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Abstract 

Vegetation enhances soil shearing resistance through water uptake and root reinforcement. 

Analytical models for soils reinforced with roots rely on input parameters that are difficult to 

measure, leading to widely varying predictions of behaviour. The opaque heterogeneous nature of 

rooted soils results in complex soil-root interaction mechanisms that cannot easily be quantified. 

The authors measured, for the first time, the shear resistance and deformations of fallow, willow-

rooted, and gorse-rooted soils during direct shear using X-ray computed tomography and digital 

volume correlation. Both species caused an increase in shear zone thickness, both initially and as 

shear progressed. Shear zone thickness peaked at up to 35 mm, often close to the thickest roots and 

towards the centre of the column. Root extension during shear was 10-30% less than the tri-linear 

root profile assumed in a Waldron-type model, owing to root curvature. Root analogues used to 

explore the root-soil interface behaviour suggested that root lateral branches play an important role 

in anchoring the roots. The Waldron-type model was modified to incorporate non-uniform shear 

zone thickness and growth, and accurately predicted the observed, up to seven-fold, increase in 

shear resistance of root-reinforced soil. 

1 Introduction 
Vegetation can offer a low-cost solution for improving soil stability on slopes through root-

reinforcement mechanisms [1-5]. Many laboratory experiments and field studies have demonstrated 

increases in the effective shear resistance of soils associated with root reinforcement [6-14].  

However, little is known about the exact mechanisms of soil-root reinforcement. Part of the 

complication arises from the large number of parameters involved, which include: size and 

distribution of roots, variability in root strength and stiffness, soil conditions (compaction, stress 

levels, moisture content, etc.) and root failure mechanisms (breakage, slippage and buckling) [15, 

16]. This is further compounded by the difficulty in observing such behaviour within the bulk of the 

soil. While there have been numerous experimental efforts to observe these behaviours at the 

boundaries, e.g. through a transparent window [17], many of the mechanisms are controlled by 

behaviour occurring within the bulk of the soil, which is difficult to capture using traditional surface 

based observation methods. 

To obtain a better understanding of mechanisms within the soil, there has been an increase in the 

use of X-ray computed tomography (XCT) by the soil science and geotechnical communities over the 

past decade. This technique offers a non-destructive approach to observing geometric features and 
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mechanisms that are hidden within the bulk of the soil. When coupled with time-series experiments 

and digital volume correlation (DVC) techniques, it is possible to obtain a direct measure of local 3D 

displacements and strains within the volume [18-20]. DVC works by dividing the 3D XCT scan volume 

into smaller subsets and tracking the local positions of these subsets during loading to obtain a 

displacement vector map. The subsets require sufficient patterns of data (for example, grains of soil) 

to calculate their local positions. From the displacement field, it is possible to derive a strain field. 

The feasibility of experiments applying DVC techniques to direct shear tests has been demonstrated 

in a previous study [21]. 

Various analytical modelling approaches to quantify root reinforcement behaviour in soils in direct 

shear have been proposed. One of the most well-known is referred to as the Waldron and Wu model 

[22, 23], which considers the tensile force generated in an elastic root during its deformation within 

a shear zone to determine the shearing resistance of the rooted soil. Since the introduction of the 

Waldron-Wu approach, there have been numerous developments and adaptions including fibre-

bundle models capturing progressive root failure [15, 24-30]. 

Part of the challenge with these analytical models is their reliance on accurate input parameters 

from experiments. Certain parameters are relatively straightforward to obtain. For example, root 

diameters and root area fractions can be measured from roots that cross the shear plane surface, 

and root stiffness obtained from uniaxial tensile testing [9]. However other parameters, such as 

shear zone thickness and soil-root interface shear stress, are much more difficult to determine [17]. 

Previous attempts at measuring shear zone thickness or shear banding behaviour have involved 

observing behaviour at the boundary through a transparent window using root analogues [17], 

image processing strategies [31] and digital image correlation approaches [32-34]. The shape of the 

shear deformation pattern can make it difficult to establish an unambiguous measure of shear zone 

thickness. Human interpretation when taking measurements can also lead to inconsistent 

measurements [17]. Additionally, little is known about shear zone thickness behaviour within the 

bulk of the soil, and local effects near the presence of roots. Because of these unknowns, coupled 

with the difficulty in measuring shear zone thickness, many analytical models use empirical 

approaches to estimate the shear zone thickness and make assumptions about the shear zone, e.g. 

that it remains constant in size. 

The limiting soil-root interface stress (𝜏′ in the Waldron model) can be taken as purely frictional, 

based on the normal stress within the soil and an estimate of the interface friction angle. However, 

this neglects root branching and lateral roots that anchor the root system into the soil and are likely 

to increase 𝜏′ [21, 22]. Appropriate values of 𝜏′ that take into account these effects will vary with 

plant root morphology and soil type, and are not well characterised. 

In this paper, 3D measurements of local displacements and strains during direct shear tests 

conducted on root-reinforced soils (willow and gorse) and unrooted (fallow) test specimens are 

presented.  By conducting direct shear tests within an XCT scanner and applying DVC, the chronology 

of geometrical measurements within the bulk of the soil is captured. To complement the XCT work, 

detailed conventional measurements of root position and size at the shear plane are made. Root 

analogues are studied to understand the effect of root friction and root anchorage on soil 

reinforcement. The experimental aspects of this research are assessed in the context of the Waldron 

analytical model to understand the influence of certain mechanisms on root-reinforcement 

performance, and assess the model’s predictive capability for root-reinforced soils.  
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2 Methodology 
2.1 Specimen preparation 
Soil specimens were prepared within a 110 mm outer diameter (103 mm inner diameter), 500 mm 

long cylindrical tube. The tube comprised two, 250 mm long sections, supported in the middle by a 

temporary bracket to leave a 2 mm clearance gap. Bullionfield soil (71% sand, 19% silt and 10% clay, 

with a pH of 6.2 [9] was supplied by the James Hutton Institute, Dundee, UK. The soil was oven dried 

at 60 °C for 48 hours, pulverised and sieved to remove grains >2 mm. De-aired water was added to 

achieve a water content of 0.18 g/g, and the soil thoroughly mixed before being stored in a sealed 

plastic box overnight for the moisture to equalise through the soil. The soil was compacted in 10 

equal layers, 50 mm in height, using a tamper of a diameter slightly smaller than the tube, to give a 

bulk dry density of 1.4 Mg/m3. The soil surface was scarified before placement and compaction of 

the next layer to avoid any obvious structure in the specimen from the compaction process.  

