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Abstract
Aim (1) To understand the tree root-soil interaction
under lateral and moment loading using a physical
modelling technique; (2) To detect the possible
factors (e.g. root architecture, water condition,
and stress level) influencing a tree’s push-over
behaviour; (3) To identify suitable scaling laws
to use in physical modelling.
Methods Two 1:20 scaled root models with differ-
ent architectures (namely, deep and narrow, and
shallow and wide) were reconstructed and 3D
printed based on the field-surveyed root architec-
ture data. Push-over tests were performed both in

elevated-gravity (centrifuge 20-g) and normal-
gravity (1-g) conditions.
Results The shallow and wide model showed
higher anchorage strength than the deep and nar-
row model. Regardless of the root architecture, the
root anchorage strength measured from dry soil
was higher than that from saturated soil. However,
once the effective stress was the same, regardless
of water conditions, the root anchorage strength
would be the same.
Conclusions The presence of water decreasing the
soil effective stress and key lateral roots extending
along the wind direction play a significant role
on a tree’s push-over resistance. Centrifuge tests
showed comparable results to the field pull-over
measurements while 1-g model tests overestimated
the root-soil interaction, which could be corrected
for soil strength by using modified scaling laws.

Keywords Root-soil interaction . Push-over .

Centrifuge .Moment capacity . Root system
architecture .Water condition

Abbreviations
ABS Acrylonitrile Butadiene Styrene
CPT cone penetration test
DBH diameter at breast height
DSA direct shear apparatus
ND narrow and deep (root model)
PSD particle size distribution
WS wide and shallow (root model)
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Introduction

Understanding tree root anchorage behaviour under lat-
eral and moment loads has long been of interest in
forestry, where heavy winds, which are predicted to be
stronger due to the increase of power of major Atlantic
tropical hurricanes (Dekker et al. 2018), are the main
causes of destruction in European forests (Gandhi et al.
2008; McCarthy et al. 2010) and responsible for more
than 50% of damage in European forests (Schelhaas
et al. 2003). Besides, it is important for understanding
how much of a commercial crop may be damaged by
windstorms and how standmanagement and forest man-
agement plans can mitigate wind risks (Gardiner and
Quine 2000; Mickovski et al. 2005; Dupont and Brunet
2008; Moore et al. 2008). It is also of interest in Civil
Engineering, where windthrown trees in sloping ground
may be a trigger for landslides (Larsen and Torres
Sanchez 1992; Jakob and Lambert 2009). Additionally,
it is desirable to protect old and culturally valuable trees;
for example, Typhoon Mangkhut (Hong Kong) in Sep-
tember 2018 damaged or uprooted some trees estimated
to be more than 100 years old. Furthermore, fallen trees
can become a potential threat to life (e.g. Storm Ali,
United Kingdom, September 2018) and infrastructure
(e.g. Storm Doris, United Kingdom, February 2017).

In recent decades, an increasing body of research has
focused on tree anchorage under lateral and moment
loading. Earlier studies empirically correlated the stabil-
ity of a tree to the branching structure of the crown,
biomass distribution and geometric properties of the
trunk and wind exposure (Guitard and Castera 1995;
Ruel 2000; Sellier and Fourcaud 2009) due to the invis-
ibility of the roots buried in the soil and the complexity
of their anchorage mechanisms. Some correlations were
developed by wind tunnel modelling of physical models
across a range of scales (Gromke and Ruck 2008; Cao
et al. 2012). Root-soil interaction has been studied by
measuring root architecture in trees having experienced
varying levels of storm damage (Danjon et al. 2005;
Danquechin Dorval et al. 2016) or damage from typical
winching (pulling) tests, where lateral forces are applied
to the stem with a winch to pull the tree over. The latter
experimental method has been widely used in the field
to determine moment-rotation curves (Wessolly and Erb
1998) and anchorage resistance of tree root systems (e.g.
Coutts 1983, 1986; Crook and Ennos 1998; Nicoll et al.
2008). However, in field winching tests it is impossible
to find another identical root system for systematic

studies of the impact of soil type, ground water condi-
tions or rate of loading.

To overcome these difficulties and develop a better
understanding of tree root anchorage mechanisms in
soil, efforts have been made through analytical and
numerical modelling, as well as scaled physical model-
ling in the lab. Three principal analytical modelling
methods, namely Blackwell, Rennolls and Coutts model
(Blackwell et al. 1990), Fibre BundleModel (Pollen and
Simon 2005) and Root Bundle Model (Schwarz et al.
2010), which all rely on highly simplified root system
architecture and root biomechanical properties, have
been developed to predict root anchorage strength.
The Finite Element Method has then been employed to
simulate mechanical soil-root system interaction under
horizontal loading (Dupuy et al. 2005; Yang et al. 2014,
2017, 2018). More recently, the Macroelement ap-
proach, treating the root system as an embedded shallow
foundation, has also been proposed to model root soil
interaction of tree pull-over (Dattola et al. 2019). Only
limited physical model tests on root anchorage mecha-
nism of trees can be found in the literature for validation
of such models (e.g. Rahardjo et al. 2015; Zhang et al.
2018). However, these model tests were conducted at
reduced-scale under single gravity (1-g) conditions,
where soil confining effective stress levels did not fully
represent the field and hence the soil-root mechanical
interaction that would have been expected in the field
might not be correctly captured without the application
of appropriate scaling laws (Wood 2004; Liang et al.
2015, 2017b). In addition, little is known about how soil
conditions affect the mechanical interaction.

