2005; Mickovski and Van Beek, 2009; Fan and Chen, 2010; many other studies do not provide adopted rates), laboratory shear box
testing  on root-reinforced soil (Waldron, 1977; Operstein and Frydman, 2000; Normaniza et al., 2008; Van Beek et al., 2005; Mickovski et al., 2009; Loades et al., 2010) and
shear  rates adopted in the present study, after Meijer et al. (2016).

Fig. 4. Test setup for 150 mm  diameter core laboratory direct shear apparatus at a shear plane of 300 mm.

Fig. 5. Mean dry weights (±SE) of root biomass located at different soil depth for the three species.
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Fig. 6. The scanned root samples show root architecture: (a) Willow; (b) Festulolium grass; (c) Gorse.

Fig. 7. Mean root length density (±SE) measured at different depth of the soil for the three species.

Table 2
Exponential fit parameters and R2 values between peak root tensile strength/Young’s modulus and diameter (Root tensile strength Tr /Young’s modulus E = A × dk where
d  = root diameter).

Depth (mm)  Willow Grass Gorse

A k R2 A k R2 A k R2

Tensile
strength

In population 6.4835 0.032 0.0003 5.905 −0.596 0.1341 18.316 −0.03 0.0009
0–150  6.0272 −0.074 0.0024 8.2185 −0.285 0.0317 23.991 0.0911 0.0001
150–300 7.9222 −0.056 0.0007 5.0591 −0.921 0.3028 22.56 0.5764 0.0936
300–450 8.503 1.1455 0.2163 2.5772 −1.358 0.6018 539.08 3.2149 0.2755

Young’s
Modulus

In  population 97.181 0.0816 0.0027 62.625 −0.556 0.0982 533.37 0.2147 0.055
0–150  79.09 −0.121 0.0072 84.023 −0.241 0.0176 582.8 0.0589 0.0012
150–300 172.46 0.4187 0.0902 49.817 −1.019 0.2937 481.4 −0.4172 0.1192

34

p
w
e
a
f
l
t
t
t

300–450 116.7 0.9886 0.2305 

ushed back to their original position. The two shearing sections
ere then secured together using strong adhesive tape. Thereafter,

ach soil core was frozen at −20 ◦C. At the time of measurement,
 diamond circular saw lubricated with water was used to cut the
rozen cores into several sections. The cutting notch was slightly

ower than the shear plane (by 2 mm),  and warm water was applied
o the exposed soil surface to remove the topmost soil and expose
he roots across the shear plane. After placing a grid with 36 sec-
ors (25 mm × 25 mm)  over the shear plane, root numbers and root
.227 −1.074 0.3296 2732.2 −2.1644 0.2478

diameters were recorded visually using a microscope with an eye-
piece graticule. Root area ratio (RAR), defined as the ratio between
the cross-sectional area of roots crossing the shear plane and the
total area of the shear plane, was calculated for all samples. It should
be noted that the diameter used to calculate the total area of the

shear plane was 145 mm  instead of 150 mm.  The reason for this is
because roots that grew along the tube walls were severed with
a surgical blade to 2.5 mm depth (see Section 2.7). This portion of
roots was  also not included when calculating RAR.
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orse;  the soil depth increases from left to right and represent 0–150 mm,  150–300

.6. Tensile testing

A universal testing machine (INSTRON 5966, INSTRON, MA,  USA)
tted with a 50-N load cell accurate to 2 mN was used to apply
ensile loading to each root sample with an axial extension rate
f 2 mm/min  (Genet et al., 2005). Root samples that were no less
han 100 mm length and with different diameters were used for
esting. Both ends of the roots (20 mm length each) were secured
ith screw-thread grips. Tensile force and extension were recorded
ntil each sample broke. The maximum force at failure and the
ross-sectional area were used to calculate the root tensile strength
Tr). Root Young’s modulus (E, root stiffness) was  calculated from
he initial slope of the stress-strain curve.
.7. Direct shear testing

A shear table designed by Mickovski et al. (2009) was used to
erform the direct shear tests in this study. The device allows for
s as a function of root diameter: (a)–(c) Willow; (d)–(f) Festulolium grass; (g)–(i)
nd 300–450 mm,  respectively.

shearing of a 150 mm diameter circular container at any prescribed
depth. Before each shear test, the soil core was  fully saturated and
left under free gravity drainage for 48 h until an equilibration of
pore water pressure was achieved in the soil, ensuring a field capac-
ity condition. During this process, the aerial parts of the plants
were removed and each core was  covered with a plastic bag or
plastic wrap to minimize evapotranspiration effects on pore water
pressure near the surface of the soil.

After the soil core was transferred onto the shear table, the
adhesive tape that held the sections together and the spacers were
carefully removed. A surgical scalpel blade was then used to cut
the rim of the shear surface to a depth of 2.5 mm as mentioned
above. For each soil core, the shear tests were performed from the
bottom shear plane to the top shear plane to minimise the dis-

turbance of roots in adjacent layers (e.g. pull out of deep roots).
The fallow and planted samples were sheared at a constant shear
rate of 1 mm/min  in correspondence with root-reinforced soil shear
box rates reported in the literature (Waldron, 1977; Ekanayake
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ig. 9. Root Young’s Modulus measured at different depth of the soil for the three
orse; the soil depth increases from left to right and represent 0–150 mm,  150–300