Two plant species were chosen: willow (Salix viminalis, variety Tora), and gorse (Ulex europaeus L.). 

A single plant was grown in each specimen tube for 60 (willow) and 120 days (gorse) under artificial 

lighting comprising a Maxibright T5 unit, equipped with eight blue T5 fluorescent tubes delivering 

4450 lumens of light per tube, operating for 16 hours per day. The height of the lights was adjusted 

to maintain approximately 150 mm distance between the lights and tallest part of the plants. 

A total of five replicates of willow, gorse and unrooted (fallow) specimens were prepared. Two were 

tested in direct shear while being XCT scanned, and three were tested in direct shear outside the 

XCT scanner (Table 1: the original specimen names have been retained to maintain traceability to 

the raw data). Available resources meant that it was only possible to XCT scan two replicates, with 

the other three replicates providing additional information about the variability in root area and 

shearing behaviour. Prior to testing, the plant stem was cut off at the soil surface to eliminate 

transpiration (except for Willow F, where it was left on), and specimens were saturated in a water 

bath before being placed on a bed of saturated sand within a large container. Water was drained 

from the bottom of the container to a water table in the sand 0.5 m below the shear plane in the 

specimen tubes, resulting in a matric water suction of about 5 kPa at the shear plane. 

To investigate the root-soil interface shearing resistance and the potential importance of root 

branching in anchoring the roots within the soil, three further specimens were created containing 

root analogues. The first specimen (Analogue M) contained a centrally located vertical artificial 

smooth root fully extending the full 500 mm depth of the tube. The second (Analogue Q) contained 

a vertical artificial root 200 mm long, constrained by two 50 mm diameter, 2 mm thick, aluminium 

disc anchors placed at each end, 100 mm above and below the shear plane. The discs were intended 

to represent side branches acting as anchors, holding the root in position. The analogue roots were 

made from a cylindrical ABS plastic filament of 1.75 mm diameter. The third specimen (Analogue R) 

contained two plastic filaments, again extending between two aluminium discs. The root analogues 

were installed as the soil was compacted into the specimen tube using a tamper with a hole cut in its 

centre. In all other respects, the specimens were prepared in the same way as described above. The 

analogue specimens were tested in direct shear outside the XCT scanner. 
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Table 1: Specimen names and test conditions 

Tested in XCT scanner (interrupted shearing) Tested outside the XCT scanner (continuous 
shearing) 

Willow C Willow E 

Willow F Willow H 

Fallow D Willow I 

Fallow P Gorse B 

Gorse A Gorse J 

Gorse G Gorse K 

 Fallow L 

 Fallow N 

 Fallow O 

 Analogue M 

 Analogue Q 

 Analogue R 

 

2.2 In situ X-ray computed tomography (XCT) experiments 
The prepared specimen tubes were mounted inside a bespoke direct shear test rig (Figure 1; [21]) 

designed to be operated within a large, walk-in XCT scanner. The rig allowed XCT scans to be taken 

after each of a series of incremental shear displacement steps, while sensor data were recorded 

simultaneously [21].  

 

 

Figure 1: Schematic diagram of direct shear test rig. A photograph of the rig within the XCT scanner is given in [21]. 
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The direct shear test rig fully constrained the upper portion of the soil tube and allowed a single 

degree of freedom (displacement along the x axis) in the lower soil tube. In addition to the shear 

stress and the applied displacement, soil pore water matric suctions were measured using a 

tensiometer (Delta-T Devices model SWT5) with the point of measurement 50 mm below the soil 

surface. The tensiometer measurements were to check that any significant plant generated suctions 

were removed in the specimen saturation process, and that the suctions were consistent between 

specimens and remained stable during the up to 12-hour long XCT experiments. Figure 1 shows the 

right-handed coordinate system and origin (located at the centre of the tube) used as a reference 

point for all measurements presented in this paper. 

The upper and lower portions of the tube were mounted on the top and bottom bracket within the 

test rig, respectively. The temporary bracket supporting both halves of the tube was then removed. 

A razor blade, set to a depth of 2 mm, was run round the perimeter of the tube at the shear plane to 

sever and remove any influence of roots in direct contact with the sidewall of the tube. To minimise 

loss of water during the experiment, the top and bottom of the tube were covered and taped with 

aluminium foil to provide an airtight seal. No additional normal stress was applied to the soil column, 

so that the normal stress at the shear plane was due only to the self-weight of the soil. 

Table 2 details the horizontal shear displacements applied at each displacement step. The XCT scan 

parameters used are given in Table 3. These were selected carefully to achieve a balance between 

the XCT field-of-view, voxel resolution, image quality (contrast-to noise ratio), DVC process, and scan 

time [21]. The XCT field of view was approximately 80 x 80 x 80 mm centred on the origin (see Figure 

1) and did not extend to the full width of the specimen (of 103 mm). Test specimens were first XCT 

scanned undeformed, followed by a scan after each of seven applied displacement steps with a 

target increase in shear displacement of ~3 mm per step. The initial applied steps were not of a 

consistent size as it was difficult to set up the specimen in the apparatus without some slack in the 

system, and displacement was later zeroed at the point at which load was first measured. Later 

applied steps were all 3.3 mm, until the maximum travel was reached on the shear apparatus at 

around 20 mm. The shear displacement loading rate was 1 mm/minute. A 30-minute wait period 

following each displacement step allowed for any stress/strain relaxation to occur within the rooted 

soil prior to XCT scanning, to minimise movement artefacts during the XCT scans. Further 

information on the apparatus and experimental procedure is given in [21]. 

 

Table 2: Details of applied x-displacement (mm) at each displacement step during in situ XCT for each specimen. 