This paper aims to address these issues associated
with physical model tests. 1:20 scaled 3D printed tree
root models, based on detailed field-surveyed 3D root
architecture data reported in the literature (Danjon and
Reubens 2008; Danjon et al. 2008), were created for
conducting controlled push-over tests at both 20-g in a
geotechnical beam centrifuge, where full-scale root-soil
interaction could be simulated, and under 1-g condi-
tions. The main objective of testing the tree root behav-
iour at both 20-g and 1-g was to investigate and identify
appropriate scaling laws whereby the root-soil mechan-
ical interaction may be approximated and tested under
1-g conditions by satisfying similitudes with prototype
conditions (as achieved in the centrifuge). However, the
root models were also used to study the effects of root
morphology and stress levels on the failure mechanism
and moment-rotation relationships of the root systems.
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Material and methods

Soil characteristics

The soil used in this study was a mixture of 70%HST95
sand and 30% A50 silt (silica flour), which attempted to
recreate a compacted field sandy loam (known as
Bullionfield soil, see Liang et al. 2017a) in terms of
shear strength and particle size distribution (PSD), but
which could be pluviated around 3D printed root
models. The particle size distribution of the soil, deter-
mined by the laser diffraction method (BS1377: 1990
Part 1), is shown in Fig. 1a, compared with those of the
HST95 sand, A50 silt and Bullionfield soil. The PSD of
the model soil is closer to that of the Bullionfield soil
compared with HST95 sand that was used in previous
research utilising 3D printed root analogues (Zhang
et al. 2018). The coefficients of uniformity and curva-
ture of the model soil were 15.1 and 2.4, respectively.
Other basic index properties are summarised in Table 1.
A series of drained direct shear apparatus (DSA) tests
were conducted to determine the shear strength proper-
ties of the soil at a pluviated relative density of 45–50%
under fully saturated condition. The critical state friction
angle of the model soil under conventional stress levels
(10 kPa to 200 kPa) was 37.8°, which is close to that of
saturated compacted Bullionfield soil tested under sim-
ilar conditions (36.4°; Liang et al. 2017a). It should be
noted that the soil-root mechanical interaction consid-
ered in this study is not a plane-strain problem because
of the complexity of the root distribution involved.
Although some lateral roots with low tortuosity might
be analogous to a horizontal pipeline (which is a plane-
strain structure), most sinker roots cannot. However, the
uplift mechanism for a pipeline (lateral root) is con-
trolled by the formation of shear bands in plane strain,
and the pull-out resistance of sinker roots will be con-
trolled by interface shear. Therefore, the friction angle
derived from the direct-shear apparatus is considered to
provide the most appropriate reference measurement for
the shear properties of the soil.

A 16 mm-diameter cone penetration test (CPT) was
conducted at 1-g to further measure the variation of soil
strength with depth. A soil bed of 300 mm thick was
pluviated at a fixed height of 450 mm from the soil free
surface. Trial pluviation suggested that this method can
produce a soil bed with a relative density ranging be-
tween 45% and 50%. The cone was driven at a constant
rate of 5.5 mm/min and using Eq. (1) (Knappett and

Craig 2019), a vertical profile of peak friction angle

(ϕ
0
max) was obtained:

ϕ
0
max ¼ 11log

qc
σ00:5
vo

� �
ð1Þ

where σ
0
vo is the vertical effective stress in kPa, at the

depth of measurement of tip resistance qc. Effective
stress is an average of the inter-particle stresses across
a section of the soil skeleton and is therefore equal to the
total stress (e.g. from soil self-weight) minus the pore

water pressure. Figure 1b shows the distribution of ϕ
0
max

with depth. Some noise is found at very shallow depth
due to the disturbance of the cone. Below 20 mm (cov-

ering most of the rooted soil depth), ϕ
0
max appears to

increase from 53° to 59° approximately linearly with
depth, broadly consistent with results from DSA tests
conducted at extremely low confining pressures (around
1 kPa) using a light 3D printed cap (in plastic instead of

Fig. 1 Model soil properties: a particle size distribution; b friction
angle at different model scale depths

Plant Soil



the conventional brass cap). The higher soil strength
obtained under 1-g conditions is expected because soil
subjected to low confining pressure would have in-
creased ability to exhibit shearing-induced dilation,
causing an increase in friction angle compared to the
critical state value (Bolton 1986).

General description of root system

Two types of 3D root models with realistic architecture
were considered in this investigation. The first model
(ND) had a relatively narrow and deep architecture,
whereas the other was wider and shallower (WS). The
ND model was created from root architecture data ob-
tained from a 27-year-old Pinus pinaster tree grown in a
deep sandy spodosol, which is similar to the soil used in
this study, in the “Landes de Gascogne” forest in south-
west France (Fig. 2a, after Danjon and Reubens 2008).
The WD model was from a 19-year-old P. pinaster tree
also grown in a shallower sandy spodosol in Cestas,
France (Fig. 2b, after Danjon et al. 2013). The prevailing
wind direction experienced by the two selected trees in
the field is indicated in Fig. 2. The 3D-digitized root
architecture data was expressed in the form of a Multi-
scale Tree Graph file (Godin et al. 1999) and was input
into AMAPmod software for display (Fig. 2a,b).

