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Abstract. The behaviour of expansive clay soils is highly influenced by climatic variations that govern the
hydric exchanges between the atmosphere and the ground surface. These fluctuations cause changes in soil
suction, leading to significant volumetric variations in expansive soils and resulting in differential
settlements of lightweight structures, which can induce structural damage. Despite the critical role of these
hydroclimatic processes, few models are able to describe the evolution of soil suction under realistic
boundary conditions. In this study, a two-dimensional diffusion model is proposed to simulate the temporal
and spatial evolution of suction beneath a structure, considered as impermeable, under the influence of
climatic fluctuations and over selected time steps. The model is based on the numerical solution of the
diffusion equation in unsaturated porous medium, formulated in terms of suction. The boundary conditions
incorporate a surface water balance accounting for infiltration and evaporation, using meteorological data
from the Météo-France SIM2 model. Hydraulic soil parameters, such as unsaturated permeability and water
retention curve expressing suction as a function of water content, are defined from empirical relationships
reported in the literature. The model is applied to a clay soil whose parameters are derived from the Chaingy
experimental site (France) using daily climatic data for the year 2025. The simulations highlight a strong
seasonal variability of suction concentrated within the upper soil layers, while the presence of an
impermeable surface zone representing the structure significantly attenuates suction fluctuations beneath the

foundation and induces marked horizontal gradients during dry periods.

1 Introduction

France, like many other countries, is highly exposed to the
phenomenon of shrinking and swelling of clay soils. The
national hazard mapping, updated in January 2026,
estimates that 55% of metropolitan territory is subject to
medium to high hazard levels, corresponding to nearly
12.1 million individual houses [1].

Drought-related damage has significantly increased
since 2017. While it accounted for only 25-35% of total
insurance compensations over the 2010-2016 period, it
has reached an annual average of 56% since 2017,
according to the report published by the Caisse Centrale
de Réassurance, the French state-owned reinsurance
company [2]. Over the same periods, the average annual
cost of drought-induced damage increased from €300
million to €1.1 billion. CCR projections indicate a
continued rise in such damage by 2050 [3].

These damages result from hydric variations affecting
expansive clay soils. Drought episodes induce an increase
in soil suction, leading to volumetric shrinkage that may
generate differential settlements beneath shallow
foundations. Therefore, a proper understanding of these
mechanisms relies on the ability to describe the spatio-
temporal evolution of hydric variations within the soil as
a function of climatic conditions.
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The evolution of the hydric state of near-surface
unsaturated soils depends on exchanges at the soil—
atmosphere interface, which constitutes a dynamic
boundary subjected to alternating fluxes induced by
precipitation and evapotranspiration [4]. Several studies
have shown that, in fine-grained soils, suction distribution
is mainly governed by environmental conditions
(infiltration and evapotranspiration) as well as by the
hydraulic properties of the material [5—8]. Estimating the
hydric regime requires the combined consideration of
these parameters.

The modelling of these hydric transfers is mainly
based on three types of approaches, depending on the
considered state variable:

e Water content—based approaches: although volumetric
variations in fine-grained soils are generally
associated with suction changes in the literature, some
authors consider that analysing variations in water
content may be sufficient to predict hydric evolution,
particularly due to the relative ease of measuring this
variable compared to matric suction [7]. Among these
approaches, the works of Briaud et al. [9] and the
numerical simulations proposed by Overton et al. [10]
can be mentioned.
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e Suction-based formulations: suction is considered a
more relevant variable than water content for
representing the hydric state of an unsaturated soil
[11]. The diffusion model proposed by Mitchell [12]
is one of the most widely used formulations for
expansive soils; it has been applied in several recent
studies[13—16]. Other developments may also be
mentioned, such as the model proposed by Adem and
Vanapalli [17].

e Saturated—unsaturated flow analyses (Richards’
equation): these models describe transient water flow
by incorporating suction-dependent hydraulic
conductivity and storage functions [18, 19]. Empirical
or semi-empirical formulations were initially
proposed to represent infiltration [20, 21] cited in [7].
Extended formulations based on partial differential
equations were later developed to model transient flow
in unsaturated media [22-26]. The main variables in
these models are negative pore-water pressure or
hydraulic head.

Although these approaches allow the representation of
hydric regime evolution in unsaturated soils, their
application to expansive clay soils raises several
difficulties. On one hand, hydraulic properties (hydraulic
conductivity function and storage function) strongly
depend on suction and evolve under the effect of hydric
cycles. On the other hand, the realistic definition of
boundary conditions at the soil-atmosphere interface
constitutes a critical issue, particularly when transient
climatic data are introduced.

