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A B S T R A C T

Soil-plant-atmosphere interaction (SPAI) plays a significant role on the safety and serviceably of geotechnical 
infrastructure. The mechanical and hydraulic soil behaviour varies with the soil water content and pore water 
pressures (PWP), which are in turn affected by vegetation and weather conditions. Focusing on the hydraulic 
reinforcement that extraction of water through the plant roots offers, this study couples advances in ecohy
drological modelling with advances in geotechnical modelling, overcoming previous crude assumptions around 
the application of climatic effects on the geotechnical analysis. A methodology for incorporating realistic eco
hydrological effects in the geotechnical analysis is developed and validated, and applied in the case study of a cut 
slope in Newbury, UK, for which field monitoring data is available, to demonstrate its successful applicability in 
boundary value problems. The results demonstrate the positive effect of vegetation on the infrastructure by 
increasing the Factor of Safety. Finally, the effect of climate change and changes in slope vegetation cover are 
investigated. The analysis results demonstrate that slope behaviour depends on complex interactions between the 
climate and the soil hydraulic properties and cannot be solely anticipated based on climate data, but suctions and 
changes in suction need necessarily to be considered.

1. Introduction

A large part of the engineering infrastructure (railways, highways 
etc.) is comprised of earthwork slopes. In the UK alone, there are about 
20,000 km of embankments and cuttings.1,2 Infrastructure slope failures 
can be highly dangerous for the safety of the public. Furthermore, they 
affect the performance of the railway or highway they support, with 
significant socioeconomic and financial impacts, complete route clo
sures or delays, and need for urgent mitigation. As an indication of the 
financial cost, Network rail spent £ 1.9 billion on maintenance in 
2021–2022.3 In addition to slope failures, deformations and displace
ments above serviceability limits can also have negative socioeconomic 
impacts due to imposed speed limits and delays.4

Geotechnical infrastructure is negatively affected by climate 
change,5,6 with general trends of higher temperatures, varying patterns 
of precipitation change, a global increase in intense rainfall events, and 
rise in sea water levels,6–9 affecting slope stability and serviceability 
through ground water table and Pore Water Pressure (PWP) varia
tions.10 These are specifically pronounced in shallow depths where 

interaction with the atmosphere is critical.11 One of the leading reasons 
for slope failure is the reduction of tensile PWPs (suctions) near the slope 
surface or the rise in ground water table and associated increase of 
compressive PWPs, which reduce the soil’s effective stress and therefore 
shear strength, while increasing the soil unit weight and the applied 
shear stresses.12 Furthermore, seasonal water content changes due to 
soil-plant-atmosphere interaction (SPAI) cause soil volume changes, i.e. 
seasonal shrinking and swelling, markedly reducing the serviceability of 
infrastructure slopes.13

Due to its complexity, it is advantageous to simulate the effect of 
SPAI on the factor of safety and displacements of infrastructure slopes 
numerically, rendering climatic Boundary Conditions (BC) critical in 
geotechnical analysis. Various simplifications have been followed in the 
literature, such as imposing pre-defined winter and summer PWP pro
files14,15, or calculating PWP in flow analyses separately from the cor
responding stresses, and applying them in stability analyses in 
non-coupled approaches.16 More recently, fully coupled analyses were 
conducted, where the boundary conditions were derived from untreated 
weather data of rainfall and crude estimates of evapotranspiration, 
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overly simplifying complex interactions between the soil, the plants and 
the atmosphere.17–20

The complexity partly arises from the fact that, although rainfall is 
widely measured with weather stations, evapotranspiration (ET) is 
rarely measured and is commonly approximated by potential evapo
transpiration (PET), which refers to the maximum amount of water 
extraction that can potentially occur if soil water supply is unlim
ited.21–24 It is commonly calculated using the physically based 
Penman-Monteith method25, or some variation of it, or, when data are 
limited, using empirical formulae, such as Thornthwaite’s equation.26

As PET refers essentially to ideal conditions of infinite water supply 
in the ground, there have been attempts to estimate and apply the Actual 
Evapotranspiration (AET), i.e., the evapotranspiration that actually oc
curs considering water availability. To obtain the actual from the po
tential evapotranspiration, the relationship introduced by Feddes et al.27

has been commonly used: it introduces a dimensionless multiplicative 
reduction term, which depends on head or suction. Low AET values 
occur when either anaerobic conditions or drought limit actual plant 
transpiration and soil evaporation.17,28

Alternatives to the Feddes et al. approach have been sought. Albino 
et al. used Wilson et al.’s29 method to calculate AET with a coefficient 
that is a function of not only suction, as in Feddes et al., but also tem
perature.30 Rather than employing a reduction term, Jamalinia et al. 
estimated AET using a crop model for grass that could account for 
vegetation growth in water limited conditions.18 The net water entering 
the root zone in the crop model was then applied as a top boundary 
condition in a geotechnical model in which the hydraulic properties of 
the root zone were back-calculated to produce the same drainage from 
the bottom of the root zone as in the crop model. Rather than consid
ering AET directly in their geotechnical analysis, Rouainia et al. used a 
hydrological model to obtain daily near surface PWPs which were sub
sequently applied as a boundary condition in a fully coupled 
hydro-mechanical finite difference analysis to investigate progressive 
failure on the Newbury cut slope under synthetic control of future 
climate projections.31