To scale root models purely geometrically, with ma-
terial properties (e.g. Young’s modulus) unchanged, scal-
ing laws (typical ones shown in Table 2), which relate the
parameters at model scale to the full-scale prototype, are
needed. In order to benefit most from using centrifuge
modelling to model a prototype root-soil system at a
reduced scale (1:N), without generating unwanted bound-
ary effects from the model container, it is desirable to
select a high value of N. Indeed, the value of N cannot be
too small since the root model must fit within the build
envelope of the 3D printer and also the centrifuge model
container. The value of N must also be small enough to

avoid any grain-size effect and suit the resolution of the
3D printer (where the minimum root diameter that can be
printed was 1.2 mm). An optimum value of N = 20 was
eventually selected as a suitable compromise across these
competing factors. The mean particle size (D50) of the
model soil was 0.12 mm, while the weighted average
diameter of the 3D printed root model (dr, ave) was 2 mm.
Hence the ratio of dr, ave/D50 was 17. This was higher
than 15, which was the minimum threshold above which
grain-size effects of a soil-structure interaction problem in
the centrifuge can be effectively ignored (Stone and
Wood 1992). Root models were printed in Acrylonitrile
Butadiene Styrene (ABS) plastic, which has been used by
other studies to create root analogues for studying prob-
lems of slope stabilisation by vegetation and development
of in-situ test methods for rooted soil (e.g. Liang et al.
2015, 2017b; Meijer et al. 2015; Liang and Knappett
2017). Liang et al. (2015) conducted a series of uniaxial
tensile tests of 3D printed ABS plastic cylinders of dif-
ferent uniform diameters from 0.8 to 12 mm. It was
demonstrated that irrespective of the cylinder diameter,
the ABS plastic behaved largely elastically until an ulti-
mate tensile strength was reached. Brittle failure was
observed, similarly to what is conventionally observed
for tree roots. The ABS plastic rods were also found to
display diameter dependency on both the tensile strength
and Young’s modulus, following a negative power law
relationship as has often been observed for tree roots (Fig.
S1, after Liang et al. 2017a, 2017b). The fabrication
process, which involved progressive layering of the
ABS plastic, was exploited to print the root analogues
with the layering running along the longitudinal axes of
the principal lateral roots near the ground surface, to
approximate the fibrous structure of real roots (Liang
et al. 2014). From this point onward, all dimensions
quoted are at model scale, unless stated otherwise.

After applying the dimension scaling factor N to the
coordinates in the MTG files, these were input into
Solidworks 2012, the output from which was then sent
to a Fortus 250mc 3D printer.

Root architecture

Following Liang et al. (2017b), in both 3D printed root
models, all individual roots (except the tap root) were
assumed to be of constant diameter for the idealization
of ongoing numerical analysis. Based on the field root
architecture data, the root diameters were divided into
four representative classes (Table 3) for practical

Table 1 Fundamental parameters of the soil

Soil Value Units

Specific gravity 2.65 –

Maximum density 1.9 g/cm3

Minimum density 1.5 g/cm3

Maximum void ratio 0.77 –

Minimum void ratio 0.4 –

Critical friction angle 37.8 °

Plant Soil



reasons. Each class was represented by a single average
diameter (1.6, 2, 2.4 and 3 mm at model scale). The
smallest diameter chosen was well within the printer’s
resolution. The first three diameters were selected

following a constant interval of 0.4 mm, while the last
one, 3.0 mm, was determined based on the average
diameter of the remaining roots. According to the root
diameter classification suggested by Watson et al.
(1995), all roots considered in the models were structur-
al roots (either large or coarse). It should be noted that
any root segments smaller than 1.2 mm (at model scale)
were discarded to make the average diameter of indi-
vidual roots not smaller than the smallest representative
diameter (1.6 mm). For the tap root, the only simplifi-
cation was to remove segments with diameters smaller
than 1.2 mm. The diameter of the tap root varies along
its length, according to the field survey data.

Root architectures were reconstructed in the sequence
of orders (Danjon et al. 2008) following the flow chart in
Fig. S2. Due to the limit of the printing resolution, only
roots down to the fifth branching order were considered in
this study. There was no significant effect on total root
volume when using the average diameter to represent the
whole root system, however, root volume was decreased
after removing the segments smaller than 1.2 mm. To
compensate for this effect, a global root volume scale-up
factor Kv was applied. Coordinates of each vertex were

Fig. 2 Reconstruction of roots from field measured data and simplified models for printing: (a) (c) Narrow and deep (ND) system;
(b) (d) Wide and shallow (WS) system (wind direction is marked by the arrows)

Table 2 Scale laws used in this study (after Wood 2004;
Nakahara et al. 2005)