Specimen 
Horizontal x-displacement (mm) 

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 

Willow C 1.72 4.87 8.15 11.39 14.69 17.93 19.83 

Willow F 1.23 4.20 7.44 10.65 13.82 17.03 18.75 

Fallow D 2.17 5.48 8.80 12.14 15.47 18.76 20.84 

Fallow P 3.17 6.47 9.79 13.11 16.41 19.73 20.46 

Gorse A 1.49 4.73 8.03 11.34 14.63 17.95 20.14 

Gorse G 0.77 4.00 7.31 10.59 13.89 17.19 19.31 
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Table 3: XCT scan parameters for in situ direct shear testing 

XCT scan parameter Value 

Energy (peak) 300 kVp 

Power 90 W 

Voxel resolution 46 µm  

Field of view 80 x 80 x 80 mm 

Number of projections 3142 

Source to object distance 359 mm 

Source to detector distance 1546 mm 

Frames per projection 4 

Exposure time 134 ms 

Scan time 30 minutes (per applied displacement step) 

Filtering 
6.6 mm aluminium (total transmission through wall 
thickness from cylindrical support on test rig)  

 

2.3 Digital volume correlation (DVC) 
Digital volume correlation (DVC) was carried out on the XCT scan volumes using DaVis LaVision 

Version 8 software [35]. Table 4 details the DVC parameters used. DVC processing involved 

correlating sub-volumes from within a deformed volume against a reference volume to calculate 

local displacements and subsequently derive strain information. After DVC processing, full-field data 

containing displacements, normal strain and shear strain components were post-processed using a 

custom MATLAB script. A study was carried out to optimise the DVC sub-volume size for reliable 

correlation, error caused by noise, strain measurement accuracy and spatial resolution [21]. This 

found that it was necessary to correlate adjacent scans in the XCT dataset (rather than e.g. always 

correlating back to the first scan), with the implication that the noise from each correlation step 

would sum through the test. The minimum sub-set size achievable was 32 pixels cubed, and for 

subsets of this size noise was found to accumulate linearly with the number of displacement steps in 

the sequence, with the largest strain standard deviation reaching 38 millistrain at the end of the test. 

The subset size and noise sensitivity study is described in detail in [21]. The 75% overlap in the 

subset size meant that displacement was calculated on a 3D grid of 8 pixels or 0.37 mm. 

Table 4: DVC analysis parameters [36] 

DVC software DaVis LaVision, Version 8 

Image filtering Gaussian filter with a 3x3x3 pixel kernel 

Subset sizes 323 pixels3  
1.473 mm3 

Subset step size 75% overlap 

Subset shape function Affine 

Matching criterion Cross-correlation (CC) 

Interpolant Spline 6 

Strain calculation method Centred finite difference 

Strain window  3 data points 

Virtual strain gauge size 48 pixels 

2.2 mm 

Strain formulation Green-Lagrange 

Noise for 323 pixels3 subset size Displacement noise: 5.4 µm 
Strain noise: 6.8 millistrain 
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The DVC calculated displacements were also used to estimate the size of the shear zone within the 

sample, as this is an important input parameter for many analytical root models. The large amount 

of data generated by DVC (1.6 million data values per displacement step), and the need to provide a 

consistent method of determining shear zone thickness, led to the development of an automatic 

process for calculating local shear zone thickness. To determine the local shear zone thickness at 

each (x,y) position on the shear plane, a least squares regression fit was used to generate a tri-linear 

profile to z-position vs x-displacement data taken at each (x,y) position, with the fit above and below 

the shear zone always a vertical line. The shear zone thickness was calculated by taking the z-

distance between the two knee points on the tri-linear profile (Figure 2b). This method was chosen 

after four different calculation approaches were trialled (which are described in the Supplementary 

Information). As with the other approaches tested, the method may not identify quite the same 

knee points as visual inspection might, but it was found to produce a very consistent measurement 

of shear band height within the (x,y) space that allowed the size variation across the sample (from 2 

mm to 30 mm in height) and the general growth trend to be clearly identified. 

 
2.4 Root segmentation and root count on the shear plane 
For the sample size and XCT set-up (Table 3) used, the resulting XCT scans were found to capture the 

soil grains and roots larger than 1.5 mm in diameter. Owing to the voxel intensity variations of the 

roots and their similarity to the voxel greyscales in the surrounding soil, it was found to be difficult 

distinguish many roots smaller than about 1.5 mm/30 voxels in diameter. Automated root 

segmentation methods trialled on larger roots were unsuccessful, requiring the larger roots to be 

manually segmented from the volume. An example of a detailed XCT image from a specimen and 

further comment on the root segmentation is given in [21]. As a result of the inability to fully 

segment the root system within the XCT volume, following each direct shear experiment the shear 

plane was examined using a macroscope, and the location and diameter of roots crossing the shear 

plane was measured. This enabled a reliable measure of the full root area ratio (i.e., the total root 

cross sectional area per total unit area of soil [the area of soil particles, voids and roots]) on the 

shear plane of each specimen to be obtained, which could then be related to the shearing resistance 

of the specimen. 

 

2.5 Analysis of root and soil deformation behaviour 
The results obtained from the XCT shear experiments, including the shearing resistance, deformed 

segmented roots, root area ratio, and DVC results including the height of the shear zone, were used 

to explore the accuracy of the simple root model described by Waldron [22]. The Waldron approach 

is based on the hypothesis that root reinforcement of the soil, as illustrated in Figure 2a, occurs 

through two components: 

1. The root tensile stress in the direction of shearing (σT), which adds to the shear resistance 

directly 

2. The root tensile stress normal to the shear plane (σN), which generates additional normal 

stress on the soil shear plane, resulting in additional soil shear resistance through friction. 

In equation form, the increase in soil shear resistance due to the addition of roots, ΔS, is obtained by 

summing over all roots i: 
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 ∆𝑆 = ∑ 𝑎𝑟𝑘(sec 𝛽 − 1)0.5(sin 𝛽 + cos 𝛽 tan 𝜙′)

𝑖

 
Equation 1 

 

 
𝑘 = (

4𝜏′𝑍𝐸

𝐷
)

0.5

 
Equation 2 

 

 
𝛽 = tan−1 (

𝑈𝑥

𝑍
) 

Equation 3 

 

where 𝑎𝑟 is the root area ratio, 𝜙′  is the internal angle of friction of the soil, 𝜏′ is the limiting bond 

or interface friction stress between the root and soil, Z is the shear zone thickness, E is the stiffness 

(Young’s Modulus) of the root, D is the diameter of the root, and Ux is the applied shear 

displacement. 