Previous attempts simplified the interplay of soil water availability, 
actual plant transpiration and plant growth. Therefore, in contrast to 
previous studies, in this paper, the physically based ecohydrological 
model Tethys – Chloris (T&C)32,33 was used. T&C calculates actual 
evapotranspiration directly and integrates both water limited and en
ergy limited approaches, coupling water, carbon and energy cycles at 
the soil surface and providing a detailed approach to vegetation pro
cesses. It simulates in detail plant physiological responses to environ
mental forcing, such as plant stomata regulation and plant growth, and 
based on that, it dynamically predicts realistic plant water use and 
actual soil water evaporation. This far exceeds the simplistic formula
tions so far used to define this important boundary condition in previous 
geotechnical work.

In the present work, the AET rates calculated by the ecohydrological 
T&C model were applied directly to a geotechnical Finite Element model 
in PLAXIS 2D34 without any manipulation, obtaining a reliable estimate 
of the boundary condition. This is in contrast to previous studies, where 
either AET was roughly estimated through empirical coefficients or PET, 
which was calculated with simplistic assumptions, was used instead of 

accurately calculated AET rates. As unrealistic rates can have a signifi
cant effect on the calculated PWP in the geotechnical analysis, and by 
extension on soil behaviour and slope stability and serviceability, 
employing for the first time dynamically calculated AET in a geotech
nical assessment is a significant advancement in the application of SPAI 
in geotechnical engineering. The T&C and PLAXIS computed PWP were 
in good agreement without the need to manipulate any of the soil 
properties or directly control the generated PWP, as in previous studies, 
successfully coupling for the first time advanced ecohydrological 
modelling with advanced geotechnical modelling. Good agreement was 
also observed between the computed and field measured suctions for a 
slope located in Newbury, UK. To quantify the impact of climate change 
through vegetation dynamics on factors of safety and slope service
ability, a geotechnical risk assessment was conducted considering mul
tiple climate change projections. The analyses results were interrogated 
for evidence of correlations between climatic data and slope behaviour 
and the irreplaceable role of field PWP and displacement monitoring 
was corroborated.

2. Modelling approach

A three-step modelling strategy was followed:
(a) an ecohydrological model (T&C) able to capture both the water 

flow in and out of the soil under the effect of variable weather conditions 
and seasonal vegetation growth was run first for a representative column 
of soil.

(b) The T&C computed net inflow/outflow rates were then applied as 
a surface boundary condition in a 2D geotechnical model of a cut slope 
in PLAXIS 2D and the numerical results were validated against existing 
field measurements of variations of PWP with depth at different time 
instances and different locations.

(c) Climate projections were applied to the validated 2D model of the 
slope, considering two representative vegetation covers.

2.1. Case study

The selected case study is a cut slope in Newbury, UK (UK Ordnance 
Survey grid reference SU455652 – (latitude, longitude) = (51.372, 
− 1.364)) shown in Fig. 1.35,36 The cut slope was excavated in July 1997, 
and is 8 m deep and 28 m long. Piezometers were installed in October 
2002, with field data available from 2003 to 2008 by Smethurst et al.37

The slope is mostly uniformly covered by grass and shrubs (see also 
Fig. 1), with a reported maximum root depth of 800 mm.

The stratigraphy of the site was established from British Geological 
Survey (borehole id SU46SE120). It comprises of 3 m of weathered 
London Clay (WLC), 46 m of Intact London Clay (ILC) and 23.5 m of 
Lambeth Group Clay (LGC - formerly known as Reading beds). The 
bottom boundary coincided with the Upper Chalk.38

2.2. Ecohydrological model

The Tethys-Chloris ecohydrological model (T&C), used in the eco
hydrological analysis, is a mechanistic physics-based model that re
solves the coupled water, energy and carbon budgets at the soil surface. 

Fig. 1. Cut slope located in Newbury covered by grass and shrub.
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Water and carbon dynamics (i.e., plant growth) are coupled through 
well-established biology driven plant physiological responses to the 
environment and soil water availability. The water and carbon mass 
balance as well as the surface energy budget are solved in a coupled 
manner. This coupling leads to a dynamic temporal evolution of vege
tation response to weather forcing, which subsequently affects the soil- 
atmosphere interaction. Ecohydrological dynamics are solved at the 
hourly timescale using local meteorological forcing. Important compo
nents of the hydrological processes such as water inflow, actual tran
spiration, actual evaporation from ground and snow, interception, run 
off, surface and sub-surface water fluxes are modelled mimicking the 
inter-coupled vegetation-hydrology system. A significant part of the 
actual evapotranspiration is through plant transpiration39, which T&C 
resolves as a function of plant structure (particularly of leaf area index) 
and the response of plant stomata to environmental factors, including 
atmospheric CO2 concentration, light availability, temperature and 
vapor pressure deficit.40,41 In T&C, ET fluxes are computed by using a 
big leaf approximation (i.e., neglecting complex 3D radiation effects 
within complex plant structures), where plant canopies are split just into 