Quantity General 1-g
saturated *

1-g dry * N-g

Length nl 1/N 1/N 1/N

Mass density nρ 1 1 1

Acceleration ng 1 1.6 N

Stiffness nG 1/Nα 1/(N/1.6)α 1

Stress nρngnl 1/N 1.6/N 1

Force nρngnl
3 1/N3 1.6/N3 1/N2

Displacement nρngnl
2/nG 1/N2-α 1.61-α/N2-α 1/N

Pore fluid
viscosity

nμ 1 – 1

Time (diffusion) nμnl
2/nG 1/N2-α – 1/N2

Moment nρngnl
4 1/N4 1.6/N4 1/N3

Rotation angle nρngnl/nG 1/N1-α 1.61-α/N1-α 1

*α = 0.5 is used in this study (Wood 2004)
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enlarged Kv times, with volume enlarged K3
v times, to

match the real root volume in the printed model. The
scale-up factors for ND and WS models are given in
Table 4. Although model ND (27 years old) is older than
WS (19 years old), it has less total root volume, because
the soil where WS grew had greater water availability and
soil organic matter (Augusto et al. 2010).

The main stem of a tree (the trunk) transfers lateral
loading mechanically to the root system via the stump.
Here a 14 mm diameter dowel was used to model the tree
trunk. The diameter of the dowel was determined based on
the average diameter at breast height (DBH) of theND and
WS trees, whichwere 288mmand 291mm respectively at
prototype scale. The main reason to model the trunk was
(i) to provide a lever arm for applying horizontal load and
converting this into an overturning moment on the root
system; and (ii) to take into account any possibilities of
flexural breakage of the trunk in case the model roots had
sufficient anchorage to the ground (though this did not
subsequently occur in any of the centrifuge tests present-
ed). The trunk was connected with the root system through
a coupler into which the printed root system and dowel
trunk were glued using epoxy resin. The dimensions of the
coupler were determined following Zhang et al. (2018). In
total, 7 root models were 3D printed, taking approximately
one day for each model.

General description of physical modelling

The stress level in a 1-g test is N times lower than that in
the field for a 1:N scaled root system. Geotechnical
centrifuge modelling (Fig. 3a) is an approach which

can simulate the global performance of a full-scale soil
and root prototype to a high level of fidelity, by achiev-
ing similitude of stresses at homologous points within
the model and prototype (Liang et al. 2017a). In this
case, the global performance of a full-scale root system
prototype can be simulated within a small-scale model
(Fig. 3b). A series of 1-g physical model tests was also
undertaken to investigate whether the prototype re-
sponses, after scaling by appropriate 1-g scaling factors
(summarised in Table 2) were comparable with those
obtained from the centrifuge tests. All key variables (e.g.
model root properties, root architecture, soil properties,
groundwater conditions and loading conditions) were
closely controlled in all tests.

Centrifuge test set-up and procedures

Three centrifuge tests were performed using the Actidyn
C67–2 geotechnical beam centrifuge (Fig. 3a) at the
University of Dundee, UK. 1:20 scale models of the
ND andWSmodels were tested to investigate the role of
root architecture on anchorage behaviour. Both models
were installed in fully saturated model soil to consider
windthrow under a winter storm condition. The third
test utilised the ND root model but was buried in fully
dry soil and tested at 12-g so as to create an identical
effective soil stress regime experienced by roots at ho-
mologous points to those in fully saturated soil at 20-g,
following Eq. (2):

Nd ¼ γ
0

γd
Ns ¼ γs−γw

γd

� �
Ns ð2Þ

Table 3 Root diameter class for structural roots (not including tap root)

Diameter range at
prototype scale (mm)

Representative diameter
at prototype scale (mm)

Representative diameter
at model scale (mm)

Number of roots
in ND model

Number of roots
in WS model

< 36 32 1.6 23 49

36–44 40 2 11 15

44–52 48 2.4 6 10

> 52 60 3 6 9

Table 4 Scaling of root volume

Tree Prototype root volume (cm3) Scaled root volume (mm3) Simplified scaled volume (mm3) Scaling factor Kv

ND 103,270 12,909 11,742 1.03

WS 169,100 21,128 16,296 1.09
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where Nd, γd and Ns, γs are g-levels and unit weights of
the soil for the dry and saturated case, respectively, γ′ is
effective unit weight of the saturated soil and γw is unit
weight of the water.

A strongbox container with internal dimensions of
800 mm× 500 mm× 550 mm was used. At the bottom
of the box, a 10 mm pea-gravel layer was placed to
facilitate bottom drainage. This was overlain by a
100 mm thick HST95 sand layer (Fig. 4a). Two 1:20
root models were installed within the same container,
since the plan area of the container was big enough to
test two root models without affecting each other (Fig.
4b). Each root model was suspended at the desired
position and the model soil was pluviated around them
through a 1.18 mm sieve at a fixed height of 450 mm
from the soil surface to create a uniform 300 mm thick
soil bed with relative density of 45–50% (corresponding
to the dry bulk density 1.67 ± 0.02 g/cm3). Pluviation
was complete when the soil surface reached the bottom
of the coupler. For saturated tests, a water head 500 mm
higher than the soil surface was applied at the bottom of
the model soil for bottom-up saturation.