The present study considers saturated—unsaturated
flow modelling. The model is formulated in terms of
negative pore-water pressure and relies on the transient
solution of the governing equation for flow in unsaturated
porous media. The surface boundary conditions are
defined as a time-varying water flux obtained from a
climatic balance based on meteorological data from the
SIM-2 model developed by Météo-France [27, 28].

The aim of this study is to estimate the spatio-temporal
evolution of the negative pore-water pressure in
expansive clay soil subjected to realistic climatic
fluctuations, considering the presence of a shallow
structure modelled as an impermeable zone.

2 Model formulation

This section presents the modelling framework used to
simulate the transient evolution of moisture conditions in
unsaturated soil under climatic action. The problem is
formulated in terms of pore-water pressure U, (x,y,t)
(Pa), with matric suction defined as:

s(,y,t) = = U, (x,y,t),s =0 @Y

since the analysed soil layer is located above the
groundwater table and therefore remains in an unsaturated
state throughout the simulation.

A two-dimensional domain (x,y) is considered. The
upper boundary represents the soil-atmosphere interface
and is subjected to hydric variation, while a shallow
impermeable zone is introduced to represent the structure.

The geometry of the computational domain and the
boundary conditions used in the simulations are illustrated
in Fig. 1.
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Fig. 1. Geometry of the two-dimensional domain and boundary
conditions used in the simulations

2.1 Diffusion model

The governing equation relies on a simplified
representation of unsaturated flow, in which the soil is
assumed isotropic, gravitational effects are neglected, and
air pressure is assumed to dissipate instantaneously.
The transient evolution of pore-water pressure in two
dimensions is given by:
W, _ 9 ( ke (5) (%)) L2 ( ki (5) (%D ®
ot 0Ox\pygmy(s)\ ox 9y \pwgmy(s)\ dy
where k,, is the hydraulic conductivity, my the water
storage coefficient (variation of volumetric water content
with suction), U,, the pore-water pressure, x and y are the
spatial coordinates of the two-dimensional domain p,, the
water density, and g the gravitational acceleration.
The soil-water retention curve (SWRC) is described
using the Fredlund and Xing [29] formulation:
0(s) = % 3)
[in(e+(@)) ]
The parameters a, n and m are estimated following
the procedure proposed by Zapata [6], based on the
percentage passing the No. 200 sieve and the plasticity

index.
The storage term is obtained as:

y6) = -3 Y
my(s) = a5 (
The unsaturated hydraulic conductivity is derived
from the SWRC through numerical integration following
Fredlund and Xing approach, based on the Childs and
Collis-George approach [30]. Since the in-situ suction
values do not exceed residual suction, the correction
factor is set equal to one.
The conductivity is expressed as:

ky(s) = ksqr ki (s) ®)
with:
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where S, is the residual suction, s.,, the air-entry
suction, y the integration variable representing suction, 6’
the derivative of the retention function with respect to
suction (Eq. 3), and 8, the volumetric water content at
saturation.

A lower bound of 107'* m/s is imposed for hydraulic
conductivity, corresponding to vapour permeability [31].

The governing equation is nonlinear because both
conductivity and storage depend on suction, which
depends on the unknown pore-water pressure field. To
limit computational cost, hydraulic coefficients are
updated using suction values from the previous time step,
resulting in a linearised problem at each increment. Given
the daily time step adopted here, this approximation is
considered acceptable.
The problem is solved using a finite difference scheme.

2.2 Boundary and climatic conditions

The computational domain consists of a rectangular grid
of size (Ny, Ny,), and the solution is updated at each time
step At.

2.2.1 Lateral and bottom boundary conditions

The lateral boundaries are assumed sufficiently distant so
that horizontal moisture exchanges are negligible. A zero-
flux (Neumann) condition is imposed, as following:

Left boundary:

U,(x=0,yt)= U,(x =dx,y,t) @)
Right boundary:
U,(x=L,,y,t) = U,(x =L, —dx,y,t) (8)

where L, is the horizontal length of the domain and dx
the spatial discretisation step.

The bottom boundary is also assumed impermeable,
leading to:

Uw(x,y = Ly,t) = Uw(x,Ly —dy, t) ©))

where L,, is the depth of the domain and dy the vertical
discretisation step.