sun exposed and shaded sections. ET fluxes follow a resistance analogue, 
where the resistance for vapor fluxes consider plant stomata, soil, and 
aerodynamic resistance. The model can capture and calculate the satu
rated and unsaturated soil water flow dynamics. Water movement in the 
version used in this study is simulated by solving the 1D Richard’s 
equation42 for variably saturated flow using a finite volume approach 
discretisation.32,43–45

A column of soil with the stratigraphy described in Section 2.1 was 
considered in the T&C simulations. The plant composition was consid
ered as 70 % shrubs and 30 % grass following visual inspection of the 
site. The root zone depth was 800 mm and 150 mm respectively for 
grass and shrubs.46 The hydraulic conductivities of different soil layers 
are presented in Table 1 and are in accordance with Smethurst et al.37 A 
Van-Genuchten Soil Water Retention Curve (SWRC) 47 was used for the 
weathered LC, and was derived from interpreted field measurements of 
suction and water content made by Smethurst et al.37 The model pa
rameters used are shown in Table 2.

Hydraulic conductivity in the Soil-Plant-Atmosphere continuum 
comprises of multiple elements, including the hydraulic conductivity at 
the soil and soil root interface, and the conductivity of sapwood and 
leaves during plant water ascent.48 Whilst models that consider the full 
soil-plant hydraulic complexity exist40, here a simplified version was 
used to simulate plant hydraulic limitations to evapotranspiration. 
Specifically stomatal conductance was reduced from their potential 
value, according to the Leuning model49 based on a reduction factor that 
depends on the root profile averaged soil water potential.50 Intact 
London Clay and Lambeth Group Clay were assumed to remain fully 
saturated due to their high air entry value of suction.17

To allow an initialization period, the model was run from January 
1990 till the end of the monitoring period 2008. Net inflow/outflow flux 
was calculated from T&C considering actual evaporation from the 
ground surface, actual plant transpiration and inflow of water at the soil 
surface which already accounted for losses due to canopy interception, 

Table 1 
Hydraulic conductivity of the soil layers.

Soil layer Weathered 
LC

Intact LC Lambeth Group 
Clay

Hydraulic conductivity (ksat) 
[m/day]

3.715E− 3 3.715E− 4 3.715E− 4

Table 2 
Van-Genuchten SWRC parameters.

Parameter m [-] n [-] α [1/m] Sres [-] Ssat [-]

value 1/3 1.5 0.15 0 1

Fig. 2. (a) Precipitation, (b) actual evapotranspiration, and (c) net inflow/outflow boundary condition for the years 2003 till 2008 at the daily scale.
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actual evaporation from intercepted water and snow sublimation.51

Fig. 2 shows the precipitation and actual evapotranspiration rates 
calculated from T&C, and the net inflow/outflow rate which was applied 
as a boundary condition at the soil surface in the geotechnical model. In 
Fig. 2(c), positive rates correspond to a net inflow, i.e. instances where 
precipitation exceeded actual evapotranspiration, whereas negative 
values correspond to the opposite scenario of net outflow, with actual 
evapotranspiration exceeding precipitation.

2.3. Two-Dimensional geotechnical model

The 2D plane-strain model of the Newbury cut slope can be seen in 
Fig. 3. It was 150 m wide and 72.5 m deep, consisting of the same 
stratigraphy as before. A Mohr-Coulomb failure criterion with isotropic 
small strain stiffness was used for all soil layers.52 This was implemented 
into PLAXIS as a User Defined Soil Model (UDSM).53,54 The mechanical 
properties of the soil are presented in Table 3 and were derived from the 
data used previously by O’Brien14 and Tsiampousi et. al. (2017).14,19

This model was selected to simulate the mechanical constitutive 
behaviour of London clay, despite the fact that it was not developed 
specifically for unsaturated soils, for its stress- and strain-level depen
dent nonlinear elastic stiffness. Additionally, as London clay, which is a 
highly over consolidated clay (its over consolidation ratio can exceed 
6–7), was further subjected to unloading in this boundary value prob
lem, wetting-induced collapse, a key feature of unsaturated soil behav
iour, was irrelevant. Instead, what was of critical importance in the 
analysis was the soil shear strength, which is highly overpredicted on the 
dry side of critical state by unsaturated soil models such as the Barcelona 
Basic Model55, as demonstrated by Tsiampousi et al.56.

Due to lack of comprehensive experimental data that would help 
quantify the mechanical contribution of the roots for the vegetation 
covers considered, the conservative assumption was made to ignore it 
altogether and focus on the hydraulic reinforcement that roots provide 
by extracting water and increasing suctions. Direct comparisons be
tween different likely vegetation covers are thus possible.