After spinning the centrifuge to the designed g-level,

a lateral force was applied under displacement control to
the trunk 60mm above the top of the coupler (Fig. 4a) to
induce an overturning moment on the root system. This
position maximised the rotation angle achievable for a
given travel of the actuator. The loading rate applied in
the saturated tests at 20-g was 0.6 mm/min at model
scale to achieve fully drained behaviour of the root-soil
interaction. The loading rate in the dry test at 12-g was
0.4 mm/min at model scale such that the prototype
velocity was identical with the saturated tests. Root
models could be pushed to approximately a 30° maxi-
mum rotation in the centrifuge (50° in 1-g tests) due to
limitations of the apparatus. The horizontal force was
applied to the root systems in the direction of the pre-
vailing wind experienced in the field (Fig. 2). The
rotation (θ) and moment (M) curves were determined
from the measurements of horizontal displacement and
force, respectively, via:

Fig. 3 Centrifuge technology: (a) beam centrifuge at the Uni-
versity of Dundee, UK; (b) vertical stress of structure buried in
the soil under different scales and g-levels (red drawing is the
position of the centrifuge basket when spinning)

Fig. 4 Diagram of test set-up for centrifuge tests: (a) elevation
view; (b) plan view (dimensions at model scale)
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θ ¼ tan−1
d
h

� �
ð3Þ

M ¼ Fhþ 0:5mNgd ð4Þ
where d and h are the horizontal displacement and the
distance between the loading point and the top of root
(Fig. 4a), respectively, F is the horizontal force mea-
sured,m is the mass of the trunk,N is the g-level and g is
the gravitational acceleration.

1-g test set-up and procedures

Four 1-g tests were conducted to investigate the root
anchorage behaviour provided by the ND and WS root
models installed in dry and saturated soil. All these 1-g
tests were conducted using a model container with sim-
ilar dimensions to the centrifuge strong box. The prep-
aration procedures of both the soil and the root models
were identical to those described previously for the
centrifuge tests. In all 1-g tests, the lateral load was
applied under displacement control at a constant rate
of 0.03mm/min. For the given loading rate acting on the
model tree trunk, the rate of shearing v of soil occurring
at the farthest end of the lateral root was estimated as
0.075 mm/min. For the weighted-average root diameter
dr, ave of 2 mm and the coefficient of consolidation cv of
the model soil of 2.6 mm2/s, Peclet number, defined as
vdr;ave
cv

(Finnie and Randolph 1994), can be determined

to be 9.6 × 10−4, which is a thousand times smaller than
the threshold value of 1, below which shearing may be
considered as drained.

Results

Architecture and root distribution of 3D printed tree root
models

The root systems reconstructed from the field survey
data are compared with those 3D printed in Fig. 2 c,d
with vertical distribution of root volume at prototype
scale demonstrated in Fig. 5. WS generally had more
root material than ND however it was around 0.5 m
shorter than ND. The rapid increase of root volume in
the top 400 mmwas due to the untapered part of tap root
as well as the appearance of shallow lateral roots. The
overview of the spatial structure of root reinforcement in

this zone (top 400 mm) will be discussed in the follow-
ing section. Below this depth, central sinkers and tap
roots mainly dominate and largely contribute to the
anchorage strength.

From centrifuge tests

For all three tests, windward horizontal roots were
pulled out of the soil. The broken roots recovered from
the soil post-test for these two systems are shown in
Fig. 6, where they are nearly identical for the ND model
under different water conditions. All breakage points
observed in the three centrifuge tests are marked in
Fig. 7a, b. It was found that one windward lateral (A,
G in Fig. 7), as well as central sinkers (including the tap
root) was vulnerable to be broken for both root models.

Fig. 5 Vertical distribution of root volume at prototype scale
(plotting stops at the end of roots)

Fig. 6 Failed individual ABS roots post-test (roots broken but
still stuck on the model root systems are not shown)
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Validity of dry-saturated equivalency

Figure 8a shows the moment-rotation curves, expressed
at model scale, obtained from the centrifuge tests. The

curves for the ND roots at the same effective stress level
but different water conditions are in excellent agreement
for the first 10° of trunk rotation, and the initial rotational
stiffness was practically the same. Also, in both cases,

Fig. 7 All breakage points observed in centrifuge tests
(marked by red circles and relevant letters; wind direction shown
into page): (a) ND model; (b) WS model; and breakage on ND

model root system post-tests under the same stress level: (c) in
saturated soil at 20-g; (d) in dry soil at 12-g
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three prominent drops of moments were captured, most
probably indicating breakages of main structural roots
from amongst those shown in Figs. 6 and 7. Beyond 10°

rotation, however, a maximum difference in peak mo-
ment resistance of 14% was observed. Based on careful
inspection of exhumed root models post-test (Fig. 7 c,
d), the positions of root breakage were found to be
similar between the two cases. Two minor differences
were identified: (i) one more breakage (F in Fig. 7)
occurred close to the tip of the tap root in the saturated
test; and (ii) one of the broken sinker roots (B marked in
Fig. 7) attached to the tap root was still stuck on the root
system in the dry test whereas this became detached in
the saturated case. These explain the small reduction in
moment capacity in the saturated case.