 

(a) (b) 

 
 

Figure 2: (a) Schematic illustrating the development of root stresses during direct shear [22]. (b) Example of tri-linear fit 
(dotted line) used to determine local shear zone thickness from z-position vs x-displacement (solid line) DVC data. The 
shear zone thickness was calculated at every (x,y) position on the shear plane, for each displacement step in the test.  

 

3 Results 
3.1 Direct shear test results and root measurements 

3.1.1 Shear displacement-shear stress results 
Shear stress, shear displacement and soil suction data were recorded for each of the specimens 

tested in direct shear. Figure 3 shows shear stress-displacement plots for willow (red), gorse (blue) 

and fallow (green) specimens, for tests carried out continuously and tests with interruptions for XCT 

scans. The traces show that some stress relaxation occurs during the interruptions in the shear 

displacement applied to the XCT scanned specimens, although this appears to have no effect on the 

overall shearing behaviour of the specimen when compared to samples that are sheared 

continuously [21]. Table 5 shows the measured bulk dry soil density, soil pore water matric suction, 

the water content estimated from the measured suction and a previously determined soil water 
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retention curve for the Bullionfield soil [9], and the root area ratio (RAR), for each test specimen. The 

bulk densities and suctions in the specimens are generally very consistent and were controlled well 

by the experimental methodology; as may be expected there are differences in root area ratio 

between specimens caused by natural variability in plant growth [9]. 

Before making comparisons between individual tests, it is important to note variations between 

specimens that could have led to differences in shear-stress vs x-displacement response. The Willow 

F specimen was tested with drier soil. During both preparation for XCT scanning and the 12-hour XCT 

experiment, the plant stem and leaves were left on the specimen. Transpiration led to this specimen 

drying and a soil suction >88.2 kPa, beyond the measurement range of the tensiometer. This 

contrasts with the soil suction readings for all other specimens (between 2.0 and 3.6 kPa), where the 

plant stem was cut just above the soil surface prior to shear testing and the surface of the tube was 

covered. The effectiveness of this procedure in minimising water loss was evidenced by the constant 

soil suction readings throughout the duration of these other tests. However, Figure 3 shows that the 

greater soil suction and thus effective stress in the Willow F specimen does not appear to have a 

significant effect on the shear stress obtained. This may have been caused by differences in the pore 

water suction between the measurement location (the tensiometer was placed close to the top of 

the specimen; see Figure 1) and the shear plane. 

The Willow I specimen exhibited a greater increase in shear stress compared with the other willow 

specimens. This is attributed to Willow I having approximately 40% more RAR than Willow F and 

Willow C specimens. 

Gorse B and G specimens showed minor shear strength improvements over unrooted fallow 

specimens. Gorse A, J and K exhibited similar responses to unrooted fallow specimens, which is 

attributed to there being only shallow (<50 mm) root penetration beyond the shear plane, little to 

no root branching below the shear plane and very low root area ratio values (of less than 0.1%). 

In the fallow tests, a scatter range of peak shear stress (3-7 kPa) was observed. This is despite 

compaction to a similar bulk dry density during soil preparation, and similar tensiometer readings 

(and implied water contents) during the direct shear tests (Table 5). The XCT scans of Fallow D and 

Fallow P suggested that the larger shearing resistance from Fallow D was possibility caused by 

“peds” (agglomerations of individual grains held together by local suctions, unintentionally formed 

during specimen preparation) within the shear plane in the Fallow D specimen. This is considered 

further in the Supplementary Information. 
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Figure 3: Direct shear stress - displacement plots for Willow (red), Gorse (blue) and Fallow (green) specimens. 

 

Table 5: Soil dry bulk density, soil pore water matric suction, and root area ratio measured for each test specimen, and 
corresponding soil water contents calculated using the matric suction and a water retention curve for the soil. Root area 
ratios are measured from macroscopy taken on the shear plane post testing. A problem with the tensiometer sensor in 
the Analogue R test means that there are no suction data for this specimen. 

Specimen Dry bulk 
density 
(Mg/m3) 

Pore water 
matric suction 
(kPa) 

Water content 
(g/g) 

Root area ratio 

(%) 

 

Willow C 1.40 3.64 0.257 0.409 

Willow E 1.41 2.57 0.261 0.275 

Willow F 1.36 >88.24 <0.176 0.340 

Willow H 1.43 2.81 0.260 0.272 

Willow I 1.37 3.65 0.257 0.575 

Gorse A 1.39 2.73 0.260 0.036 

Gorse B 1.43 2.57 0.261 0.065 

Gorse G 1.38 3.43 0.257 0.063 

Gorse J 1.41 2.56 0.261 0.013 

Gorse K 1.36 2.41 0.262 0.050 

Fallow D 1.39 2.74 0.260 - 

Fallow L 1.36 2.68 0.261 - 

Fallow N 1.42 2.07 0.263 - 

Fallow O 1.37 2.68 0.261 - 

Fallow P 1.38 3.37 0.258 - 

Analogue M 1.43 1.51 0.265 0.029 

Analogue Q 1.41 1.71 0.264 0.029 

Analogue R 1.42 - - 0.058 
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3.1.2 Root count results 
Figure 4 shows macrographs from three of the XCT-scanned specimens, and the plotted results of 

the root measurements from the shear plane of Willow C. Information about the diameter and 

location of each root on the shear plane was used to determine the root area ratio (RAR; Table 5) 

and in later analysis of the shear tests using the Waldron model. In the willow specimens, there is a 

tendency for roots to be distributed towards the edge (within 20 mm of the tube sidewall). This is 

often associated with a pot-grown root system, where the roots may be deflected by the outer 

boundary. It also means that the root area ratios obtained are likely to be larger than for an 

equivalent plant grown without lateral restraint to the roots. 

 

Figure 4: Macrographs of shear planes for rooted specimens. Gorse A was omitted as only fine shallow roots crossed the 
shear plane, which were pulled out during direct shearing. The dotted line overlay indicates the region boundary 

captured using DVC; circled regions are roots >1 mm in diameter corresponding to local increases in shear zone thickness 
in Figure 7. The roots imaged are those present in a 10 mm thick layer that was washed away in preparation for the 

macrograph. The bottom right panel shows the recorded positions and diameters of the roots for Willow C.  
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3.1.3 Relationship between shear stress and root area ratio 
Figure 5 shows the correlation between the peak shear stress achieved during 20 mm of relative 

shear with root area ratio. The positive linear trend agrees with the results of similar shear 

experiments [9, 37] and the linear relationship between the additional shear resistance provided by 

the roots and the root area ratio given in the analytical approach in Equation 1. The results show 

that the willow specimens gave the greatest shear resistance, primarily because they have root area 

ratios an order of magnitude greater than the gorse tests. 