t al., 1998; Davies et al., 2010; Operstein and Frydman, 2000;
ammeraat et al., 2005; Docker and Hubble, 2008; Fan and Su,
008; Normaniza et al., 2008; Van Beek et al., 2005; Mickovski
t al., 2009; Mickovski and Van Beek, 2009; Fan and Chen, 2010;
oades et al., 2010) (see Fig. 3, after Meijer et al., 2016), until the
aximum horizontal travel distance of the shear table (90 mm)  was

eached. Equipment limitations did not allow faster shear rates. The
orizontal force was measured using a 1 kN ± 0.3 N load cell (RDP,
K) and the horizontal displacement was measured with a lin-
ar variable differential transformer (LVDT). Both the load cell and
VDT were calibrated prior to testing. Force and displacement data
as logged during shearing using a USB data acquisition system
ataShuttle/USB 56 (IOtech, Inc., USA). No additional normal stress
as applied to the soil core, so the total normal stress at the shear
lane was due to the self-weight of the soil above the shear plane.

 typical shear test setup for a shear plane of 300 mm is shown in

ig. 4. After each shearing test, soil squeezed out during shearing
as collected to measure the water content. Following that, the

oil cores were pushed back to their original position, sealed and
rozen for subsequent measurement of RAR, as mentioned in Sec-
es as a function of root diameter: (a)–(c) Willow; (d)–(f) Festulolium grass; (g)–(i)
and 300–450 mm,  respectively.

tion 2.3. The shear strength for the rooted samples was calculated
as the measured shearing force divided by the total shear plane
area (diameter 145 mm;  rather than the effective shear plane). Peak
shear strength was  recorded both for rooted and fallow samples.
The additional shear strength provided by roots was taken as the
maximum difference in shear resistance between the rooted and
fallow samples (i.e. subtracting the interpolated resistance curves
at 0.1 mm displacement resolution, divided by the total shear plane
area).

2.8. Data analysis

Statistical analyses were conducted using GenStat 15th edition
(VSN International, Hemel Hempstead, UK). Significance testing
for the root morphology and the bio-mechanical properties of the
selected juvenile plants among replicates and samples were ana-

lysed using an analysis of variance (ANOVA) test. Relationships
between root diameter and strength were fitted with power-law
curves. Linear regression analyses were used to determine the rela-
tionship between RAR and the increased shear strength.
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Fig. 10. Correlation between root Young’s modulus and root tensile strength: (a)
Willow; (b) Festulolium grass; (c) Gorse.
T. Liang et al. / Ecological E

. Results

.1. Root morphology and properties

At the end of the growing period, the average dry weight of
oot biomass per core was 3.17 ± 0.19 g (Mean ± SE), 7.71 ± 1.43 g,
.31 ± 0.11 g for Willow, Festulolium grass and Gorse, respectively.
or all three species, the root dry biomass decreased significantly
ith an increase in soil depth (Fig. 5) (P < 0.05). Root biomass in

he top soil (<150 mm)  occupied 60%. 70% and 80% of the total
mount (roots above 450 mm)  for Willow, Festulolium grass and
orse, respectively. The three species developed significantly dif-

erent root morphology (see Fig. 6). Festulolium grass has a typical
brous root system (Fig. 6b); Gorse has a tap root system that
onsists of a main thicker tap root where numerous secondary
oots less than 0.5 mm in diameter were attached (Fig. 6c); and

illow developed a root system with numerous branches of dif-
erent diameters (Fig. 6a). Significant differences in the mean RLD
ere observed among the three species (P < 0.001). The RLD per

ore was 9.6 ± 0.85 cm/cm3, 36.7 ± 4.7 cm/cm3, 4.9 ± 0.19 cm/cm3

or Willow, Grass and Gorse, respectively. RLD was  found to
ecrease with rooting depth for all three species (Fig. 7; P < 0.001,

 < 0.05, P < 0.001, for Willow, Festulolium grass and Gorse, respec-
ively).

.2. Root biomechanical properties

The measured root tensile strength and Young’s modulus as a
unction of root diameter are shown in Figs. 8 and 9, respectively. No
lear correlations between the tensile strength or Young’s modulus
nd root diameter for juvenile roots can be found directly from the
gures. Conventionally-used power-law relationships were used to
t the data. The fitted R2 values, between tensile strength and diam-
ter are shown in Table 2. No matter how the data are fitted (either
y population or depth), the R2 values were very low for Willow
nd Gorse. R2 values were poor (0.1341) when fitted to all roots
n the population for Festulolium grass, however, when fits were
estricted to rooting depth this improved for roots below 150 mm
epth. Similar trends were found for Young’s Modulus. Young’s
odulus increased strongly with root tensile strength (R2 of 0.55,

.69, 0.50 for Willow, Festulolium grass and Gorse, respectively),
s shown in Fig. 10.

Roots were grouped into four diameter classes (0–0.5 mm,
.5–0.75 mm,  0.75–1 mm and >1 mm),  and the measured mean
oot tensile strength at each diameter class for the three species
re shown in Fig. 11. No significant difference in the tensile
trength of roots were observed between roots within different
iameter ranges for Willow and Gorse (P > 0.05, F = 1.10, df = 95;

 > 0.05, F = 0.55, df = 63; for Willow and Gorse, respectively),
hile for Festulolium grass, significant differences were observed

P < 0.01, F = 6.58, df = 146). The average root tensile strength for
ll the samples was 8.70 ± 0.60 MPa  (Mean ± SE), 9.50 ± 0.40 MPa,
1.67 ± 1.29 MPa  for Willow, Festulolium grass and Gorse, respec-
ively. In contrast, Young’s modulus differed significantly with root
iameter for all three species (P < 0.05, F = 3.85, df = 95; P < 0.01,

 = 5.51, df = 146; P < 0.01, F = 4.46, df = 63; for Willow, Festulolium
rass and Gorse, respectively).