Effects of root architecture

To better quantify the root morphology, the rooted area
was divided into 8 zones relative to the wind direction
and numbers of roots in each zone are presented in
Fig. 9. Based on the final root breakage, only roots
originating from the top 20 mm at model scale
(400 mm at prototype scale) were recorded for compar-
ison and roots passing through several zones rather than
extending radially were not counted. This figure shows
that although the WS model has more roots in total than
the NDmodel, they have very similar numbers of lateral
roots in zone I, IV, V and VIII. Therefore, there was no
significant difference in leeward and windward horizon-
tal roots which were believed to provide most resistance
to lateral loading. As shown in Fig. 8a, the initial rota-
tional stiffness provided by the WS case was similar to
that by the ND case, until a rotation of about 5°. By 30°

Fig. 8 Push-over curves of two types of model roots from (a)
centrifuge and (b) 1-g testing in different water conditions
(prominent drops in ND centrifuge tests are marked by boxes,
results at model scale)

Fig. 9 Number of lateral and sinker roots in different zones
(plan view): (a) model ND; (b) model WS
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rotation, the peak moment capacity of the WS case was
only 35% higher than that of the ND root, even though it
had 65% higher total root volume and a wider spread of
the second-order horizontal roots. Besides the similar
horizontal root distribution along the predominant wind
direction, the ND root system was 35% longer in the
vertical direction than the WS case, meaning that the tap
and sinker roots in the ND case could have gained
greater resistance from greater soil effective confining
pressure for resisting uprooting. The longer root length
for the ND system translates to 35% higher soil confin-
ing pressure, hence causing an estimated 150% increase
in soil confining moment due to lateral earth pressure
during rotation.

From 1-g tests

The failure patterns of all 1-g tests were similar to each
other, with examples of models ND and WS tested in
saturated soil shown in Fig. S3. More roots were pulled
out of the soil on the windward side compared to the
centrifuge tests due to greater rotation applied in 1-g
tests, resulting in small differences in root breakage.

Figure 8b shows the moment-rotation curves of the
ND and WS root systems buried in dry and saturated
soil under 1-g conditions. Regardless of the model root
type, the moment capacity measured from dry soil was
higher than that from saturated soil due to the effects of
water buoyancy (with the effective unit weight of the
soil being reduced from 16.4 kN/m3 (dry soil) to 10.2
kN/m3 (saturated soil)), translating to a reduction of
38% in soil effective confining pressure. As indicated
in Fig. 6, in general, the breakage of root systems was
similar for these two different water conditions. Addi-
tionally, similarly to centrifuge tests, WS exhibited
greater stiffness and higher moment capacity than ND.

The comparison of the moment-rotation curves be-
tween the ND and WS roots in Fig. 8b suggests that the
WS root has approximately 10% higher moment capac-
ity than the ND root for similar groundwater conditions.
Compared with the centrifuge tests (Fig. 8a), though the
stiffness of the roots was not scaled, moment capacity
was much smaller as soil stress levels were 1/20th of the
20-g condition for the same groundwater conditions,
resulting in effective confining stresses on structural
lateral roots (buried by 6.5 mm at model scale) lowered
from 1.3 kPa to 0.06 kPa (saturated case), which largely
reduced the gap of the moment capacities, which was

much more obvious in the centrifuge tests due to differ-
ent morphologies, between two types of root systems.

Discussion

Comparisons between centrifuge and field testing

Following the scaling laws summarised in Table 2, the
moment-rotation curves obtained from the ND and WS
root tests in saturated soil were scaled to prototype scale
for comparison with the field data obtained from in-situ
winching tests on Larch (Larix europea × L. japonica)
in wet sandy clay (Crook and Ennos 1996) and on Sitka
spruce (Picea sitchensis) in peaty gley soil (Coutts 1983,
1986) in Fig. 10a. These two specific case studies,
among many in the literature, were selected for compar-
ison because the field soil was known to be saturated
and the tree roots were observed pulling-out from soil,
which was consistent with the centrifuge test conditions.
In addition, the field tree dimensions were similar to
those considered in the present study (Table 5). As
shown in Fig. 10a, the centrifuge test data showed
comparable initial rotational stiffness to the field mea-
surements below 10° rotation. Beyond this there
were greater discrepancies, however the overturning
moments measured in the centrifuge (9 to 12 kNm)
fell within the range of field measurements (7 to 20
kNm). By normalizing the curves by their peak
moment Mp and corresponding rotation at peak mo-
ment (θp, Fig. 10b), it was found that the shapes of
the centrifuge test curves were consistent with the
field tests up to peak moment.

Based on the field data collected, Crook and Ennos
(1996) used stepwise multiple regression to empirically
correlate the total cross-sectional area of windward lat-
eral roots Awr with peak moment, giving:

Mp kNmð Þ ¼ 6:24þ 537 Awr m2
� � ð5Þ

In this study, Awr = 0.0049 and 0.0083 (m2) for the
models ND and WS, respectively (at prototype scale).
Eq 5 thus predicts the peak moments to be 8.88 and 10.6
kNm, respectively, which are close to the measured
values. These comparisons suggest that the data obtain-
ed from the centrifuge tests simulated root anchorage
strengths of the correct order of magnitude with field
observations. Despite the close agreement of the nor-
malised curves between the centrifuge tests and field
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tests, the caveats are: (i) the loading applied in the
centrifuge test was horizontal rather than inclined
through a rope as in most field winching tests and hence

the vertical-horizontal-moment loading conditions be-
tween the two types of tests were different even though
rotational uprooting predominates in both; (ii) root ar-
chitectures considered in the physical tests were simpli-
fied (e.g. fine roots as normally found in the field root
system were ignored as they could not be printed); (iii)
the structure/fabric, and hence the mechanical proper-
ties, of the model soil being tested in the centrifuge
would be different from the field soil which has been
subjected to cycles of wetting and drying and hence a
complex stress history; (iv) the drainage condition of
field winching tests is generally unknown and the winch
pulling applied might not always achieve a fully drained
condition like in the centrifuge tests, as cv is not routine-
ly measured.