Trend lines were fitted separately to willow and gorse, with R2 values of 0.97 and 0.65 respectively. 

(Fallow data were included in both to account for behaviour without roots). Owing to the low root 

area ratios and narrow range (0.01-0.07%), the gorse data were more sensitive than willow (0.27-

0.57%) to scatter caused by slight variations in soil composition on the shear plane, as observed in 

fallow specimens; hence the lower R2 value. 

 

Figure 5: Effect of root area ratio (RAR) on peak shear stress reached during direct shear tests. RAR was calculated by 
summing the cross-sectional areas of each root passing through the shear plane. 

 

3.2 Shear zone thickness 

3.2.1 Shear zone thickness: non-uniformity within the tube and near roots 
During direct shear tests, a non-uniform shear zone thickness was observed. The shear zone formed 

a diamond shape when viewed side-on in 2D, as shown in Figure 6. This is consistent with other 

experimental [38] and numerical [39, 40] observations of direct shear, in which the shear zone 

thickness was found to be constrained at the sidewalls (by the discrete discontinuities that form in 

the soil between the two halves of the specimen) but then extend in height into the centre of the 

specimen. As the thickness of the shear zone affects the magnitude of tension developed in roots 

(Equation 1), it is important to understand the non-uniform shear zone formed in direct shear 

conditions within the cylindrical specimens.  
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Figure 6: XCT cross-section and Z-project (thick slice) of Willow C specimen after the final shear displacement step. A 
diamond-shaped shear zone is observed as highlighted in the shear strain (εxz) and x-displacement (Ux) DVC data. 

 

Local shear zone maps were generated for each specimen at the final load step, using the automated 

procedure described earlier. Figure 4 shows the region of interest (dotted line) sampled by the local 

shear zone maps shown in Figure 7. Roots >1.0 mm diameter are circled. The region of interest was 

local owing to the local nature of the XCT scans and features moving out of the field of view during 

direct shear, which further reduced the region of interest captured by DVC.   

The shear zone thickness maps (Figure 7) show non-uniformity in all specimens tested. In 3D, the 

shear zone forms the shape of a slightly distorted double cone (two cones placed base to base) so 

that the shear zone is thickest near the centre of the tube, and smallest near the sidewalls (giving 

the diamond shape when viewed in section in Figure 6). Direct shear of the two cylindrical specimen 

halves gives a relative x-displacement around the full perimeter of the specimen, constraining the 

shear band height at the perimeter to approximately the vertical gap between the two tubes (of 2.0 

mm).  

Figure 7 shows that the presence of roots >1.0 mm in diameter led to further localised increases in 

shear zone thickness, which can be seen by comparing the positions circled (in Figure 4 and Figure 7) 

with the nearby regions away from the root. In addition to local behaviour near roots, Figure 7 also 

shows that globally the shear zone thickness is greater in rooted than in unrooted specimens. This 

agrees with findings by [17], and is likely to be caused by the transfer of axial root stresses into the 

soil above and below the plane of shearing. 
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The Gorse A specimen had very shallow roots, resulting in a small root area ratio (0.03%) at the 

shear plane. As a result, the response of Gorse A was very similar to the unrooted specimens; Figure 

7 shows that Gorse A had the same shear zone thickness characteristics as Fallow P. 

Beyond non-uniformity in shear zone thickness, it is also possible that soil conditions affected the 

magnitude of shear zone thickness. The shear zone thickness in Fallow D was approximately 25% less 

than Fallow P. As discussed earlier (in section 3.1.1), Fallow D contained soil peds and showed a two-

fold increase in maximum shear stress. Comparisons between Willow F and Willow C show a smaller 

overall shear zone thickness in the Willow F specimen (~35% lower), which could be attributed to 

the drier soil conditions in Willow F. 

As the measurements shown in Figure 7 were obtained using an automated method, it is important 

to verify the observations. Figure 8 shows line plots of x-displacement vs z-position (depth) taken 

from the DVC results at locations on or as near as possible to the centre line of the segmented roots, 

from an x-y position about 5 mm away from segmented roots in the direction of the centre of the 

tube (marked on the plot as ‘away from root’), from the centre of the tube (fallow specimens), and 

from the edge of the DVC field of view (which did not extend to the edge of the specimen; see Figure 

4). Visual verification can be undertaken by assessing the depth between the two knee points on the 

plot. The clearest difference can be seen in regions towards the edge of the DVC field of view (green 

lines) which have a shallower shear zone thickness than in regions at the centre (red lines). 

Comparing the traces at the roots (blue lines) and away from the roots (red lines), the shear zone 

thickness near the roots may be seen to be greater. 

 

3.2.2 Development of shear zone with shear displacements 
Analytical models typically do not consider how the shear zone thickness changes with increasing 

shear displacement; often, the shear zone thickness is assumed to remain constant [22, 23, 41]. 

Figure 9 shows a map of the difference in shear zone thickness between the last displacement step 

(step 7) and displacement step 3 (the first displacement step with a clearly defined shear zone). 

There is a clear difference in shear zone growth between root reinforced and unrooted specimens. 

Unrooted specimens show a reduction in shear zone thickness with shear displacement; rooted 

specimens Willow C and Gorse G exhibited shear zone thickness growth; and Willow F showed a 

constant shear zone thickness. This is evident on Figure 10 where local measurements taken at roots 

on Willow C and Gorse G showed a localised increase in shear zone thickness approaching 20% 

between displacement steps 3 and 7. The mechanism of shear zone thickness growth in rooted 

specimens appears to be the transfer of (increasing) axial root stresses into the soil above and below 

the shear plane through friction and anchorage, causing a localised widening of the shear zone.  
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Figure 7: Shear zone thickness maps at the final load step for each specimen. Roots >1 mm in diameter are circled. 
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Figure 8: Depth vs x-displacement line profiles comparing responses at the root (blue lines), about 5 mm away from the 
root or at the centre of the specimen (red lines), and towards the edge of the DVC field of view (green lines). The 

displacements are determined from the DVC, and are the difference between step 7 and the undeformed volume. 
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Figure 9: Change in shear zone thickness between displacement steps 3 and 7. Positive values represent an increase in 
shear zone thickness with increasing shear displacement. Roots >1 mm in diameter are circled. 
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Figure 10: Change in shear zone thickness against shear displacement at different positions within rooted and unrooted 
test specimens. The results are for locations on or as near as possible to the segmented roots, from an x-y position about 

5 mm away from segmented roots in the direction of the centre of the tube (marked on the plot as ‘away from root’), 
from the centre of the tube (fallow specimens), and from the edge of the DVC field of view (which did not extend to the 

edge of the specimen; see Figure 4). 