The same hydraulic properties as above were used. Further to the 
previous models, a User Defined Flow Model (UDFM) that incorporates 
non-linear anisotropic variation of permeability with mean effective 
stress was used for all soil layers, so that the vertical hydraulic con
ductivity value decreased from its initial value with increasing mean 
effective stress.57 This was done by using Eq. 1. 

kv = ky,ref eapʹ (1) 

where ky,ref is the reference permeability along the y direction, kv is the 
current vertical permeability, ṕ  is the mean effective stress and a is a 
fitting parameter. a was taken as 0.007 in accordance with Kovacevic 
et al.58 Due to the fact that water movement within the slope has a 2D 
nature, the ratio between the horizontal and vertical permeabilities 
needed to be defined. A ratio of 10, as proposed by Wongsaroj et al.59

was chosen here.
To initialize the stresses a unit weight of 20 kN/m3 was specified for 

all soil layers, above and below the ground water table which was 
assumed to be initially at 1 m of depth.60 The initial pore water pressure 
distribution was assumed to be hydrostatic. The coefficient of earth 
pressure at rest (K0) was 1.2, 1.5 and 1.0 for WLC, LC and LGC, 
respectively, i.e. typical of the over consolidation that London and 
Lambeth group clays have experienced in their geological past.

The excavation of the 8 m deep cutting was simulated first over three 
undrained phases of the analysis. It was followed by a fully coupled flow- 
deformation analysis, for the years 1997, when the slope was excavated, 
till 2008, i.e., covering the years for which monitoring data are available 
(2003–2008), as well as the years before, during which some dissipation 
of excess PWP generated during the excavation is expected to have taken 

Fig. 3. Cut slope located in Newbury modelled in PLAXIS 2D and its meshing after excavation.

Table 3 
Mechanical properties of material for the geotechnical model.

User Defined Soil Model 
(UDSM) Parameters

User Defined Soil Model (UDSM) 
Parameters Name

Values

Gref [kN/m2] Reference shear modulus 955
Kref [kN/m2] Reference bulk modulus 1665
pref [kN/m2 ] Reference pressure 1
mG [ − ] Nonlinearity of stress-dependency 

of shear modulus
0.7

mK [ − ] Nonlinearity of stress-dependency 
of bulk modulus

0.7

a0 [ − ] Basic degradation parameter for 
Gtan

0.181E− 3

b[ − ] Nonlinearity of degradation of Gtan 1.3
RGmin [ − ] Normalized degradation limit for 

Gtan

0.05

Gmin [kN/m2 ] Minimum shear stress 2000
r0 [ − ] Basic degradation parameter for 

Ktan

0.3E− 3

s[ − ] Nonlinearity of degradation of Ktan 1.1
RKmin [ − ] Normalized degradation limit for 

Ktan

0.079

Kmin [kN/m2] Minimum bulk stiffness 3000
φ [

◦
] Angle of shearing resistance 23

c[kN/m2] Cohesion 7
ψ [

◦
] Dilatancy angle 0

Gtan [kN/m2 ] Shear stiffness Ref. 54
Ktan [kN/m2] Bulk stiffness Ref. 54
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place.
During the coupled part of the analysis, on the ground surface at the 

slope and the crest (not at the bottom of the cutting where the highway 
runs), which were uniformly covered with grass and shrubs, the net 
inflow/outflow rates calculated from T&C were applied. The infiltration 
boundary condition available in PLAXIS 2D was used to this effect and 
applied at the soil surface. This is essentially a dual boundary condition 
that can automatically switch from user defined pore pressure heads to 
an inflow/outflow water condition with user defined rates. To reduce 
the computational cost of the geotechnical analysis, the hourly rates 
calculated from the T&C output were aggregated to the daily scale. The 
maximum allowable head was set to − 0.5 m (5 kPa of suction) in order 
to maintain a realistic water table. The minimum allowable head was set 
to − 100 m (i.e., a suction of 1000 kPa).61

The axis of symmetry and the right-hand side vertical boundaries 

were impermeable, whereas water could seep freely through the bottom 
boundary at the interface with the permeable chalk. The PWPs within 
the soil were allowed to change seasonally in accordance with the 
applied infiltration boundary condition.

The factor of safety (FoS) was calculated in selected time instances 
through secondary drained analyses, initiating from the main analysis 
and applying the strength reduction technique explained by Potts and 
Zdravkovic (2012) and Tsiampousi et al. (2013).62,63 The FoS applied to 
the angle of shearing resistance was progressively increased from 1 as 
shown in Eq. 2, until slope failure was obtained: 

tanφFs =
tanφʹ

Fs
(2) 

where Fs is the FoS and φʹ and φFs are the actual and factored shearing 

Fig. 4. Comparison of computed and measured PWP variations with depth: (a) winter and (b) summer months for location A, and (c) winter and (d) summer months 
for location C (suction is shown as negative).
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resistance angle, respectively.

