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ABSTRACT: The soil-vegetation-atmosphere interaction is a dynamic process, which governs the continuous change of 

soil hydrological conditions. These changes directly affect the seasonal and long-term performance of infrastructure cut and 

embankment slopes. It has been established that the combined effect of vegetation and precipitation induces seasonal cycles 

of shrinkage and swelling, which give rise to serviceability issues. Previous numerical studies regarding the effect of the 

soil-vegetation-atmosphere system interaction on the behaviour of infrastructure embankments, were unable to quantitatively 

reproduce the observed hydraulic behaviour. They were either based on pure hydraulic approach or in case of fully coupled 

analyses were employing saturated mechanical models. The framework presented in this paper is based on the fully coupled 

flow-deformation analysis, combined with unsaturated soil mechanics theory and sophisticated climatic boundary 

conditions, implemented within the ICFEP numerical code. The instrumented railway embankment located in the UK, 

suffering from poor track ride quality related to the presence of vegetation on the slopes, is used as a case study for this 

investigation. 

 
RÉSUMÉ: L’interaction sol-végétation-atmosphère est un processus dynamique qui régit le changement continu des 

conditions hydrologiques du sol. Ces changements affectent directement la performance saisonnière et à long terme des talus 

des infrastructures et des talus. Il a été établi que l’effet combiné de la végétation et des précipitations induit des cycles 
saisonniers de retrait et de gonflement, qui posent des problèmes d’entretien. Les études numériques antérieures concernant 
l'effet de l'interaction du système sol-végétation-atmosphère sur le comportement des remblais d'infrastructures n'ont pas 

permis de reproduire quantitativement le comportement hydraulique observé. Soit elles étaient basées sur une approche 

hydraulique pure, soit, dans le cas d'analyses entièrement couplées, elles utilisaient des modèles mécaniques saturés. Le 

cadre présenté dans cet article est basé sur l'analyse écoulement-déformation entièrement couplée, combinée à la théorie de 

la mécanique des sols non saturés et à des conditions aux limites climatiques sophistiquées, mises en œuvre dans le code 
numérique ICFEP. Le remblai ferroviaire instrumenté situé au Royaume-Uni, souffrant d'une mauvaise qualité de roulement 

liée à la présence de végétation sur les pentes, est utilisé comme étude de cas pour cette enquête. 

 
Keywords: Soil-vegetation-atmosphere interaction; coupled analysis; unsaturated constitutive model; RWUM; 

precipitation. 

 

 

1 INTRODUCTION 

The interaction between the soil, atmosphere and 

vegetation drives continuous movement of water in 

and out from the ground, affecting the distribution of 

subsurface water. The ability of vegetation to remove 

water from the soil varies seasonally, with peaks 

during summer drier months, and lows during the 

winter months, when evapotranspiration processes are 

diminished or ceased. These opposite processes cause 

cycles of drying and wetting, and associated pore 

water pressure variations within the soil, which in turn 

produce seasonal cyclic changes of effective stresses. 

Therefore, in embankments constructed of clay having 

a high-volume change potential, these are 

accompanied by corresponding cycles of soil 

shrinkage and swelling (Smethurst et al., 2015). 

Due to the irregular distribution of vegetation along 

the embankment length as well as variations in 

vegetation species, sizes and densities related to water 
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demands, together with intrinsic heterogeneity of the 

clay fill, alternating volumetric deformations are 

nonuniform, both in longitudinal and lateral direction, 

thereby inducing excessive differential movements of 

the track and consequently poor ride quality. These are 

characterized as serviceability limit states (SLS) and 

are most frequent during late summer/early autumn, 

when the effects of desiccation on high-plasticity clay 

fills are most significant. 

Magnolia Road Project is an example of an 

embankment that was suffering from poor track ride 

quality and a high rate of maintenance due to 

movements associated with the presence of vegetation 

on the slopes of the embankment (Arup Geotechnics, 

2007), and is used as a case study for the evaluation of 

modelling framework presented in this paper. 

Predicting soil-vegetation-atmosphere interaction 

is not straightforward, due to the complexity of both 

the boundary conditions involved and the hydro-

mechanical behaviour of soils, which is coupled, 

highly nonlinear and inherently unsaturated in case of 

embankments. Current paper presents an advanced 

approach incorporating fully coupled unsaturated 

flow-deformation finite element analyses. 