2.2.2 Upper boundary condition

The upper boundary represents the soil-atmosphere
interface. The foundation is modelled as a central
impermeable strip along the ground surface. A zero-flux
Neumann condition is therefore imposed in this zone:

U, (x € foundation,y = 0,t) (10)
= U, (x € foundation,y = dy,t)

Outside the foundation, the bare soil surface is
subjected to a vertical water flux calculated from the
surface water balance equation. The boundary condition
is expressed as:

dUuw
_kw(s) W = pPw8 Q(t) (11)

where q(t) is the daily flux, taken as positive for
infiltration.

2.2.3 Daily flux

The daily flux q(t) imposed at the soil-atmosphere
interface is derived from the SIM2 climatic model
developed by Météo-France [27, 28]. It is computed from
the surface water balance, which accounts for
precipitation, actual evapotranspiration, and surface
runoff.

qsim2(t) = P — AE — R (12)

where P is the precipitation (rainfall and snowmelt), AE
actual evapotranspiration, R surface runoff, and qg, (t)
the resulting surface flux expressed in mm/day.

Soil permeability controls the effective infiltration and
exfiltration capacity at the soil-atmosphere interface.
When the imposed atmospheric flux exceeds the
hydraulic capacity of the soil, the effective flux is limited
by the hydraulic conductivity evaluated at the previous
time step.

In such cases, surface ponding is considered: the
excess water that cannot infiltrate is temporarily stored at
the ground surface and carried over to the next time step.
The surface water balance is then updated at each time
increment to account for the accumulated volume.

2.3 SIM2 climatic model

The climatic data used in this study are obtained from the
SIM2 hydrometeorological system, which couples the
SAFRAN, ISBA, and MODCOU models [27, 28]. The
system operates on a regular grid of approximately 8 km
x 8 km covering metropolitan France. Time series are
available from 1958 till now, with daily, 10-day, and
monthly outputs.

The SAFRAN module performs a meteorological
analysis by combining ground-based observations
(notably weather stations) with outputs from numerical
weather prediction models. This approach enables the
spatial reconstruction of atmospheric variables required
for surface water and energy balances, including liquid
and solid precipitation, air temperature and humidity,
wind speed, and shortwave and longwave radiation.

The ISBA land surface model [32, 33] uses this
atmospheric forcing to simulate water and energy
exchanges at the soil-vegetation—atmosphere interface.
Based on precipitation, radiation, and air thermodynamic
conditions, it estimates actual evapotranspiration, surface
runoff, drainage and the evolution of soil water storage.
Surface characteristics (land cover and vegetation
parameters) are derived from the ECOCLIMAP database
[34], while soil hydraulic properties are assigned using the
Harmonized World Soil Database [35].

The MODCOU module [36] uses the fluxes simulated
by ISBA to model surface and subsurface flows at the
watershed scale. This component is not directly used in
the present study.
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In our work, daily variables from the SAFRAN-ISBA
chain are used. The grid cell corresponding to the study
site is sclected based on its geographical coordinates
(Lambert II extended projection), retaining the nearest
grid point to the site location.

3 Application

The model is applied to an expansive clay whose
hydromechanical properties correspond to those of the
experimental site instrumented by BRGM in the city of
Chaingy (Loiret, France) [37].

3.1 Climatic data

The selected SIM2 data correspond to the data of the
nearest node to the experimental site, located at an
approximate horizontal distance of 1.9 km. In the Lambert
II extended projection, its coordinates are: LAMBX =
5578.8 hm and LAMBY =23207.2 hm.

Climatic data are extracted over the period from 1st
January to 31% December 2025, with a daily time step.

Fig. 2 shows the daily surface flux over the year 2025.
Values range from +20 mm/day (intense rainfall events)
to —43 mm/day (periods dominated by
evapotranspiration). The annual mean flux is 0.3 mm/day,
with a standard deviation of 3.7 mm/day.
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Fig. 2. Daily surface water flux derived from the SIM2 model in
Chaingy over 2025.

Fig. 3 presents the cumulative surface flux over the
same period. Three main phases can be identified: a
recharge phase from January to March, followed by a
progressive moisture deficit from April to August, and a
renewed recharge phase beginning in September. This
seasonal pattern governs the suction gradient simulated
within the soil profile.

120

s
1<)
5]

80
60
40
20
0
-20

-40
01/2025  02/2025  04/2025  05/2025  07/2025  09/2025 10/2025 12/2025
Time

Cumulative Flux (mm/day)

Fig. 3. Cumulative surface water flux in Chaingy over 2025.