Within each root diameter class, root tensile strength and
oung’s modulus were correlated with soil depth. Table 3 sum-
arises the difference of the statistics of the regression. No

ignificant difference was observed both in root tensile strength
nd Young’s modulus for 0–0.5 mm diameter roots sampled at dif-

erent depths (0–150 mm,  150–300 mm and 300–450 mm).  This
as the case for all three species with an exception for Young’s
odulus of Gorse. On the contrary, for 0.5–0.75 mm diameter roots,

oil depth was found to significantly affect root tensile strength and
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Fig. 11. Mean root biomechanical properties (±SE) for root samples within different diameter range: (a) Tensile strength; (b) Young’s Modulus.

Table 3
P values for significant differences in root tensile strength and Young’s modulus as a function of soil depth at each root diameter class (Results of ANOVA).

Diameter (mm)  Willow Grass Gorse

Tensile strength 0–0.5 n.s n.s n.s
0.5–0.75 <0.01** <0.001*** /
0.75–1 n.s / /

Young’s Modulus 0–0.5 n.s n.s <0.01**

0.5–0.75 <0.05* <0.01** /
0.75–1 n.s / /

n.s not significant.
* P < 0.05.

** P < 0.01.
*** P < 0.001.
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ig. 12. (a) Typical experimental results of shear resistance versus shear displace
dditional shear strength provided by roots, which was estimated as the interpolate
etween the rooted sample and fallow sample (average value) over the total shear 

oung’s modulus, both for Willow and Festulolium grass. Correla-
ions for Gorse were not assessed because its roots consisted of a

ain tap root and root diameter less than 0.5 mm.

.3. Direct shear tests

The average soil water content and degree of saturation at each
hear plane was similar for fallow and planted samples and did not
ary significantly between species (P > 0.05, Table 4). A typical shear

esistance–shear displacement relationship across the shear plane
t 100 mm for each of the plant species tested in this study is shown
n Fig. 12. The additional shear strength provided by roots was also
lotted here as the difference in shear resistance over the total shear
relationship for soil samples permeated with roots of different plant species; (b)
r resistance (over a uniformly-spaced values of displacement of 0.1 mm) difference
area.

plane area between the rooted and fallow samples. A certain shear
strain was required before the additional shear strength started
to be active (see Fig. 12b), which varies with the species (1.7 mm,
3.6 mm and 0 mm  for Willow, Festulolium grass and Gorse, respec-
tively). The maximum additional shear resistance was  mobilized
at a large shear deformation for all three species (56 mm,  40 mm
and 55 mm  for Willow, Festulolium grass and Gorse, respectively).
It is interesting to note that the shape of the shear resistance-
displacement curves differed between species: A clear post-peak
reduction was observed for Festulolium grass, while for Willow

and Gorse, the additional shear resistance remained constant with
continuous shearing once the maximum shear additional shear
resistance was  mobilized.
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Table 4
The measured soil water content (g/100 g) and degree of saturation (m3/m3) at each shear plane after shear tests (Mean ± SE).

Shear depth (mm)  Fallow Willow Grass Gorse

100 19.75 ± 0.21 (0.59 ± 0.01) 22.29 ± 1.06 (0.66 ± 0.03) 20.76 ± 0.77 (0.62 ± 0.02) 19.1 ± 0.31 (0.57 ± 0.01)
200  23.81 ± 0.14 (0.71 ± 0.00) 23.59 ± 0.73 (0.70 ±
300  25.95 ± 0.10 (0.77 ± 0.00) 25.13 ± 0.69 (0.75 ±
400  27.11 ± 0.17 (0.80 ± 0.00) 26.46 ± 0.62 (0.79 ±

F
l

b
t
d
h

ig. 13. The measured shear strength (±SE) for fallow and rooted samples: (a) Wil-
ow;  (b) Festulolium grass; (c) Gorse.

Fig. 13 shows a comparison of the measured peak shear strength

etween rooted and fallow samples. It should be noted that for the
hree replicates planted with Gorse, only one of them successfully
eveloped all five healthy young plants, while one developed three
eathy seedlings and no plants survived in the last core. Therefore,
 0.02) 24.02 ± 0.59 (0.71 ± 0.02) 22.22 ± 0.08 (0.66 ± 0.02)
 0.02) 26.34 ± 0.21 (0.78 ± 0.01) 25.64 ± 0.29 (0.76 ± 0.01)
 0.02) 27.45 ± 0.48 (0.81 ± 0.01) 27.35 ± 0.03 (0.81 ± 0.00)

only test results for five and three Gorse plants/core are presented
in Fig. 12c. In all cases, the peak shear strength of fallow samples
always increased with depth and was less than the strength of the
rooted samples. In contrast, the peak strength of rooted samples
decreased with increasing shear depth below 300 mm,  for all three
species. At 400 mm depth, the results differed between species.
The strength of soil vegetated with Willows and Festulolium grass
began to follow the trend of the fallow tests, while the Gorse con-
tinued to decrease with depth.

