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1 INTRODUCTION 

Changes in the climatic conditions during past years 
have significantly affected different areas of the 
world by intense drought and humidification cycles. 
One of the main losses of this kind of hazards con-
cerns the movements of the supporting soil of indi-
vidual residential buildings resulting in structural 
damages (cracks on walls, settlement of slabs, differ-
ential settlement of foundations and etc.). This kind 
of constructions are easily damaged and affected by 
changes in climatic conditions due to the changes in 
the physical and mechanical properties of their sup-
porting soil. Clayey soils are mainly sensitive to 
drought humidification cycles resulting in shrinkage 
and swelling and consequently in the movements of 
the upper structure. In France, these losses are now in 
the second range of all natural disasters after the 
floods and has costed around 5 billion euros between 
1988 and 2007 (Vincent et al. 2009). This highlights 
the importance of the environmental factors in de-
signing constructions and also the need of simple sim-
ulation tools in engineering practice. Many authors 
have investigated the impact of environmental and 
climatic conditions on the soils coupled behavior each 
by different methods. Hemmati et al. (2012) investi-
gated the coupled soil-atmosphere-vegetation interac-
tion in a framework of coupled THM behavior of 

soils. Cui et al. (2013) studied the soil-atmosphere in-
teraction in an environmental chamber and applied a 
coupled THM numerical process to an experimental 
site. Fernandes et al. (2015) studied the in-situ shrink-
age and swelling behavior of clayey soils by field 
monitoring in wetting-drying cycles over time. Adem 
and Vanapali (2015) studied the effect of environ-
mental factors on the soil movements by proposing an 
elastic modulus based model for unsaturated soils. 
The soil movements were calculated by relating the 
results of the VADOSE/W (Geo-Slope, 2007) finite 
element software (precisely the soil suction) to the 
proposed approach. Vu and Fredlund (2004) extended 
the general consolidation theory of unsaturated soils 
and proposed a method for the prediction of soil 
heave over time. Zhang and Briaud (2015) simulated 
a 3D residential building on clayey soil subjected to 
climatic conditions. Wray et al. (2005) developed a 
computer program named SUCH to predict the soil 
surface movements, particularly under covered sur-
faces (Wray, 1997). Overton et al. (2006) proposed an 
approach for predicting the free field heave of expan-
sive soils over time using the VADOSE/W (Geo-
Slope, 2007) finite element software. The free field 
heave in this approach was predicted by using the re-
sults of flow simulation from the software and the oe-
dometer method.  

Although these methods and studies are all vali-
dated and give good agreement with measurements 
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ABSTRACT: Expansive clays are potentially affected by climatic conditions especially through soil-atmos-
phere interactions. During cyclic periods of drought and hydration, clayey soils can change in volume due to a 
change in water content, suction and the evapotranspiration rate. One of the major problems in Geotechnical 
Engineering concerns individual buildings built on expansive clayey soils being exposed to this kind of inter-
actions. The aim of this paper is to analyze the potential of in situ displacements induced by climatic conditions 
in the vicinity of an individual building by using numerical approaches. The interaction between the soil and 
the atmosphere is analyzed primarily in the framework of a coupled hydro-thermal simulation for unsaturated 
soils in the Hydrus 2D FE software package. Furthermore, a finite difference approach was proposed to calcu-
late potential displacements by relating the void ratio to the soil suction obtained from the Hydrus 2D results. 
The obtained results were compared to the Roaillan experimental site, monitored since 2011. The suction, water 
content, soil temperature, and especially soil movements with time are deduced near the damaged building by 
the numerical analysis and correspond well with the monitored field results. 



but most of them are sophisticated and complicated to 
be used in Engineering practice. This gave rise to the 
development of simple approaches by using powerful 
software. The aim of this study is to propose a simu-
lation approach to estimate the free in situ soil move-
ment over time induced by climatic conditions. For 
this purpose, the Hydrus 2D finite element software 
was used. Hydrus is capable of modeling coupled or 
uncoupled unsaturated flow, heat transport, root wa-
ter uptake and solute transport. A coupled hydro-ther-
mal simulation of the Roaillan experimental site was 
carried out in Hydrus 2D and the results were used to 
predict the free in situ soil movements by proposing 
a simulation approach. 