3.2 Model geometry and parameters

The domain is modelled as a two-dimensional vertical
cross-section. It extends 20 m horizontally and 6 m in
depth. Below this layer, investigations indicate the
presence of a limestone formation that is considered
insensitive to seasonal moisture variations.

The structure is represented by a central impermeable
strip 10 m wide at the ground surface. The domain is
discretised using 300 nodes in the horizontal direction and
30 nodes in the vertical direction. A daily time step is
adopted.

Table 1. Geometrical characteristics and discretisation

parameters.
Parameter Symbol Value Unit
Domain horizontal length L, 20 m
Domain depth L, 6 m
Structure length Lgtruct 10 m
Number of horizontal N, 300 _
nodes
Number of vertical nodes N, 30 -
Time step At 1 day

3.3 Soil properties and initial conditions

The soil corresponds to a clay or marly clay classified as
A3s according to the French GTR classification system.
Based on the geotechnical criteria used for national
shrink—swell hazard mapping, this material is considered
highly susceptible to shrink—swell behaviour [37].

The saturated hydraulic conductivity is set at 1078 m/s,
corresponding to a maximum infiltration capacity of
approximately 0.9 mm/day.

Table 2. Soil properties used in the simulations

Parameter Symbol Value Unit
Dry unit weight Ya 17.5 kPa
Unit weight of solids Ys 25.5 kPa
Liquid limit LL 55 %
Plasticity index PI 33 %
i::;cent passing 75 Pysum 437 o
Air-entry suction Saev 120 kPa
Initial suction So 100 kPa
Fitting parameter a 92.0 -
Fitting parameter n 0.68 -

Fitting parameter m 1.12 -
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The initial condition is taken as a uniform suction field
of 100 kPa throughout the entire domain, corresponding
to a moist initial state, as the simulation starts in January
following a preceding wet period.

The soil-water retention curve wused in the
simulations, obtained from the Fredlund and Xing
formulation with the parameters listed in Table 2, is
shown in Fig. 4.
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Fig. 4. Soil-water retention curve (SWRC) used in the
simulations.

4 Results and discussion

The model calculates the spatio-temporal evolution of the
suction field within the soil mass over the entire year
2025, with the volume of water temporarily stored at the
surface when infiltration capacity is exceeded (ponding).

The analysis focuses on the extreme hydric states
identified during the analysis.

4.1 Spatial variation of soil suction

Three representative dates were selected to characterise
the most critical hydric conditions, as shown in Fig. 5:

e 27 February 2025: maximum ponding event, with 58
mm of water accumulated at the uncovered ground
surface.

e 15 August 2025: maximum suction reached within
the domain, with a surface value of 760 kPa (Fig. 3.).

e 31 December 2025: minimum suction observed
during the year, with a maximum value in the soil of
approximately 45 kPa. This date coincides with the
maximum annual cumulative flux and a ponding
volume of 39.9 mm (Fig. 3).

4.1.1 Maximum ponding — 27 February 2025

The 27 February event corresponds to the most significant
surface ponding observed during the year, with an
accumulation of 58 mm. This reflects a temporary
exceedance of the soil infiltration capacity.

4.1.2 Dry state — 15 August 2025

On 15 August, the soil exhibits a pronounced drying state
at the uncovered surface. Suction reaches 760 kPa at the
bare ground surface, indicating a strong moisture deficit.

Beneath the structure, the absence of direct
atmospheric forcing limits the increase in suction. A

marked horizontal gradient develops near the edges of the
foundation, with a difference of approximately 330 kPa
between the centre and the edges. However, this drying
effect is mainly confined to the first 0.6—0.7 m beneath the
surface, while the soil remains less affected by seasonal
variations at greater depth.
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Fig. 5. Spatial distribution of suction for the three representative
hydric states in 2025.

4.1.3 Wet state — 31 December 2025

At the end of the year, the soil profile is significantly
rehumidified. The maximum suction within the domain is
on the order of 45 kPa, indicating conditions close to
saturation.

The results also show that dry zones may persist at
depth for several weeks following intense rainfall events.
For example, during the 26 June 2025 episode, despite
surface ponding, only a thin superficial layer exhibits a
significant suction reduction, while the underlying soil
mass remains desiccated (Fig. 6).