The root properties at the shear plane for rooted samples are
shown in Table 5. For deeper shear depths, no significant differ-
ences were observed for root number (P > 0.5), but the total root
cross sectional area, and thus, RAR, decreased significantly with
increasing shear depth below 300 mm depth (P < 0.001; Fig. 14).
Roots thinner than 0.25 mm diameter represented more than 75%
of the total root number, but less than 20% of RAR. In contrast, fewer
than 2% of roots counted were >1 mm diameter, yet these accounted
for up to 60% of RAR. Larger mean RAR values were observed at the
400 mm depth than at 300 mm depth for both for Willow and grass,
which presumably explain in the larger root shear strength. The
shear strength increase for each sample at each shear plane (cr) is
plotted against RAR in Fig. 15. For all three species a clear positive
linear relationship between cr and RAR can be described by:

cr = k · Ar · Tr (2)

where Ar is root area ratio; Tr is the average tensile strength; k is
root soil interaction factor taking account of root orientation and
root breaking process (Meijer, 2016), k = 1.15 is assumed in WWM
(Wu,  1976; Waldron, 1977), however, WWM  generally overesti-
mates the root reinforcement; k values ranging from 0.25 to 1.15
have been reported by an extensive of laboratory or in situ stud-
ies (e.g. Operstein and Frydman, 2000; Pollen and Simon, 2005;
Bischetti et al., 2009; Hales et al., 2009; Schwarz et al., 2010c;
Comino et al., 2010; Mao  et al., 2012; Adhikari et al., 2013).

Based on the mean tensile strength reported above (8.70 MPa,
9.50 MPa, 21.67 MPa  for Willow, Festulolium grass and Gorse,
respectively), k value of 0.312, 1.07 and 0.318 was found for Willow,
Festulolium grass and Gorse, respectively:

Willow :cr = 0.312·Ar ·Tr,R2 = 0.8321 (3)

Festuloliumgrass :cr = 1.07·Ar ·Tr,R2 = 0.8763 (4)

Gorse :cr = 0.318·Ar ·Tr, R2 = 0.9293 (5)

Roots thinner than 0.5 mm diameter represented more than 90%
of the total root number for all three species (see Fig. 14), if the
correlation between cr and RAR was fitted with the mean ten-
sile strength of roots thinner than 0.5 mm (7.69 MPa, 11.03 MPa,
21.85 MPa  for Willow, Festulolium grass and Gorse, respectively,
see Fig. 11a), k value of 0.354, 0.925 and 0.33 was found for Willow,
Festulolium grass and Gorse, respectively.

4. Discussion
4.1. Modelling root morphology and rooting depth

Distinct and contrasting root morphology was  observed for
the three species (Fig. 6), which is important for modelling
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Table  5
Root system properties recorded on the shear surface of the planted sample, CSA refers to cross sectional area and RAR to root area ratio (Mean ± SE).

Species Shear depth (mm)  Total number of roots Total CSA, mm2 RAR (%) Mean root diameter, mm

Willow 100 177 ± 18.82 49.79 ± 4.37 0.302 ± 0.027 0.389 ± 0.046
200 258 ± 2.65 18.40 ± 2.75 0.111 ± 0.017 0.216 ± 0.015
300 125 ± 9.84 4.93 ± 1.24 0.030 ± 0.008 0.172 ± 0.007
400 145 ± 13.20 7.41 ± 0.89 0.045 ± 0.005 0.198 ± 0.005

Grass 100 394 ± 28.69 9.72 ± 0.72 0.059 ± 0.004 0.141 ± 0.001
200 369 ± 20.31 6.54 ± 0.93 0.040 ± 0.006 0.128 ± 0.004
300 316 ± 26.52 4.04 ± 0.46 0.024 ± 0.003 0.114 ± 0.002
400 316 ± 12.99 3.95 ± 0.59 0.024 ± 0.004 0.113 ± 0.004

Gorse (3 seeds) 100 147 20.99 0.127 0.279
200  117 10.27 0.062 0.254
300  105 5.23 0.032 0.225
400  93 2.84 0.017 0.192

Gorse  (5 seeds) 100 156 34.77 0.211 0.326
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lope behaviour in the centrifuge considering the significant root
orphology effects on soil reinforcement (Fan and Chen, 2010;
hestem et al., 2014b). Evaluation of the similarities and differ-
nces between the root morphology of juvenile and mature plants
s required to improve the use of juvenile plants in centrifuge mod-
lling (Docker and Hubble, 2009).

Previous investigation into the contribution of roots on soil
hear strength conventionally focused on the top 1–2 m soil lay-
rs, because most of the root biomass was found within the surface
0 cm.  According to a global analysis of root distributions for ter-
estrial biomes, approximately 30%, 50% and 75% of root biomass
s found in the top 10 cm,  top 20 cm and top 40 cm,  respectively
Jackson et al., 1996). Technological limitations also restrict access
o deeper soil layers for shear testing in the field. Although only

 small fraction of root biomass might be found at depths below
m,  the root contribution to soil shear strength at those depth
ould still be significant. For example, at a test depth of 1 m,  the
erived soil shear strength increase based on measured RAR for
uropean larch, European beech, European hop-hornbeam, sweet
hestnut and Norway spruce were 12.7 kPa, 9.3 kPa, 6.3 kPa, 5.7 kPa
nd 2.6 kPa, respectively, according to a field survey in the Italian
lps by Bischetti et al. (2009). To more accurately model mechan-

cal root contributions on slope stability, the deep rooting habit of
lants and its function against deep seated instability should be
onsidered (Docker and Hubble, 2008). Canadell et al. (1996) com-
iled 290 observations of maximum rooting depth which covered
53 woody and herbaceous species and found that the maxi-
um  rooting depth for trees, shrubs and herbaceous plants was