2.4. Model validation

Field data of PWPs with depth were available at different times at the 
two locations shown in Fig. 3 as A and C, 24 and 12 m from the toe of the 
slope, respectively. Fig. 4 shows the comparison between field and nu
merical data, for the first 3 m from the ground surface. The solid lines 
correspond to the analysis results and the dotted lines to the field 
measurements from Smethurst et al.37 The computed and measured 
PWP variations with depth agree in terms of order of magnitude, range 
and trends. The observed discrepancies can be attributed to the fact that 
the PWP measured in the field and calculated in the analysis have 
resulted from coupled transient phenomena, meaning that both of them 
represent a snapshot in time. Given the nonlinearity of the boundary 
conditions applied and of the soil hydraulic properties, the simplifica
tions that inevitably need to be made in the analysis (e.g. soil homo
geneity), the limitations of field instrumentation (e.g. time required for 
devices to reach equilibrium) and the incremental nature of time in the 
analysis, the differences observed are not surprising. Furthermore, 
coupled interactions with the mechanical model (where void ratio 
changes and plasticity also generate water flow and PWP changes) 
further complicate the mechanisms behind PWP predictions. Therefore, 
capturing the general trends in suction variation with depth and time 
provides validation for several features in the analyses beyond the 
boundary conditions and the hydraulic parameters considered. Despite 
the obvious challenges, the numerical model captured the seasonal 
trends and magnitudes of PWP satisfactorily.

The variation of FoS with time is shown in Fig. 5 in blue circles. 
Larger FoS was consistently obtained for August in comparison to March 
of each year. A trend of seasonally varying but overall dropping FoS was 
observed, which can be attributed to the combination of soil-plant- 

atmosphere interaction and the dissipation of tensile excess PWPs that 
were generated during the undrained excavation.

The FoS for a bare slope are also shown in Fig. 5, in red. As expected, 
the lack of vegetation in this analysis led to smaller FoS, the differences 
with the vegetated slope being especially pronounced during summer 
months when actual transpiration rates were high.19,20,64 The corre
sponding slip surfaces for August 2003 for the vegetated and bare slopes 
are shown in Fig. 6. The slip surface for the vegetated slope was deeper, 
due to the added effect of actual transpiration, included in the surface 
boundary condition. The small seasonal variations of FoS in the bare 
slope were due to actual evaporation. The general reduction of FoS with 
time, similar to the vegetated slope, can again be attributed to the 
dissipation of tensile excess PWPs that were generated during the un
drained excavation.

Dissipation of excess PWPs and swelling, and interaction of the slope 
with the atmosphere through SPAI are two processes that happen 
simultaneously but are driven by different mechanisms. Swelling hap
pens because of differences in head between the short-term and the 
steady-state and it would happen independently of any interaction with 
the atmosphere, i.e. even in the absence of any SPAI. SPAI is driven by 
the applied inflow/outflow, and therefore, by actual evaporation and 
actual transpiration, and would carry on happening after all excess 
PWPs have dissipated.

Similar observations for a grass covered cut slope were made by 
Tsiampousi et al. (2017).19

3. Future slope behaviour

3.1. Climate projections

The effect of climate change on the stability and serviceability of the 
cut slope was investigated to identify correlations between projected 

Fig. 5. FoS variation with time for when it is covered with grass and shrub and when it is bare.

Fig. 6. Failure surface in August 2003 for (a) cut slope covered with vegetation and (b) bare cut slope (The existence of a failure mechanism is demonstrated by the 
relative (not the actual) magnitude of the vectors).
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rainfall and actual evapotranspiration of different vegetation covers, 
and slope behaviour. UKCP18, which is the most updated assessment of 
how UK’s climate will change over the 21st century, was considered. 
UKCP18 uses probabilistic projections over land and generates a set of 
high-resolution future climate projections.65

UKCP18 projections are available for different Representative Con
centration Pathways (RCP). For the purpose of this paper, RCP8.5 was 
used, which is the worst-case scenario pathway where no climate miti
gation is employed. 66–69 UKCP18 has produced 12 ensemble members 
for the RCP8.5 scenario. After examining these scenarios with standard 
grass and shrub cover, the two most extreme cases, i.e., the driest and 
the wettest, were chosen from the calculated net precipitation and actual 
evapotranspiration, and are referred to here as D and W, respectively. 
The climatic data from these two scenarios were used in T&C for two 
different vegetation covers: A) 70 % / 30 % vegetation cover of ever
green grass and shrubs, and B) a mixture of tree cover with a root zone 
depth of 1000 mm (calibrated to resemble the UK weather conditions 
and a cover of silver birch and common hazel, i.e. a deciduous and an 
evergreen type, respectively).