2 MAGNOLIA ROAD CASE STUDY 

The instrumented embankment is located on the 

Shenfield–Southend Victoria railway line near 

Hawkwell, Essex, UK (OS grid reference TQ856923). 

Highly vegetated slopes at this section of the rail track, 

and associated excessive cyclic shrink-swell 

movements, negatively affected the serviceability 

through frequent speed restrictions and maintenance 

requirements. 

The embankment was constructed around 1887. 

Along the instrumented section, its height and width 

are around 5.5 m and 35 m respectively. The slope of 

the embankment is typically around 20° steepening to 

around 30° at the shoulder of the embankment. This 

‘coat-hanger’ shape, shown in Figure 1, is clear 

indicator that high-water demand trees were present 

for the prolonged period of time. The embankment 

consists of intermediate to high plasticity clay fill of 

London Clay origin covered with a layer of ash and 

ballast. The techniques used for embankment 

construction back in the 19th century involved simple 

tipping in one layer to the full height with practically 

no mechanical compaction (Skempton, 1996), forming 

distinctive structure often referred to as dumped clay 

fills. The conceptual model for the dumped clay fill, as 

proposed by (O’Brien et al., 2004), consists of clods of 

parent material that govern the compressibility and 

shear modulus of the soil, and the matrix which 

controls the permeability and shear strength. 

At the start of the monitoring period in March 2006, 

the embankment was densely vegetated with mature 

and semi-mature oak and ash trees. According to 

(NHBC standards, 2007) oak is being classified as 

high water demand tree, wail ash is more of a moderate 

type. Beyond the embankment to the north lies 

predominantly agricultural land with grass vegetation. 

In March 2007, the vegetation was removed over 

the shoulder of the embankment leaving only the 

vegetation near the toe. Further tree clearance occurred 

in March 2010, along the full length of the 

embankment. 

 

 
Figure 1. Cross-section view of Hawkwell embankment indicating the extent of first tree removal and location of 

instrumentation.
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Geotechnical Interpretative Report and monitoring 

data were made available by (Arup Geotechnics, 2007; 

Geotechnical Observations, 2013). Monitoring data 

was available from spring 2006 until March 2011. 

Instrumentation was installed predominantly at two 

sections (Figure 1.) and consisted of: standpipe 

piezometers; GeO flushable piezometers (Ridley et al., 

2003); neutron probe access tubes; inclinometers; 

extensometers; tipping bucket rain gauge. 

3 NUMERICAL MODEL 

Fully coupled flow-deformation analysis, combined 

with unsaturated constitutive model and sophisticated 

climatic boundary conditions, implemented within the 

ICFEP numerical code (Potts & Zdravković, 1999) 
were used to evaluate the ability of this numerical 

modelling approach to quantitatively reproduce the 

observed behaviour of the Hawkwell embankment, 

both prior and after vegetation removal. 

The part of the finite element mesh of the northern 

half of the embankment and foundation soil used in 

plain strain analysis of the Hawkwell embankment is 

shown in Figure 2. 

 

 
Figure 2. Zoomed in view of finite element mesh. 

3.1 Hydraulic behaviour 

The hydrological soil properties used in the analyses 

are shown in Table 1. The saturated permeability of the 

clay fill was adopted from the permeability testing data 

presented in the work of (O’Brien et al., 2004). The 

difference in permeability of dumped clay fill (derived 

from London Clay) and natural London Clay, is 

attributed to specific internal structure of the dumped 

clay fill, characterized by relatively high permeability 

matrix that acts as preferred flow path. 

In the current analysis non-hysteretic soil water 

retention curve (SWRC) available in ICFEP 

(Melgarejo, 2004). 

The gradient of the SWRC is crucial in a coupled 

analysis, because it affects the flow of water generated 

by the changes in water content. Considering that 

laboratory measurements of clay fill SWRC for the 

Hawkwell embankment were not available, the 

retention curve for the analysis was calibrated against 

in situ measurements of volumetric water content and 

corresponding pore water suctions. 
 

Table 1. Hydraulic properties used in the analysis. 

 

3.2 Mechanical behaviour 

With regard to mechanical behaviour ash and ballast 

were assumed to behave as saturated materials and 

were therefore modelled with a linear elasto-plastic 

Mohr-Coulomb constitutive model. The in-situ 

London Clay foundation soil was also treated as 

saturated, except the shallow part just beneath the 

embankment, which is in accordance with the borehole 

loggings. 