.0 ± 1.2 m,  5.1 ± 0.8 m and 2.6 ± 0.1 m,  respectively (although this
ay  often be restricted by shallow soil depths). The juvenile plants

ested in this study reached the rooting depth of 450 mm for all
hree species at model scale. However, the lateral constraints of
he 150 mm tubes used in this study prevented the lateral spread
f the root systems and may  contribute to a bias towards deep
ooting; especially for Willow and Festulolium grass, considering
heir root morphology (see Fig. 6). This was checked by growing

illow and Festulolium grass within a 45◦ slope model in a cen-
rifuge strong box liner under the same growing conditions as the
ubes. Both Willow and Festulolium grass reached the same max-
mum model rooting depth as in the tubes, as shown in Fig. 16.
f those plants (450 mm rooting depth) are being tested in a 1:N
cale model in a centrifuge at a gravitational acceleration of N g,

o match the maximum depths observed in the field, the corre-
ponding largest scale factor N that could reasonably be modelled
s 16, 12 and 6 for Willow, Gorse and Festulolium grass, respec-
ively.
19.09 0.116 0.279
8.84 0.054 0.245
3.16 0.019 0.271

In terms of the distribution of root biomass, approximately
60%, 70% and 80% of roots were found in the uppermost soil
layer (<2.25 m at prototype scale for an indicative N of 15), for
Willow, Gorse and Festulolium grass, respectively. These values
are relatively smaller compared with those of field species at
the homologous depths (Jackson et al., 1996). However, all three
species showed a consistent decreasing trend of root biomass with
increasing depth which is typically found for mature plants (see
Fig. 5).

4.2. Modelling root biomechanical properties

The measured mean values of root tensile strength and Young
modulus for roots within different diameter ranges were scaled
up according to scaling laws in Table 1 using an indicative scale
of 15 and plotted against the upper and lower bounds of mature
root data collated from the literature (Fig. 17). Here the mature
field root tensile strength data (n = 40, 12 and 21 for trees, shrubs
and grasses/herbs, respectively) were mainly collated from the
database reported by Mao  et al. (2012). However this database did
not collect R2 values of power-law relationship between strength
and diameter, so the source documents were used to remove data
with R2 values less than 0.15 (after Loades et al., 2013). Data for
Young’s modulus of mature field roots is rare (n = 6, 5 and 2 for trees,
shrubs and grasses/herbs respectively) and were collected from the
following literature: Operstein and Frydman (2000), Van Beek et al.
(2005), Mickovski et al. (2009), Fan and Su (2008), Teerawattanasuk
et al. (2014). To avoid any mismatches of the actual root strength
and stiffness in the field, the root tensile strength and Young’s mod-
ulus of juvenile root prototypes should fall within the collected
range of mature plants, and the maximum permitted scale N for
Willow and Festulolium grass to achieve this are calculated to be
more than 60, which is a typical scale for slope stability problems
using centrifuge methodology (Take and Bolton, 2011). In contrast,
a relatively small scale is permitted for Gorse, N = 12 and N = 2 for
tensile strength and Young’s modulus, respectively. The extremely
low N value for Young’s modulus of gorse may  result from the insuf-
ficient field data on root Young’s modulus compared with those
on tensile strength. It may  also suggest that younger roots (i.e. a
growth period shorter than 3 months) may  be desirable for gorse
if it is used for centrifuge modelling.

Root tensile strength has been commonly assumed to be diam-

eter dependant, typically following negative power-law curves
across mixed populations of roots sampled (Bischetti et al., 2005).
However, in this study the R2 values of power-law relationships
between strength and diameter were relatively low for all three
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Fig. 14. The distribution of root biomass crossing the shear plane: root numb
pecies, which may  be a combined result of root type and age, as all
he tensile tests were performed on combined populations of roots
Loades et al., 2013, 2015). If the root samples are further classi-
 root cross sectional area (CSA): (a) Willow; (b) Festulolium grass; (c) Gorse.
fied by root age and root type, the R2 values using negative power
laws might be improved (Loades et al., 2013). However, it is also
possible that the power-law relationship is often not suitable for



T. Liang et al. / Ecological Engineering 109 (2017) 207–227 221

Fig. 15. Correlation between additional shear strength and the root area ratio crossing the shear plane.

Fig. 16. The 2-month root growth conditions of Willow and Festulolium grass planted within the 1:1 slope model in centrifuge strong box under the same growing conditions
with  the 150 mm diameter tube tests. During the plant growing period, the centrifuge strong box was  tilted by 45 ◦ to make the slope surface parallel to the ground to more
realistically simulate the filed hydrological conditions.
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Fig. 17. Comparison of root biomechanical properties between the juvenile plants cultivated in this study and mature plants collected from the literature (Root tensile
strength data, n = 40, 12 and 21 for trees, shrubs and grasses/herbs, respectively; Root Young’s Modulus data, n = 6, 5 and 2 for trees, shrubs and grasses/herbs, respectively):
(a)  Willow; (b) Festulolium grass; (c) Gorse.
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haracterising root samples from juvenile plants. Actually, there
s a lack of information and understanding of root biomechanical
roperties during the early stages of plant establishment. Even for
ature plants, a large fraction of the variability in tensile strength-

iameter relationship cannot be explained by negative power-law
elationships and the physical basis of such relationships is still
ot clear (Mattia et al., 2005; Ghestem et al., 2014a; Boldrin et al.,
017b).