Fig. 7(a) shows the precipitation and Fig. 7(b) shows the actual 
evaporation rates for the driest scenario, D. Overall trees gave the 
highest actual evaporation rates, justified by their larger canopies 
intercepting more rainfall water than grass and shrubs, and thus ac
commodating more water to be evaporated directly from their leaves. 
Actual transpiration rates over the years were slightly higher for grass 
and shrubs than for trees (see Fig. 7(c)), in accordance with the fact that 
tree cover is comprised of both a deciduous and evergreen type, but 
grass and shrubs are both evergreens. When combining the above T&C 
output to calculate net inflow/outflow (Fig. 7(d)) a complicated picture 
arose, with instances of either grass and shrubs or trees yielding the 
highest net inflow (i.e. positive net rate), but with trees almost consis
tently demonstrating smaller net outflow (i.e. negative net rate). The 

complexity is due to the multiple factors affecting actual plant transpi
ration, including the responses of plant stomata to raising CO2 and at
mospheric dryness (e.g., vapor pressure deficit), stomata responses to 
soil water deficits, as well as limitation of plant growth due to plant 
water stress.

Fig. 8 shows precipitation, actual evaporation, actual transpiration, 
and net inflow/outflow for the wettest scenario, W. The same trends as 
in scenario D can be observed. When comparing Fig. 7 and Fig. 8, as 
expected, precipitation was overall higher for the wettest scenario, W, 
meaning that more water was available for evaporation, leading to 
higher actual evaporation rates for scenario W than for scenario D. Since 
the vegetation covers and water demand were the same, actual tran
spiration rates for both scenarios were similar, resulting in higher actual 
evapotranspiration rates for scenario W. Overall higher net inflow/ 
outflow rates were obtained for scenario W.

3.2. Geotechnical analysis results

The combinations of two climate scenarios and two vegetation 
covers were considered in four 2D PLAXIS analyses, where the net 
inflow/outflow shown in Fig. 7(d) and 8 (d) was applied, using the 
infiltration boundary condition as explained earlier. These four analyses 
were all initiated from the end of the analysis described in Section 2.3
allowing an initialisation period of 11.5 years with a uniform grass and 
shrub cover, before the four climate projection scenarios were applied in 
the subsequent 20 years.

Fig. 9(a) shows the annual cumulative net inflow/outflow rate and 
Fig. 9(b) shows the FoS calculated in the numerical analysis at selected 
time instances for the driest and wettest scenarios, D and W, respec
tively, for the grass and shrub vegetation cover, for the years 2021, 
2025, 2030, 2035 and 2040. In both scenarios the reducing trend of FoS 
with time that was seen in Fig. 5 was reversed, as dissipation of excess 

Fig. 7. (a) Precipitation, (b) actual evaporation, (c) actual transpiration, and (d) net inflow/outflow BC for scenario D (driest scenario) against time.
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PWPs was nearly completed. The August-March trend that was discussed 
in relation to Fig. 5 was maintained.

Comparing the results for the two scenarios, intuitively, it would 
perhaps be expected that larger inflow rates would lead to higher PWP 
and subsequently lower FoS, as it can be seen in March and August 2021. 
Although this was true for some of the time instances examined, it was 

not universally applicable. For example, in March 2030, even though the 
two scenarios had different inflow rates, the FoS were very similar.

From Fig. 10, it can be seen that the two analyses yielded very similar 
suctions in March 2030, which were quite low in magnitude in accor
dance with the time of the year. Inflow in the two analyses was limited 
by soil permeability and the soil-water retention curve, which, at very 

Fig. 8. (a) Precipitation, (b) actual evaporation, (c) actual transpiration, and (d) net inflow/outflow BC for scenario W (wettest scenario) against time.

Fig. 9. (a) Annual cumulative net inflow/outflow, and (b) FoS variation with time for climate scenarios D and W for grass and shrub vegetation cover.
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low suctions, were nearing their saturation values and were therefore 
similar in the two analyses. Consequently, the operational inflow rates 
were similar, justifying the similarities in suction values and by exten
sion in FoS and in failure mechanisms (also shown in Fig. 10). Similar 
points can be raised for the remaining times instances, demonstrating 
that, even for a given vegetation, reliance on climate data alone to 
explain FoS is not adequate.

Results for different vegetation covers but the same climate projec
tion scenarios are given in Figs. 11 to 16. Fig. 11 (a) shows the annual 
cumulative net inflow/outflow rate and Fig. 11 (b) compares the FoS 
calculated for scenario D for grass and shrubs, and trees. As explained in 
relation to Fig. 7, tree cover resulted in lower overall net outflow rates, 
therefore, it is not surprising that generally smaller FoS were computed 
when compared with the grass and shrubs cover. Although the FoS 
trends observed were generally supported by the yearly cumulative net 
inflow/outflow, there were some exceptions: for example, in March 

2040 the cumulative net flow showed little visible difference between 
the two analyses, whereas distinct FoS values were calculated. The 30, 
10, 5 and 2 days cumulative and last day’s net flows prior to the FoS 
calculation are presented in Fig. 12, showing that (with the exception of 
the 30-day cumulative net inflow) in the days prior to the calculation of 
FoS, net inflow rates were higher for trees, resulting in slightly lower 
suctions in the slope (Fig. 13) and therefore a slightly lower FoS.