 

3.3 Root stresses and soil-root interaction 

3.3.1 Measurement of root extension and comparison to an analytical model 
In analytical approaches such as the Waldron model, the average axial tensile stress acting on a root 

𝜎𝑎𝑥𝑖𝑎𝑙 depends on the elastic (Young’s) modulus of the root E, the change in length of the root ∆𝑙, 

and the initial length of the root under tension 𝑙0: 

 𝜎𝑎𝑥𝑖𝑎𝑙 = (
Δ𝑙

𝑙0
) 𝐸. Equation 4 

The change in length of the root Δ𝑙 is calculated by:  

 ∆𝑙 = 𝑍(sec 𝛽 − 1). Equation 5 

According to Equations 4 and 5, 𝜎𝑎𝑥𝑖𝑎𝑙 scales linearly with ∆𝑙. Furthermore, ∆𝑙 is sensitive to the 

measurement of shear zone thickness Z (Equations 3 and 5). It is therefore important to test the 

accuracy of ∆𝑙 calculated using Equation 5. This was achieved by making comparisons with direct 

measurements of ∆𝑙 from XCT scan data of the root path geometry. ∆𝑙 was taken as the difference 

between the measured lengths of each root unloaded and at displacement step 7. Two branching 

regions (one above and one below the shear zone) were used as reference points to determine the 

original and deformed lengths of the roots. Owing to the lack of texture on the root and the resulting 

relatively coarse resolution, it was not possible to track local axial root deformation in more detail. 

Figure 11 compares ∆𝑙 calculated using Equation 5, the shear zone thickness and the shear 

displacement (solid lines) with the direct measurements (dotted lines), for increasing shear 

displacement. In all cases, values of ∆𝑙 derived from Equation 5 were 10-30% greater than the 
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difference between the measured length at the final displacement step. This is because the 

calculation using Equation 5 does not consider the exact path of the root, which is shown in Figure 

12 to locally compress the soil, forming a radius in bending. This can be seen in Figure 13 where the 

path taken by the root is shorter than the tri-linear fit (the basis of Equation 5) used in the Waldron 

model. The shorter path actually taken by the root leads to a lower ∆𝑙 than calculated using 

Equation 5 and will therefore result in smaller root stresses, hence less reinforcement effect, for a 

given shear displacement. 

 

Figure 11: Comparison between changes in root length derived using Equation 5 and measured directly from the root 
path geometry. 
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Figure 12: Local soil root behaviour in the region where root bending is observed. Local features are illustrated on the 
XCT cross-section (left) and DVC x-direction axial strain (εxx) strain map (right). 

 

 

Figure 13: Plot showing x-displacement paths through the depth of the soil column (z-position). Different paths are 
observed between direct measurement of the root, DVC measurement of the soil near the root, and the tri-linear fit. 

 

3.3.2 Determining dominant soil-root interface mechanisms: experiments using 

analogue roots 
To be able to carry an axial stress across the shear zone, a root needs to be held at the ends. This 

could be achieved either by a soil-root interface shear stress along the lengths of root on either side 

of the shear zone (whose limiting value is defined by the parameter 𝜏′), or by the anchoring effect of 

branching and lateral roots. The analogue roots may represent the two extreme conditions; the 

unanchored ABS fibre in Analogue M is likely to be smoother than a real non-branching root, and the 

aluminium discs linked by single and double fibres (Analogue Q and R respectively) likely create a 

near-perfect anchoring between the root and soil. 
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Figure 14 shows the results of the artificial root analogue tests. The smooth artificial root (Analogue 

M) experienced pull-out, which led to only a minor increase in shear stress compared with the 

unrooted specimen. At shear displacements >12 mm, hardening behaviour is observed. This might 

be attributable to a localised increase in normal stresses (hence friction) between the artificial root 

and soil as the root in bending compresses the soil locally (Figure 12).  

Anchoring the artificial roots at their ends (Analogue Q and R with single and double fibres 

respectively) led to a large increase in shear stress compared with the unanchored root, and a shear 

stress-displacement behaviour more consistent with the real rooted specimens (Figure 3). This 

demonstrates that anchoring by branches and lateral roots is likely to be a more important 

mechanism in the mobilisation of real plant roots than simple friction between the root and soil. 

Doubling the number of anchored roots doubles the reinforcement effect: this is consistent with the 

linear scaling in ∆𝑆 with root area ratio 𝑎𝑟 in Equation 1. 

 

  

Figure 14: Shear stress-displacement curves for specimens containing an artificial root, and a fallow specimen. 

 

3.4 Root-reinforcement predictions using the Waldron model 

3.4.1 Waldron model sensitivity study 
The Waldron model (Equation 1 to Equation 3) uses a number of input parameters to establish the 

additional shear resistance provided by the roots. Of these, the root area ratio and root diameters 

were obtained directly from macroscopic measurements at the shear plane. The root stiffness 

(willow ~200 MPa, gorse ~500 MPa), and soil friction angle (36°) were determined experimentally in 

a previous study [9].  

The model assumes that:  

 The roots cross the shear zone perpendicular to it (in the undeformed state). 

 Roots are linear elastic, with Young’s modulus E. 
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 Roots never break in tension. 

 There is always enough root length available to transfer the entire root tensile stress into 

the surrounding soil through root-soil interface friction, i.e. there is no root pullout. 

As discussed earlier, the shear zone thickness is in reality spatially non-uniform. Considering many 

past studies have taken the shear zone thickness as constant, it is important to perform a sensitivity 

study on this parameter to identify the range in estimates of additional shear resistance provided by 

the roots. Similarly, the parameter 𝜏′ is difficult to measure, with previous studies using empirical 

fits to shear test measurements to gain an approximate value [22]. 