A strong linear relationship was found between root tensile
trength and root Young’s modulus of juvenile plants for all three
ested species. Further work is required to identify the reasons for
hese relations and whether the root samples from mature plants
f the same species exhibit similar characteristics.

.3. Modelling root reinforcement

The soil water content at a given shear plane was  similar
etween fallow and planted samples, so any difference in the shear
trength of fallow and rooted soil was attributable to the mechan-
cal root reinforcement. However, the soil water content varied
etween shear planes within a sample (see Table 4), specifically,
he soil degree of saturation decreased from the bottom layer to
he top layer. Such conditions might differ from those after heavy
ainfall on a slope when the upper layers of soil are fully satu-
ated. Previous studies on the influence of water content on root
iomechanical contribution (e.g. Simon and Collison, 2002; Pollen,
007; Fan and Su, 2008) found that when the soil water content
saturation) increased, the fallow soil sample became weaker, but
he shear strength of the planted sample did not change – because
he root contribution increased as the soil became wetter (Veylon
t al., 2015). Hence the increased shear strength measured at each
nsaturated root-reinforced shear plane could underestimate the
ontribution of root reinforcement under fully saturated conditions
fter rainfall.

Willow started to mobilize its additional shear strength at a
hear strain, higher than Gorse, but lower than Festulolium grass
see Fig. 12b), which is exactly in the reverse order of root stiff-
ess (see Fig. 11b). The role of root stiffness and root–soil adhesion
n the mobilization of root reinforcement has been highlighted by
ickovski et al. (2007) and Schwarz et al. (2010a). The significant

ifference in shear resistance-shear displacement curves between
pecies shown in Fig. 12 is not surprising and similar results have
een reported by certain authors (e.g. Docker and Hubble, 2008;
an and Chen, 2010; Ghestem et al., 2014b), which can be related
o the root morphology and architecture of these species. According
o Docker and Hubble (2008), the ‘post-peak decrease’ curves like
estulolium grass in this study are usually found in root systems
ossessing many fine roots spread over the failure plane, causing
ailure in the manner of a composite root-soil matrix with high rein-
orcement rather than by root anchorage mechanisms. This fits with
he measured RAR distribution in terms of root diameter shown
n Fig. 14. For most shear planes, Willow and Gorse roots thicker
han 0.5 mm contributed at least 50% of the RAR, whilst Festulolium
rass roots finer than 0.5 mm contributed the bulk of RAR. During
hearing, the progressive post-peak decrease in shear resistance for
estulolium grass was probably due to the progressive breakage of
hose fine roots in which the tensile strength was  fully mobilized
Loades et al., 2010; Comino et al., 2010). This may  also explain
hy a relatively higher root soil interaction factor k was observed

or Festulolium grass (see Eq. (4)). For Willow and Gorse, many
oots were probably yet to mobilize their full tensile strength; as a
esult, they continued to confer resistance to shear and no post peak

eduction of shear resistance was observed (Docker and Hubble,
008).

Root contribution to shear strength in the field can be obtained
n one of three ways: (i) Analytical calculation based on root
ring 109 (2017) 207–227 223

properties, e.g. use of WWM  (Wu,  1976; Waldron, 1977) or FBM
(Pollen and Simon, 2005); (ii) In-situ/laboratory shear testing; (iii)
Back–calculation from observed slope failures. The derived addi-
tional shear strength value based on measured root strengths from
tensile tests in (i) does not include the mechanical function of large
structural roots (larger than 10–20 mm in diameter) which tend
to bend or rotate, rather than breaking in tension; the applicabil-
ity of such models for thin roots still requires further validation
given reported over-predication in previous studies (e.g. Docker
and Hubble, 2008; Loades et al., 2010; Sonnenberg et al., 2011).
Back calculated shear strength increases from slope stability mod-
els generally assume rooted soil is a homogenous material with
cohesion uniformly distributed over the entire slope profile at the
shear surface. This can lead to overprediction of stability and under-
prediction of root contribution (Liang et al., 2015). Direct shear tests
are generally performed on young plants and/or on very shallow
shear plane (less than 0.2 m)  due to limitations of available shear
apparatus, but can be considered more reliable compared to (i) and
(iii). Table 6 presents a collection of in situ direct shear studies on
mature rooted soil since 1996. Compared with the data before 1996
collected by Schmidt et al. (2001) and Wu  (2013), no significant
difference was observed, values generally are around several kPa
and seldom higher than 20 kPa. Noticeably stronger values were
reported by Fan and Chen (2010) where tests were performed on
much older trees.

Fig. 18 shows a comparison of increased shear strength in this
study (at an indicative scale N = 15) with the in situ shear tests data
on young trees in Table 6 and derived mature tree data reported by
Docker and Hubble (2009). Here the shear strength increase was
directly taken from the measured values, which represent the lower
bound values considering the effect of soil confining stress on the
shear strength increase of rooted soil (Duckett, 2013; Liang et al.,
2017). The study by Docker and Hubble (2009) is highlighted here
because (i) it considered root reinforcement within the soil deeper
than 1 m,  and (ii) considered the lateral variation of root reinforce-
ment, as shown in the form of two  lines for each species in Fig. 18.
Here the upper bound line represents the increased shear strength
within the zone of rapid taper of the tree (Danjon and Reubens,
2008), with the lower bound line representing the shear strength
increase within the first layer outside the zone of rapid taper. The
shear strength increases measured in our study at prototype scale
represents an upper bound of young trees compared with the direct
shear tests, but a lower bound for field mature trees.