Further to previous observations, no clear association between 
annual cumulative net inflow/outflow and FoS could be readily estab
lished from the analyses simulating grass and shrubs, and tree covers, for 
the wettest scenario W (Fig. 14). For example, FoS values in August 2025 
were very similar, despite the different cumulative net flows. The similar 
FoS values cannot be explained by the net outflow rate in the days prior 
to the calculation of FoS, which were also dissimilar (Fig. 15), however, 
they can be explained by the computed suction contours, shown in 
Fig. 16 to be very similar.

Fig. 10. (a) Contours of suction for grass and shrub for driest scenario D and (b) wettest scenario W, (c) vectors of incremental displacement at failure for grass and 
shrub cover for driest scenario D and (d) wettest scenario W in March 2030.

Fig. 11. (a) Annual cumulative net inflow/outflow, and (b) FoS variation with time for climate scenario D for two different vegetation covers.
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Fig. 17 presents the vertical displacement, sub-accumulated from the 
end of excavation, at the bottom of the excavation with distance from 
the centreline, for various time instances for scenarios D and W, for grass 
and shrubs cover. The sub-accumulated vertical displacement prior to 
climate projection is also shown for comparison. In March 2040 (Fig. 17

(a)) larger swelling was predicted for scenario W, although the annual 
cumulative net inflow rates for scenario D were larger (Fig. 9(a)). The 
difference in vertical displacements can be attributed to the accumula
tion of swelling and/or lack of shrinkage in scenario W in previous 
months and years. In contrast, in August 2040 (Fig. 17 (b)), the 

Fig. 12. Cumulative net inflow/outflow rate for the last 30, 10, 5, and 2 days as 
well as the last day for both grass and shrub vs trees for the driest scenario D in 
March 2040.

Fig. 13. (a) Contours of suction for grass and shrub and (b) for tree for driest scenario D in March 2040.

Fig. 14. (a) Annual cumulative net inflow/outflow, and (b) FoS variation with time for climate scenario W for two different vegetation covers.

Fig. 15. Cumulative net inflow/outflow rate for the last 30, 10, 5, and 2 days as 
well as the last day for both grass and shrub vs trees of the wettest scenario W 
for August 2025.
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displacements for the two analyses were very similar, despite the dif
ferences in annual cumulative flow rates. This was probably coinci
dental, with scenario D having produced just enough swelling in relation 
to March 2040 (due to the particularly wet spring and summer) to catch 
up with scenario W.

Comparing the sub-accumulated vertical displacements predicted for 
scenario D for grass and shrubs, and for tree covers in March 2040 
(Fig. 18), when the annual net inflow/outflow rates were similar in the 

two analyses (Fig. 12 (a)), swelling was larger for trees. This is in 
agreement with the overall larger net inflow in the last 10, 5 and 2 days 
as discussed earlier (Fig. 13).

When considering the wettest scenario (W), the tree cover yielded 
consistently larger swelling than the grass and shrubs cover in August of 
years 2025 and 2035 (Fig. 19), in agreement with their annual cumu
lative values (Fig. 14 (a)). From the displacements for August 2025 in 
particular, for which contours of suction have been presented in Fig. 15

Fig. 16. Contours of suction for the wettest scenario W for (a) grass and shrub and (b) tree vegetation cover in August 2025.

Fig. 17. Vertical displacement at the bottom of the excavation against distance from the excavation center line for climate scenarios D vs W and for grass and shrub 
vegetation cover and the beginning of the climate projection analysis in, (a) March 2040 and (b) August 2040.
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to be very similar for the two analyses, it can be deduced that magni
tudes of suction cannot be correlated to soil swelling/shrinkage. As 
volumetric changes result from changes in stress or suction, snapshots of 

suction contours can provide no information regarding displacements, 
although they can be related to FoS values.

Fig. 18. Vertical displacement at the bottom of the excavation against distance from the excavation center line for climate scenarios D for grass and shrub vs tree and 
the beginning of the climate projection analysis in March 2040.

Fig. 19. Vertical displacement at the bottom of the excavation against distance from the excavation center line for climate scenarios W for grass and shrub vs tree and 
the beginning of the climate projection analysis in (a) August 2025 and (b) August 2035.
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3.3. Discussion

The results discussed above support the argument that the applied 
boundary conditions on their own are not capable of giving an accurate 
description of the likely mechanical response of the slope. Water inflow 
is limited by the hydraulic soil properties, permeability and water 
retention, and water extraction is limited by the availability of ground 
water, meaning that antecedent conditions play a major role on the 
impact that the applied boundary conditions have on the calculated FoS. 
It was not possible to identify any clear evidence of potential correla
tions between the applied boundary conditions and FoS. Different 
annual cumulative rates produced similar FoS values in same cases and 
dissimilar in other. Equally, similar annual cumulative rates produced 
different FoS values in certain cases. In some of these cases, the cumu
lative net inflow/outflow for the days prior to the FoS calculation could 
justify the computed FoS, in others not. Where the applied boundary 
conditions on their own failed to explain the results, suction contours, as 
expected, did provide adequate justification, as there is a direct link 
between the value of suction and operational strength in the constitutive 
model.