Figure 15 indicates the sensitivity of the additional soil resistance provided by the roots (ΔS), 

calculated using the Waldron model, to the shear zone thickness (Z) and the interface friction stress 

between the root and soil (𝜏′). In Figure 15a, the shear zone thickness values considered range from 

2 mm (the thickness of the gap between the upper and lower portions of the tubes) to 30 mm (the 

upper limit determined from the DVC study). 𝜏′ was fixed to 1 kPa to observe ΔS sensitivity with 

varying Z. The plots indicate that the additional soil shear resistance provided by roots increases 

fastest at smaller shear zone thicknesses. This may be expected, as root elongation (strain) develops 

more rapidly for a root spanning a thinner, rather than thicker, shear zone.  

The effect of 𝜏′ on ΔS was investigated over a range of values 0.5 kPa < 𝜏′ < 5 kPa, representing 

different degrees of soil-root interconnectivity (i.e., representing roots with few to many branches; 

[22]), and as the soil is a frictional material, increasing normal and shear soil-root interface stresses 

with depth below the ground surface. ΔS is most sensitive to 𝜏′ when the shear zone thickness is 

small (Figure 15b). 

The sensitivity of the length of roots under stress, 𝑙, calculated by the Waldron model was also 

investigated: 

 

𝑙 =

((
4𝜏′𝑍𝐸

𝐷
)

0.5

(sec 𝛽 − 1)0.5𝐷)

(2𝜏′ )
 

Equation 6 

 

Figure 15c shows how the calculated length of root under stress varies with 𝜏′ (0.5 kPa < 𝜏′ < 5 kPa, 

as before) for two shear zone thicknesses. The root diameter D was set to 1.0 mm. The total root 

length under stress was typically less than 100 mm. This is consistent with the XCT observations of 

roots and experimental results, which do not show any sudden decrease in shear stress as would be 

associated with roots pulling out or breaking. 
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Figure 15: Waldron model parameter sensitivity study. (a) effect of shear zone thickness (z) on the additional soil 
resistance provided by the roots (ΔS). (b) effect of soil-root interconnectivity (𝝉′) and shear zone thickness on ΔS. (c) 

effective length of a 1.0 mm diameter root under stress for different values of 𝝉′ and Z=2 or Z=30 mm. 

 

3.4.2 Adapting the Waldron model to better predict root reinforcement effects 
The results presented earlier show that the shear zone thickness varies within the cross-section of 

the tube. The size of the shear zone will influence the level of stress developed in a root and is 

dependent on the position of the root within the tube. An expression was developed (Equation 7) to 

estimate the local shear zone thickness, based on the position of each individual root: 

 
𝑍𝑟𝑜𝑜𝑡 = 𝑍𝑚𝑎𝑥 − 𝑑𝑟𝑜𝑜𝑡 [

𝑍𝑚𝑎𝑥 − 𝑍𝑚𝑖𝑛

𝐷𝑡𝑢𝑏𝑒/2
] 

Equation 7 

 

where Zroot is the local shear zone thickness at a given root, droot is the distance of the root from the 

centre of the tube and Dtube is the tube diameter. Zmin and Zmax are the minimum and maximum shear 

zone thicknesses respectively, with Zmin = 2 mm (i.e., the gap between the lower and upper tubes), 

and Zmax set to the maximum shear zone thickness determined from the shear zone thickness map 

(Figure 7). 
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A further consideration is the observed growth in shear zone thickness with increasing shear 

deformation in root reinforced specimens. To include this behaviour in the Waldron model, the 

shear zone thickness was scaled linearly from 0-80% of the peak shear zone thickness between 0 mm 

shear displacement and the third displacement step (where the shear zone was first observed), then 

from 80-100% of the peak shear zone thickness between the third and final displacement steps, to 

approximate the measured growth of the shear band thickness shown in Figure 10. 

Figure 16 compares the shear stress vs shear displacement profiles calculated using various 

interpretations of the Waldron model (constant shear zone thicknesses of 2 mm and 30 mm; shear 

zone thickness varying with the position of root but not with shear displacement; and shear zone 

thickness varying with both the position of root and with shear displacement) with the experimental 

data for a willow (Willow C) and a gorse (Gorse G) specimen. A value of τ’ = 1.25 kPa was used so 

that the variable height shear-band models replicated the final (at 20 mm) measured shear stress. 

Adaptation of the Waldron model to include the variable thickness of the shear zone observed in 

direct shear tests gives a closer fit to the experimental data than using a fixed shear zone thickness, 

particularly at larger displacements. The closest agreement between the calculated and 

experimental results, particularly in the shape of the curve obtained, was for the model that 

included variability in the shear zone thickness both spatially and with shear displacement. 

Accounting for the spatial variation in shear zone thickness but not its growth with shear 

displacements leads to the underestimation of the root reinforcing effect at shear displacements 

less than about 8 mm. 

In these analyses, the peak stresses in roots were found to be < 80% of the root tensile strength [9] 

and the length of roots under stress < 70 mm, at 20 mm applied shear displacement. Hence both 

root failure and pull-out were not considered in the analyses. 

 

 

Figure 16: Shear stress vs shear displacement for Willow C and Gorse G specimens. Plots show modified Waldron model 
(Z = 2 mm, 30 mm, spatially variable, and variable with shear zone thickness growth) and experimental results (Willow C, 
Gorse G and Unrooted).  In the Z = variable case, the shear zone thickness Z is determined from the position of the root 

on the shear plane. 
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A back analysis using the adapted Waldron model (i.e. shear zone thickness varying with both the 

position of the root and shear displacement) of the analogue tests with the roots that are effectively 

anchored above and below the shear plane (Analogue Q and Analogue R) gives approximately τ’ = 

2.25 kPa. Consideration of τ’ based purely on friction (equal to 0.5 × tanφ’) at the soil-root interface 

at the depth of the shear plane gives τ’ = 1.0 kPa. The value required to represent the willow and 

gorse root-soil interface resistance (τ’ = 1.25 kPa) is between these values; the real roots will provide 

some frictional resistance and anchoring, but this is unlikely to be as effective as the aluminium discs 

attached to the root analogues. It is interesting that analysis of the results from both the willow and 

gorse give the same value of τ’; the root architectures are not the same (see [9]), although both do 

have a smaller number of larger diameter vertical roots with many smaller lateral roots. The pot 

grown root system may also affect the development of branching and laterals that help to anchor 

the roots. 