 
Table 2. Material properties used in the analysis. 

 
 
Table 3. Parameters of the small strain stiffness model. 

 
 

Pre-peak behaviour of in-situ London Clay was 

formulated in terms of small strain stiffness model 

developed by (Jardine et al., 1986) and implemented 

into ICFEP. The model parameters are calibrated to 

match shear stiffness curve measured for the London 

clay at Terminal 5, Heathrow Airport (Hight et al., 

2003), and are given in Table 3. 

The Barcelona Basic type model, modified by 

(Georgiadis, 2003) was used to simulate the 

  Clay fill London Clay Ash Balast 
Isotropic/Anisotropic Isotropic Isotropic Isotropic 

 F
ree d

rain
in

g
 

Saturated coefficient of 

permeability K0 [m/s] 
2x10-9 5x10-10 4x10-5 

Nonlinear permeability 
model 

none logarithmic none 

a / 0.007 / 

Unsaturated hydraulic 
constitutive model 

Van Genuchten 

type 
none none 

sair (kPa) 20 

/ / 
a 0.0125 

n 1.5 

m 0.33 

 

  Balast Ash(1) London Clay(2) 

Bulk unit weight γ [kN/m3] 18,0 11,0 18,8 

Shear strength parameters φ [°], c 
[kPa] 

φ' = 40°,            
c' = 0 kPa 

φ' = 35°,          
c' = 2 kPa 

φ' = 20.0°,           
c' = 2 kPa 

Angle of dilation ψ [°] 0 0 0 

Elastic stiffness parameters (E,ν) or 
(K,G) 

E = 30000 

kPa  ν = 0.2 

E = 30000 

kPa  ν = 0.3 
* 

(1)Ash properties from (Arup Geotechnics, 

2007)    
(2)London Clay properties from (O’Brien, Ellis & Russell, 2004) 

 

*Small-strain stiffness parameters used 
  

Shear 
A B C [%] α γ Ed,min Ed,max Gmin 

970 890 0.001 1.47 0.7 0.00173 0.173 3333.3 

                  

Bulk 
R S T δ μ εv, min εv, max Kmin 

772.5 712.5 0.001 2.069 0.42 0.005 0.15 4000 
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mechanical behaviour of clay fill. The version of BBM 

model implemented into finite element code ICFEP 

requires a minimum of 23 parameters to be defined. 

The significantly greater number of model parameters 

compared to original BBM is primarily linked to the 

extended (Lagioia et al., 1996) expression. The 

calibration exercise was based on the data published in 

the work of (Monroy, 2005) and are provided in Table 

4. 

 
Table 4. Modified BBM model parameters values. 

 

3.3 Boundary conditions 

The analysis stages were systematically assembled in 

order to replicate as closely as possible previous stress 

and strain history of Hawkwell embankment. The 

sequence of finite element analyses is illustrated in 

Table 5. 

 
Table 5. Sequence of analyses. 

 
 

The purpose of the initialisation stage was to cover 

as realistically as possible 120 years of embankment 

existence prior to the start of monitoring, but at the 

same time without overly compromising the analysis 

duration (Tsiampousi et al., 2017). 

The bottom boundary of the mesh was assumed to 

be rigid, and that pore water pressures remain 

unchanged from the initial state (Δpf=0). For the line 

of symmetry and the far boundary, the displacements 

were fixed at zero in the horizontal direction and free 

in the vertical direction. The vertical boundaries of the 

mesh were assumed to be impermeable (no flow 

boundaries). The pore water pressure profile before the 

embankment construction was assumed to be 

hydrostatic, with the groundwater table located at 1m 

depth, resulting in a suction of 9.81 kPa at the surface. 

Precipitation is simulated via dual condition is 

developed by (Smith, 2003) and implemented in 

ICFEP, which operates either as an infiltration 

(specified constant flow) condition, or as a constant 

prescribed pressure (variable flow) condition, thereby 

providing automatic and continuous division of the 

surface reached rainwater into infiltration, run-off and 

ponding. The position of precipitation BCs is 

schematically illustrated in Figure 3. The rainfall data 

used in the current analysis corresponds to the 

Shoeburyness weather station rainfall measurements 

for a period 2006-2011, Figure 7. 