Failure mechanism

For WS at 1-g in the two different water conditions, the
leeward root with branches broke (Fig. 6), which is
consistent with observation in the field winching tests
by Crook and Ennos (1996), who also found that the
anchorage resistance started to reduce after the leeward
roots were damaged. In the 1-g tests in this study, rapid
decreases were observed when rotation exceeded 30°.
There were no clear drops in the centrifuge tests indi-
cating that the rotation angle limit of the apparatus
(≤ 30°) was not sufficient to activate the failure of the
leeward roots. However, by applying realistic overbur-
den pressure, centrifuge tests gave a better representa-
tion of root-soil behaviour before 30°, as windward roots
in the centrifuge tests were more vulnerable to be bro-
ken, consistent with field observations (Coutts 1983,
1986). It should be noted that the difference here be-
tween centrifuge and 1-g tests did not contribute signif-
icantly to differences in the final moment-rotation curve

Table 5 Dimensions of trees and roots at prototype scale in previous field testing and this study

Tree species Height (m) DBH (mm) Spread of lateral
roota (m)

Mean lateral root
length (m)

Root depthb (m) Mean tap root
length (m)

Pinaster (ND) 15.9 288 2.4 1.6 1.8 0.7

Pinaster (WS) 17.3 291 3.0 1.9 1.3 0.7

Larch (Larix europea × L. japonica,
Crook and Ennos 1996)

11.5 (mean) 175 (mean) N/A 0.5 N/A 0.4

Sitka spruce (Picea sitchensis,
Coutts 1983)

20 (mean) 210 (mean) 1.3 N/A N/A N/A

a Spread of lateral root: maximum distance from stem centre to lateral root
b Root depth: maximum distance from stem centre to tap root

Fig. 10 Moment-rotation curve of two model roots transferred
into prototype, with comparison with some in field testing results:
a in absolute value; b in normalized value
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because in the early stages, the stress was redistributed
when breakage occurred and it was the whole root
system that dominated the root-soil interaction, which
could be seen in Fig. 8a, where sharp decreases in
moment were then followed by gradual increases.

Development of 1-g scaling laws

To compare the behaviour obtained from the 1-g and
centrifuge high-g tests, the moment-curvature curves
were scaled up to the same prototype initially following
the scaling laws given in Table 2. The comparison, after
scaling, is shown in Fig. 11. The 1-g model tests exhib-
ited higher moment capacity than the centrifuge results,
regardless of which root morphology or groundwater
conditions were considered. This is, however,

somewhat expected as at the low confining soil effective
stresses in the 1-g tests, the soil exhibited much greater
dilatancy, which was significantly suppressed in the
high-g tests. For example, considering a soil depth of
45mm (i.e., half of the length of ND root), the confining
pressure of saturated soil at 1-g and high-gwas 0.46 and
9.2 kPa, respectively, and the corresponding peak fric-
tion angle could be as high as 55° in the 1-g case but
only 38° in the 20-g case based on the results of DSA
tests shown in Fig. 1b. Therefore, the soil tested at 1-g
provided much greater soil strength to the roots upon
relative root-soil deformation. In order to take into ac-
count the effects of soil dilatancy in the scaling of the 1-
g tests, the transverse effective soil stresses acting nor-
mal to a root segment at depth z may be approximated
as:

σ0
n ¼ Kpσ

0
v ¼ 1þ sinϕ

0
max

1−sinϕ0
max

γ0z ð6Þ

where σ′n and σ′v are the transverse normal and vertical
effective soil stresses, respectively, Kp is the passive
earth pressure coefficient, and z is the depth from the
ground surface. Most of the existing literature in soil
bioengineering (e.g. Mickovski et al. 2010; Liang et al.
2019) has demonstrated that the lateral earth pressure
coefficient, K, of the soil in the vicinity of the roots
being axially uprooted was higher thanK0 (coefficient at
rest) but lower than Kp, which is consistent with the
theory of cavity expansion. However, due to the com-
plexity of the root models being investigated in this
study, it was difficult (if not impossible) to precisely
determine the values of K mobilised at different posi-
tions within the root system. Therefore, for simplicity,
Kp was used in the scaling as a limit state condition of
the soil. Based on the friction angles given in Fig. 1b, the
ratio of Kp at 1-g compared to 20-g (effective over-
strength factors) for the cases of ND and WS root
models are 2.6 and 2.2, respectively. If considering Kp

as the non-dimensional number for scaling the dilation
effects, this ratio can then be applied to reduce the values
of prototype moment obtained from 1-g tests, to remove
the over-strength effect. After applying this correction,
Fig. 11 demonstrates a much closer match between 1-g
and high-g tests, particularly in terms of the moment
capacity.