4.4. Selection of a suitable scaling factor for centrifuge modelling

To benefit most from using the centrifuge modelling technique
to model a prototype slope of larger height at small scale (1:N),
without generating unwanted boundary effects from the model
container, it is desirable to select a high value of N. However, as
suggested by Kutter (1995) and Taylor (2003), for modelling of rein-
forced slopes, if a structure (e.g. a fine root in this study) is relatively
small compared to the median size of the soil particles (D50), then
the soil may  no longer behave as a continuum but more as a set of
discrete particles. Therefore, to minimise potential grain size effects
on the root-soil interaction, the lowest possible N is preferred. In
this study, the Bullionfield soil used contained 10% very fine (clay;
Fig. 1) particles, together with a larger proportion of silt. These fine
particles may  occupy many of the voids between the larger sand
particles. Considering the ratio between the root diameters and the
fine particles is relatively large (>50), the particle size effect is con-
sidered to be non-significant here. Furthermore, there are limits on

working durations of centrifuges based on the time scaling law in
Table 1. For example, to model 1 year of prototype time will take
3.65 days of continuous spanning to achieve this at a scale of 1:10;
hence, selection of a high value of N is again preferred. Finally, for
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Table 6
Data collected from recent studies (since 1996) on shear strength increase due to the presence of roots measured from in-situ shear test.

No species site plant type soil Shear depth (m) Fallow Soil
strength (kPa)

Shear strength
increase (kPa)

Shear strength
increase ratio (%)

RAR (%)

1 C. glauca Nepean River, Australia Tree brown loams and sandy loams 0.29 20.10 6.9 34 0.143
2  E. amplifolia Nepean River, Australia Tree brown loams and sandy loams 0.29 17.64 8.9 50 0.211
3  E. elata Nepean River, Australia Tree brown loams and sandy loams 0.29 17.02 10.58 62 (0.02–0.73) 0.221
4  A. floribunda Nepean River, Australia Tree brown loams and sandy loams 0.29 14.55 17.79 122 (0.01–0.23) 0.082
5  Linden hibiscus Kaohsiung City, Taiwan Tree sandy and clayey soils 0.1 9.52 5.32–20.21 56–212 0.57–4.25
6  Japanese Mallotus Kaohsiung City, Taiwan Tree sandy and clayey soils 0.1 9.52 12.77–32.98 134–346 0.64–3.19
7  Chinese tallow tree Kaohsiung City, Taiwan Tree sandy and clayey soils 0.1 9.52 15.37–57.24 161–601 1.6–7.6
8  ironwood Kaohsiung City, Taiwan Tree sandy and clayey soils 0.1 9.52 23.49–72.60 247–763 1.1–4.2
9  white popinac Kaohsiung City, Taiwan Tree sandy and clayey soils 0.1 9.52 14.36–70.21 151–741 1.7–9.5
10  Pinus pinaster A ravine (barranco) Tree calcaric cambisols 0.4 1.9–10.2 3.3–18.2 55–301 /
11  Pinus radiata New Zealand Tree SM 0.5 7 2.5–4.5 36–64 /
12  Pinus radiata New Zealand Tree Silty clay 0.15 13.3–17.3 10.6–18.9 69.3–124 /
13  Kanuka New Zealand Tree Silty clay 0.15 10.2–16.4 5.85–23.15 43.8–173 /
14  Pinus halepensis SE Spain Tree Colluvial and residual soils 0.4 4.1–10.2 5.9 ± 7.5 82.5 /
15  Sesbania cannabina Merr. Kaohsiung City, Taiwan Shrub sands mixed with silts and clay 0.1 9.52 0.5–20.18 5–212 0.15–0.45
16  Vetiveria zizanioides Almudaina, Spain Grass silt with a high clay content 0.2 4.4–5.9 2.1–3.7 12–55 0.034–0.071
17  Lotus corniculatus Italian Alpine Grass SM/SW 0.1 1.5 ± 0.9 10.2 ± 3.4 693 0.102 ± 0.078
18  Trifolium pratense Italian Alpine Grass SM/SW 0.1 1.5 ± 0.9 7.6 ± 2.8 515 0.033 ± 0.017
19  Medicago sativa Italian Alpine Grass SM/SW 0.1 1.5 ± 0.9 7.8 ± 2.3 530 0.069 ± 0.026
20  Festuca pratensis Italian Alpine Grass SM/SW 0.1 5.5 ± 2.9 8.9 ± 1.9 161 0.059 ± 0.023
21  Lolium perenne Italian Alpine Grass SM/SW 0.1 5.5 ± 2.9 8.6 ± 2.3 154 0.060 ± 0.040
22  Vetiver Ziznoides (L.) Nash Thailand Grass clay 0.1 8.77–9.58 2.3–8.0 24–91 /
23  Brachiaria Ruziziensis Thailand Grass clay 0.1 8.77–9.58 1.2–2.0 13–23 /
24  herbaceous cover A ravine (barranco) Grass calcaric cambisols 0.4 1.9–10.2 0.5–0.7 8–12 /
25  Vetiveria zizanioides Malaysia Grass / 0.25 9.89 8.92 90.2 0.0331