 

4 Discussion 
A key parameter in models of root-soil interactions is the shear zone thickness, which governs the 

tensile stress developed within a root when a soil containing roots is subjected to direct shear. The 

development of tensile stresses increases the shear resistance of the material, both directly and by 

increasing normal stresses (and hence frictional resistance) in the soil. A significant challenge in 

quantifying the behaviour of rooted soil has been understanding the behaviour of the shear zone 

and how it develops in the presence of roots [17]. XCT and DVC have shown that the shear zone in 

direct shear experiments varies in thickness, both spatially depending on the proximity of roots and 

specimen boundaries and also with relative displacement across the shear plane. The form of the 

shear zone in direct shear is considered in the soil mechanics literature [38-40], but has not been 

widely demonstrated experimentally.  

Rooted specimens exhibited generally greater shear zone thickness and growth than unrooted 

specimens. Furthermore, the shear zone was shown to be locally thicker in the proximity of roots. It 

is hypothesized that the growth of the thickness of shear zone is due to the transfer of stress from 

the root into the soil, over a stressed root length that increases (along with the root axial stress) 

during shear.  

Shear stress vs displacement relationships for rooted soils calculated using a Waldron model 

modified to account for variation in the thickness of the shear zone both spatially and with 

increasing shear displacement, closely matched experimental measurements. Other assumptions in 

the Waldron model are supported either directly or by inference by the experiments undertaken in 

this study. These include the linear relationship between root area fraction and shear resistance, and 

an increase in shear stress with shear displacement for a fitted value of τ’ [22]. Measured changes in 

deformed root length were however overestimated by the Waldron model, by 10-30%. This was 

attributed to the idealised tri-linear root deformation assumed in the model and the consequent 

neglect of root bending at the edges of the shear zone. The overestimation of root deformation may 

have ramifications for the accurate estimation of the stresses developed in the root in the later 

stages of shear. Future studies could better estimate the level of stress in the root by considering the 

compression of the soil locally at the root bending points. 

The most uncertain parameter in the model is the limiting root-soil interface shear stress τ’, which 

has to be determined by curve fitting to the experimental results [22, 37]. This led to further 

questions regarding the mechanisms preventing pull-out of the root on either side of the shear zone, 
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i.e. pure friction at the soil-root interface, or anchorage by branching roots. Tests on root analogues 

suggested that purely frictional mechanisms provide little gain in resistance beyond that established 

at the beginning of the shear test, although the shear resistance increased a little with root angular 

rotation. Bending of the roots at the edges of the shear zone causes a local lateral compression of 

the soil, increasing the normal stress and hence friction at the soil-root interface, which could 

explain the increase in shear resistance towards the end of the test. The fully anchored root 

analogues (representative of extensive root branching) gave much larger increases in shear 

resistance with applied displacement. This raises questions concerning the optimal level of 

branching along the root length, and how branching could be captured in the parameter τ’ or 

through other approaches in the model. In practice, the typical plant root architecture will mean 

that root anchorage by branching and lateral roots is likely to be greater above the shearing plane 

than below it [42]. Changes in limiting interface shear stress due to both root bending and increasing 

normal effective stress with depth within the soil [37], would also affect the root-soil interface stress 

profile along the length of the root. These all provide further modelling challenges. 

In summary, the modified Waldron model captured the overall shear stress vs shear displacement 

profile reasonably well when non-uniformity in shear zone thickness and growth were included. The 

next stage would be to investigate the suitability of such models for larger scale problems, in 

particular including vegetation reinforcement effects in slope stability. The key questions concern 

the size, shape and growth of the shear zone at larger scales (e.g. [26]), and the effects of more 

realistic plant rooting behaviour. The experiments here have considered roots and analogues that 

are sub-vertical and normal to the prescribed shear surface; in the field the shear surface may be 

angled, and plant roots will extend outwards to meet the shear surface at a range of angles relative 

to the direction of shear [43, 44]. In a slope, plants also often have an asymmetric root architecture 

in order to distribute mechanical forces to best support the mass of the plant [42]. 

 

5 Conclusions 
An experimental study using X-ray computed tomography (XCT) and digital volume correlation (DVC) 

has been carried out to better understand the behaviour of root reinforcement in soils in direct 

shear. The direct shear tests were complemented by detailed information on root size and root 

distribution, and tests on artificial root analogues. The experimental data were used to assess the 

predictive capability of a Waldron-type model for the shear resistance of root-reinforced soils. It was 

found that: 

1. The presence of roots led to an increase in the shear zone thickness compared with fallow 

(unrooted) soil. In rooted soils, the thickness of the shear zone was found to increase during 

direct shear, in contrast to unrooted specimens where the shear zone reduced in thickness as 

shear progresses. Furthermore, at each stage of the test the shear zone was smallest at the 

specimen boundaries (walls) and thickest close to the centre of the tube.  

2. When both of these features were included in the Waldron model, measured shear stress vs 

shear displacement profiles were reasonably reproduced. 

3. The idealised tri-linear root deformation assumed in the Waldron model overestimated the true 

deformed root length, as imaged in the experiments, by 10-30%. The overestimation of root 

deformation may affect the accurate estimation of the stresses developed in the root in the later 

stages of shear. 

4. Root analogue tests were carried out to understand how the lengths of root on either side of the 

shear zone were restrained from slippage, i.e. mainly by friction at the soil-root interface or 
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through root branching and anchorage. Root analogues relying only on friction exhibited a small 

increase in shear resistance, and were relatively easily pulled through the soil. However, the 

shear resistance increased towards the end of the test as the angle of rotation of the root 

section crossing the shear zone increased. Root bending at the edges of the shear zone laterally 

compressed the soil locally, increasing the normal stress on the soil-root interface and hence the 

frictional resistance at the turning points of the root. Generally, however, anchoring by 

branching roots is a much more effective than interface friction at holding the root within the 

zones of soil on either side of the shear zone. 

The applicability of the modified Waldron model at slope scale remains to be tested. In addition to 

developing a suitable method of analysis, work is needed to understand whether plant rooting and 

shear zone behaviour seen in the smaller scale laboratory direct shear tests can be applied to the 

larger scale. 
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