There were instances where net inflow/outflow rates accumulating 
over the days and months prior to the calculation of FoS, rather than the 
annual cumulative rates, could help explain the values of FoS. None
theless, it was not possible to identify clear evidence of correlations 
between the last 30,10,5, and 2 days cumulative and last day’s net 
inflow/outflow and FoS.

The mechanical reinforcement of the roots was neglected in the 
analysis to isolate the hydraulic reinforcement. The analysis results 
indicated that grass and shrubs provide adequate and arguably better 
hydraulic reinforcement than trees. This was justified by the balance 
between precipitation, leaf interception, actual evaporation from leaves 
and actual transpiration for the two different vegetation cover. Again, 
intuitively, it may be expected that trees would provide better hydraulic 
reinforcement, but this expectation was not corroborated here. Although 
trees have deeper roots than the grass and shrub cover, there was not 
much difference in their actual transpiration rates. Furthermore, actual 
transpiration was combined with inflow to calculate the net rates that 
were applied as a surface boundary condition in the analysis. This is a 
limitation that needs to be addressed in future research, as where the 
water is extracted from is of significance.

FoS values remained healthy for this well-designed slope under the 
combined effect of excess tensile pwp dissipation and soil-atmosphere 
interaction, and under the examined climate projections. There was 
some incentive in using grass and shrubs in the driest scenario and 
benefits from grass and shrubs could still be observed in the wettest 
scenario.

Finally, it was not possible to identify evidence of correlations be
tween the applied boundary conditions and the volumetric behaviour of 
the slope. For example, cases were discussed where similar net inflow/ 
outflow rates led to dissimilar vertical displacements at the bottom of 
the slope, even when suction contours were very similar. Although 
water inflow may be limited by the hydraulic soil properties, swelling 
may have already accumulated in previous days and months. The 
applied boundary conditions indirectly trigger volumetric soil changes 
by inducing suction changes. Although suction changes can be clearly 
correlated to volume changes through the mechanical soil properties 
(bulk stiffness and soil compressibility), indirect links between applied 
boundary conditions and volume changes are probably too complex and 
dependent on far too many factors to be readily identifiable. The ana
lyses results indicated that serviceability of the examined slope under 
the examined conditions is unlikely to either deteriorate or improve 
drastically.

It should be noted that these observations were made based on a 
statistically small sample, and it is possible that in the future use of 
recently advanced tools, such as machine learning, to consider larger 
data samples, may elucidate interactions and links that are not otherwise 

easily identifiable.

4. Summary and conclusions

This paper discusses the numerical study of the impact of soil-plant- 
atmosphere interaction, climate change, and vegetation cover on the 
behaviour of a cut slope located in Newbury, UK, for which measure
ments of PWP variation with depth were available. Despite employing a 
specific slope to validate the numerical model, the observations made, 
and conclusions drawn transcend the specific case study and can provide 
useful insights into the stability and serviceability of similar clay slopes 
in the UK and in places around the world with similar climatic 
conditions.

The hydrological processes were calculated using the ecohydro
logical model T&C which accounts for the effect of climate and vege
tation cover in a realistic manner at the surface of the soil and with 
depth. T&C output was translated into appropriate boundary conditions 
to a geotechnical analysis conducted with PLAXIS. Distribution of PWPs 
against depth at various time instances was compared with available 
field measurements over a period of six years, validating the model and 
the applied methodology.

Two different climate projection scenarios, accounting for the 
wettest and driest futures, were analysed and two different vegetation 
covers were considered, grass and shrub, and trees, resulting in four 
additional geotechnical analyses. Despite an annual variation of FoS and 
differences between the four analyses, FoS values adequately large for 
slope stability were systematically computed. The swelling at the bottom 
of the excavation at selected time instances primarily at the end of dry 
periods indicated no dramatic changes in serviceability.

Although climatic data are the driving force behind seasonal and 
annual changes in the stability and serviceability of the slope, it was not 
possible to correlate them directly to FoS and to displacement trends. 
Despite their undeniable importance and usefulness, they are unlikely to 
be sufficient on their own to explain and predict slope stability. 
Although snapshots of suction helped explain the stability of the slope, 
changes in suction would be needed to explain its serviceability. 
Therefore, monitoring of suctions and suction changes, as well as of 
displacements, cannot and should not be replaced by monitoring of 
climatic conditions alone. This important conclusion can only be drawn 
with confidence thanks to the advanced ecohydrological modelling of 
the vegetation cover, which resulted in reliable climatic conditions used 
in the geotechnical analysis.
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