 

 
Figure 3. Contours of precipitation boundary condition. 

 

Vegetation is simulated through non-linear root 

water uptake model developed by (Nyambayo & Potts, 

2010). The model parameters include potential 

evapotranspiration, maximum root depth and 

reduction function. The potential evapotranspiration 

data for deciduous trees correspond to ones calculated 

using the FAO Penman-Monteith method, Figure 5. 

The extent over which vegetation was applied is 

shown in the Figure 4. 

 

 
Figure 4. Contours of vegetation boundary condition. 

 

In the present analysis the felling of large 

deciduous trees was modelled by reducing the root 

depth to 0.3 m and potential evapotranspiration rates 

to match the root system characteristics of the small 

and sparse vegetation (10% of mature trees). Trees 

were removed from the entire embankment slope, with 

the exception of zone just beyond the toe. 

Model 81 

parameter
Value Description

Model 81 

parameter
Value Description

αg 0.4 κs 0.07
Elastic coefficient of compressibility 

for suction changes

μg 0.9 λs 0.3
Coefficient of compressibility for 

suction changes

Mg 0.89

Slope of the critical state line in 

the q–p space for triaxial 

compression

ν1 2.75
Specific volume at unit pressure for 

fully saturated conditions

αf 0.4 χ 1 Factors the coefficient κs

μf 0.9 ω 0
Controls the effect of Sr on the 

coefficient κs*=(κs)
χ
·(Sr)

ω

Mf 0.89 sair (kPa) 20 Air-entry suction value

αc 1.98 Characteristic stress ratio s0 (kPa) 1.0E+6 Yield suction

λ(0) 0.152
Coefficient of compressibility 

for fully saturated conditions
patm (kPa) 100 Atmospheric pressure

κ 0.02

Elastic Coefficient of 

compressibility (along elastic 

paths)

OCR 10 Overconsolidation ratio

r 0.45
Maximum soil stiffness 

parameter
Kmin (kPa) 2000 Minimum bulk modulus

β 0.011 Soil stiffness increase parameter μ 0.35 Poisson’s ratio

k SWRC Cohesion increase parameter r

Plastic Potential function 

parameters

Yield surface parameters

Increment 
number 

Description of analysis stage Duration 

0 Setting of the initial conditions - 

0 Deactivation of the elements representing the embankment - 

1-17 Construction of the embankment 6 months 

18-29 
Increments not used – reserved for some trial analysis steps 

- 

30-605 Initialisation 4 years 

606-749 Seasonal flustuation stage – first year of monitoring period 1 year 

750-1325 Vegetation clearance 4 years 
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Figure 5. Potential evapotranspiration, precipitation and 

net rates. 

3.4 Results 

In the Figure 6. the comparison between the results of 

numerical simulation and field pore water pressure 

data for a midpoint of clay fill layer are presented. The 

obtained results, unlike some previous studies on 

(Briggs et al., 2016), show very good agreement with 

piezometers readings. 

 

 
Figure 6. Comparison of numerical results and in-situ 

measurements of pore water pressures. 

 

The comparison of estimated and recorded 

evolution of vertical displacements of a point close to 

the surface of section S2 is illustrated in Figure 7. 

 

 
Figure 7. Comparison of numerical results and in-situ 

measurements of vertical displacements. 

 

It can be seen that the numerical model somewhat 

underestimates the magnitudes of vertical movements. 

The reason for discrepancy lies in the fact that the 

adopted value of compressibility coefficient κs, that 

links volumetric deformation to suction changes, is 

based on tests on reconstituted and compacted London 

Clay and not the dumped clay fill. 

 

 
Figure 8. Comparison of numerical results and in-situ 

measurements of horizontal displacements. 

 

The comparison of numerical simulations and 

inclinometer loggings of horizontal movements is 

presented in Figure 8. Both qualitatively and 

quantitatively, analysis predictions very accurately 

comply with filed observations. 

4 CONCLUSIONS 

The results of the presented numerical simulation 

prove that presented approach based on fully coupled 

numerical analyses combined with appropriate water 

retention curve, hydraulic conductivity function and 

advanced partially saturated constitutive model offers 

considerable advantages in reproducing reality. These 

findings will improve vegetation management, in 

particular the design of tree clearance schemes, and 

will build confidence in predictions regarding the 

effects of climate change. 
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