0.50 10.61 4.17 39.3 0.0176
0.75 10 3.46 34.6 0.0138
1.0 9.92 2.61 26.3 0.0107
1.25 10.21 1.94 19.0 0.0071
1.50 10.24 1.28 12.5 0.0052

26  Brachypodium distachyon
L. Beauv and others

SE Spain Grass Colluvial and residual soils 0.4 4.1–10.2 0.6 ± 0.1 8.39 /

Data Source: 1–4: Docker and Hubble, (2008); 5–9: Fan and Chen (2010); 10: Van Beek et al. (2005); 11: Wu  and Watson (1998); 12–13: Ekanayake et al. (1998); 14: Cammeraat et al. (2005); 15: Fan and Su (2008); 16: Mickovski
and  Van Beek (2009); 17–21: Comino et al. (2010); Comino and Druetta (2010); 22–23: Teerawattanasuk et al. (2014) 24: Van Beek et al. (2005); 25: Hengchaovanich and Nilaweera (1996); 26: Cammeraat et al. (2005).
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Fig. 18. Comparison between the increased shear strength provided by the juvenile plants cultivated in this study at prototype scale (note: rooting depth is scaled up by an
indicative scale of N = 15 with root reinforcement scaled 1:1, see Table 1) and root reinforcement data collected from the literature.
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 rooted slope problem a high value of N implies a deeper rooting
epth at prototype scale, which is not preferred for modelling the
ooted slope response given rooting depths observed in the field
or mature plants. A scale of 1:15 (N = 15) was ultimately decided
pon as a suitable compromise for model testing using the species
onsidered in this study given these competing effects.

If model rooting depth (450 mm)  is scaled up by 15 times, the
oot depth at prototype scale would be 6.75 m.  Such values, how-

ver, can be considered in the same order of magnitude with the
lobal maximum rooting depth of trees and shrubs, but too deep
or herbaceous plants (2.6 ± 0.1 m).  Much shallower rooting depths
ould be required when modelling herbaceous plants. Additional
ultivated in this study at prototype scale (note: rooting depth is scaled up by an
oted soil strength collected from the literature.

tests have been conducted for Festulolium grass in 50 mm diameter
tubes under the same growing conditions as this study to inves-
tigate the change of rooting depth with time. It was found that
grass root depth extended to 174 ± 50.1 mm and 450 ± 0 mm after 2
weeks and 4 weeks of growing, respectively. However, these young
roots were relatively weak, which had low mechanical strength
(hence low additional shear strength). From a centrifuge modelling
perspective, a compromise would have to be made to resolve the

conflicts between rooting depth and root mechanical properties if
herbaceous plants are to be modelled.

In addition to considering the magnitude of soil strength
increase due to the presence of roots (Fig. 18), the increase in soil
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trength with depth relative to the strength of fallow soil at pro-
otype scale in the centrifuge is shown in Fig. 19. The soil strength
ncreases in the deeper soil layers (>3 m)  are negligible compared

ith the fallow soil strength at the same depth (less than 30%
ncrease). Hence, when the plants are tested in a geotechnical cen-
rifuge, the most significant contributions of roots to soil strength
re mainly located in the shallow soil layer, which is typical of field
ases based on the available data. For modelling root reinforced
lopes, centrifuge modelling using juvenile plant roots may  not be
erfect, but it can still provide a representative and informative
echanical model.

. Conclusion

For modelling of slope stability problems at small scale in a
eotechnical centrifuge, use of juvenile plants could potentially
roduce prototype root systems that are highly representative of
orresponding mature root systems both in terms of root mechan-
cal properties and root morphology when a suitable growing time
nd scaling factor for the slope model are selected. The three
elected species of willow, gorse and grass developed distinct root
orphologies, and root-soil interaction (root-soil interaction k val-

es of 0.312, 1.07 and 0.318 for Willow, Festulolium grass and
orse, respectively) when subject to shear loading and were iden-

ified to be a good choice for centrifuge modelling to represent
istinct plant groups. However, it remains a substantial challenge
o simultaneously capture the distribution of root biomass with
epth of the corresponding mature plant. Therefore, a compromise
as to be made to resolve the conflicts between the scaling of root-

ng depth in terms of the presence of root biomass and depth of
oot reinforcement in terms of the effect on shear strength. Based
n the test results and also the consideration of various physical
onstraints in centrifuge modelling, a scale of 1:15 appears a suit-
ble compromise for correct model scaling and testing of the three
elected species. Our results show that the age of plants affects
he choice of the scaling factor: Two-month old juvenile plants
ppear a good choice for scaling of root reinforced slopes using
ive plants at 1:15 scale. Using plants older than 2 months (such as
he 3-month old Gorse considered) may  lead to a prototype with
oot biomechanical properties which are overly strong and stiff, and
ence potentially unrepresentative of root-soil interaction during
lippage.

Apart from the main findings, our test results also show that
hen all juvenile root samples of the three species are consid-

red, the commonly used negative power law does not fit the data
or the relationship between root tensile strength and root diame-
er well, resulting in very low R2 values. However, a strong linear
elationship was observed between root tensile strength and root
oung’s modulus of the juvenile plants. Although such correlation

s not certain for mature plants, this highly correlated relationship
ould facilitate future interpretation of root failure mechanism

nd reinforcement in centrifuge model slopes as well as numerical
odelling of soil-root mechanical interaction.
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