Although the prototype moment is now better
matched between the 1-g and high-g tests, especially at
intermediate and large rotations, discrepancies of initial
rotational stiffness are still observed at low rotations in

Fig. 11 Comparison of rotation-moment curve at prototype de-
rived from 1-g and centrifuge testing: a model ND; b model WS
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Fig. 11. The central tap root and sub-vertical sinker roots
in both root models, may be considered as individual
piles subjected to a lateral load at their head (transferred
from the root system at the connection point). Assuming
the soil responds elastically at low rotation, the relative
root-soil stiffness may be described by the following
non-dimensional number proposed by Broms (1964):

Λ ¼ Gl4

ErIr
ð7Þ

where Er, Ir, l and G are the Young’s Modulus of the
root, second moment of area of the root, length of root
and shear modulus of the soil, respectively. To maintain
similitude, this non-dimensional number evaluated at
model scale must be identical to that at the prototype
scale. Hence, the ratio αΛ, of Λ between model and
prototype scale, as calculated below, has to be 1.0:

αΛ ¼ nGn4l
nEnI

ð8Þ

where nG, nl nI and nE are the scaling factors for G, l, Er
and Er, respectively. The values of nG and nl can be
found from Table 2. nE is taken to be 1.0 for both the 1-g
and high-g cases, because the same root material was
used at both scales. To evaluate nI, since the model roots
are circular, the second moment of area can be calculat-
ed by:

I r ¼ π
64

d4r ð9Þ

where dr is the diameter of the root. Thus, nI is 1/20
4 for

both 1-g and high-g case. Therefore, as a result of the
scaling, the corresponding value of αΛ is 1 and 1/200.5

for the high-g and 1-g tests. This means that the relative
soil-root stiffness in the high-g case has been correctly
scaled, yet was underestimated in the 1-g case (i.e. the
roots were too stiff compared to the soil, which explains
why the prototype M-θ behaviour was stiffer in the 1-g
tests in Fig. 11). In order to maintain complete simili-
tude in 1-g tests (i.e., keeping αΛ to be 1), it is not
desirable to modify dr as this would also influence the
moment capacity given the root pull-through failure
mechanisms observed in the tests (which depends on
dr). Instead, it would be desirable to identify a printable
material that has the same tensile strength as the ABS
plastic used herein but with a Young’sModulus reduced
by 200.5 times (i.e. Er, 1 − g = 0.22 Er, ABS).

Implications for engineering application

The testing method employing the combined use of 3D
printing and centrifuge modelling shows promise for: (i)
further mechanistically-based study of tree-root-soil in-
teraction in research (e.g. the effects of loading rate,
partially-saturated ground conditions); (ii) non-
destructively assessing the push-over hazard to histori-
cally important trees near infrastructure; and (iii) back-
analysing uprooted trees to estimate applied loads or soil
conditions. To use the method currently requires: (1)
field mapping of root architecture for detailed 3D recon-
struction and 3D printing and (2) the growth soil being
considered to be cohesionless. Furthermore, it has been
demonstrated that it may be possible to conduct rela-
tively cheap and simple 1-g tests (without requiring a
centrifuge) that are representative of high-g tests, as long
as the effect of soil dilatancy at lower effective stresses
is considered in the scaling (via the passive lateral earth
pressure coefficient). Although the moment capacity
obtained from the 1-g tests quantitatively matched the
prototype (high-g) value, it should be acknowledged
that there were some differences in individual root fail-
ure modes, because of the different soil stress states that
controlled the different modes of root failure against
breakage and slippage.

Conclusions

This paper has presented an investigation into the push-
over behaviour of tree root systems under lateral loading
using both 1-g physical modelling tests and high-g
centrifuge tests. The protocols used to convert field-
measured root architecture data into printable 1:20 scale
physical model root systems were presented. Two main
factors influencing stiffness and capacity of tree root
systems under lateral loading were considered, namely:
(i) groundwater condition and (ii) root morphology.

It was found that the fully saturated case where the
roots respond in a drained manner can be appropriately
simulated by dry soil centrifuge tests at reduced g-level
(compensating for the higher effective soil unit weight),
or 1-g tests with appropriate allowance made for effec-
tive unit weight within the scaling laws applied to obtain
prototype response. In terms of root architecture, it was
noted that the presence of key lateral roots along the
predominant wind direction contributed more to the
moment capacity than the total root volume.
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Centrifuge results showed similar moment-rotation be-
haviour andmoment capacities to data fromwinching tests
on trees of similar size from the literature. Using conven-
tional scaling laws, 1-gmodel tests overestimated moment
capacity because of the high soil dilation operating at very
low confining effective stresses. This could be corrected
for using a simple modification for soil strength which was
developed in the paper. Some distortion was also observed
in terms of the behaviour at low rotation angles due to root-
soil relative stiffness and suggestions were made for
changes to the properties of the model root material that
could remove these unwanted effects in 1-g tests.

The discarding of fine roots within the scaled models
did not appear to result in significant effects on the
overall push-over behaviour; however, further research
with simulation of fine roots (e.g. fibres or prints using
future higher resolution 3D printers) is required to gen-
eralise this finding. Themodel test data in this paper will
be a valuable data set for validating future numerical and
analytical modelling developments under more con-
trolled conditions that are possible in field testing.
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