Suction at day 177 — 2025-06-26

lponding = 5.5 mm

0.0 2.5 5.0 75 100 125 150 175 200
x (m)
Fig. 6. Limited downward propagation of the wetting front
during the 26 June 2025 event.
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4.2 Annual suction envelopes for 2025

Annual suction envelopes, defined as the minimum and
maximum values reached at each depth over the year
2025, are presented in Fig. 7 for two locations: beneath
the centre of the foundation and at a bare soil surface away
from the structure. The corresponding annual mean
suction profiles are also shown.

Annual suction envelopes - 2025

| )

Depth {m)
w
|

Bare soil - min-max envelope
= Bare soil - mean

Under foundation (center)
- min-max Envelope

Under foundation (center)
- mean

6 T

10! 10° 10°
Suction (kPa)

Fig. 7. Annual suction envelopes (minimum, maximum, and

mean profiles) beneath the foundation and at the bare surface for

2025.

At the bare surface location, the minimum annual
suction values indicate that the soil reaches saturated
conditions over the first meter of depth, while minimum
suction remains close to 50 kPa below this depth. In
contrast, the maximum envelope shows that the largest
seasonal fluctuations are concentrated within the upper
0.6 m, where suction ranges from 0 to 760 kPa. Annual
variations remain moderate over the next 2 m, generally
within the range of 0-250 kPa, and become minor at
greater depths, where suction stabilises between
approximately 50 and 110 kPa.

Beneath the centre of the foundation, the annual
amplitudes are significantly reduced and more uniform
over the full depth of the clay layer. Suction varies
approximately between 60 and 100 kPa throughout the
year, reflecting a buffering effect associated with the
absence of direct surface flux.

The computed annual mean suction is 79 kPa beneath
the foundation and 82 kPa in the uncovered zone. Despite
strongly different seasonal amplitudes, the mean values
remain close.

4.3 Discussion

The results highlight a pronounced attenuation of suction
variations beneath the structure compared to exposed
areas. However, the reduced amplitude observed under
the foundation is directly influenced by the modelling
assumptions, particularly the prescribed initial suction. In
addition, the present configuration represents a simplified

theoretical case in which the foundation is located directly
at the ground surface. In practice, shallow foundations are
generally embedded below the ground level, which would
modify the distribution of suction.

In a one-year transient simulation, the initial hydric
state may significantly affect the computed annual mean
suction beneath the structure. Extending the analysis over
a longer period, or adopting an initial condition obtained
from a multi-year preliminary simulation, would reduce
this dependency and provide a more representative long-
term response.

The treatment of ponding also represents a sensitive
aspect of the model. The maximum simulated
accumulation (58 mm), under a unit hydraulic gradient
and with the adopted permeability value, corresponds to a
theoretical infiltration time exceeding 60 days. This
mechanism may artificially prolong recharge phases in
the simulation. A lower hydraulic conductivity would
further amplify this effect by increasing the volume of
water temporarily stored at the surface and slowing the
downward propagation of the wetting front.

Finally, the assumption of a homogeneous soil profile
constitutes a simplification. Field observations indicate
the presence of distinct clayey facies, which may
introduce contrasts in hydraulic conductivity and modify
the vertical propagation of moisture variations.

5 Conclusion

This study presents a two-dimensional numerical model
for simulating the spatio-temporal evolution of suction in
expansive clay subjected to realistic climatic conditions.
The application to the clay soil considered in this study
shows that seasonal variations are mainly confined to the
upper 0.6 m of the soil profile. The presence of a surface
impermeable zone representing the structure induces a
significant buffering effect beneath the foundation and
generates pronounced horizontal suction gradients during
dry periods.

The results emphasise the key role of soil hydraulic
properties in controlling rehumidification dynamics and
the amplitude of seasonal suction fluctuations. They also
confirm the necessity of explicitly representing
atmospheric boundary conditions in order to capture both
desiccation and recharge mechanisms.

Several developments could further enhance the
realism of the model:

e introducing a stratified soil profile including
topsoil and underlying marly horizons to extend
the analysis beyond the active depth;

e accounting for hydraulic anisotropy and localised
non-uniform forcing (e.g. vegetation effects or
accidental water inputs);

e performing a parametric analysis to investigate the
influence of key parameters such as foundation
width and saturated hydraulic conductivity on
suction distribution;

e comparing the simulations with in-situ water
content measurements, potentially combined with
an inverse identification procedure for hydraulic
parameters.
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These perspectives contribute to the development of
an integrated soil-atmosphere—structure framework
capable of quantifying the impact of climatic fluctuations
on structures founded on shrink—swell susceptible clay
soils.
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