2 METHODOLOGY  

In this section, the hydro-mechanical approach is de-
scribed primarily. It is considered that the soil volume 
change behaviour is related to the soil suction. Wet-
ting and drying cycles affect the soil suction state and 
consequently the soil void ratio. Experimental studies 
carried out by Nowamooz et al. (2013) suggest that 
the volume change behaviour in wetting drying cycles 
depends on the initial state of the soil. A loose soil 
will tend to decrease the void ratio after drying and 
increases void ratio after a wetting period. However, 
a denser soil will do the opposite. Figure 1 shows the 
concept of the approach, where 𝑘𝑠 is the slope of the 
elastic domain (over consolidated) and is the same as 
the humidification or wetting path. 𝜆𝑠 is the slope 
representing the plastic domain (Normally consoli-
dated) and is the same as the drying path for a loose 
soil. The role of the slopes is inversed when the soil 
is denser with smaller void ratio.  

By writing down the differential equations for 
Darcy’s law and for the mechanical equilibrium, the 
finite difference scheme of the hydro mechanical pro-
cess can be written based on the soil suction as below:  
 

 
 

Figure 1. General concept of the approach 

𝑆(𝑖,𝑗+1)  =  𝑆(𝑖,𝑗) +𝑆(𝑖+1,𝑗)−2 𝑆(𝑖,𝑗)+𝑆(𝑖−1,𝑗)𝑑𝑧2  𝑑𝑡 (−𝑘𝑟(𝑖,𝑗)∗𝑘/𝜇)𝑝ℎ𝑟1(𝑖,𝑗)+𝑝ℎ𝑟2(𝑖,𝑗)        (1)       

 

where i is the changes in space and j is the changes in 
time. S is the soil suction, k is the permeability and 𝜇 
is the fluid velocity. kr is to calculate the unsaturated 
permeability. phr1 depends on the void ratio and the 
slopes 𝜆𝑠 or 𝑘𝑠 depending on the wetting or drying 
cycle. phr2 depends only on the void ratio. As the 
changes in suction are related to the changes in the 
void ratio and consequently to the changes in dis-
placements, the free in situ soil movement could be 
calculated. In order to proceed, the Hydrus 2D FE 
package is used to establish a hydro-thermal simula-
tion in order to calculate the soil suction at surface 
and depth versus time. The unsaturated soil hydraulic 
and thermal parameters are assigned and then the at-
mospheric and climatic boundary conditions are ap-
plied to the model geometry. Once the surface suction 
variations with time is determined in Hydrus and val-
idated by measurements, it can be applied to the finite 
difference method and allows the calculation of the 
variation of the void ratio and consequently the soil 
movement in a 1D profile or at any point versus time. 
Since the method is proposed for free in situ move-
ment, the vertical stress is not considered directly in 
this process but instead, the initial void ratio repre-
sents the density of the soil.    

3 FIELD APPLICATION  

The proposed methodology has been applied to an ex-
perimental site in the Roaillan region in south west of 
France. The site mainly consists of a residential build-
ing that was damaged by climatic and environmental 
factors. The presence of tall trees near some parts of 
the building have caused differential settlements and 
consequently large cracks on either outside or inside 
the building. It is generally concluded that the pres-
ence of trees and climatic changes are the main reason 
of these losses. In order to monitor the physical 
changes into the soil and the displacement in the soil 
and on the cracks, an instrumentation program was 
proposed. Many sensors were installed near the build-
ing and near the trees in order to investigate the 
changes into the soil. The monitoring program began 
in September 2011 by installing water content probes 
and tension TDR probes at two different parts of the 
building in different depth. An extensometer (Settle-
ment gauge) was installed in 2014 near the building 
and in just one side of the building. In this specific 
side the tree is at least 5 to 6 m away from the build-
ing. The general 2D representation of this part of the 
building is presented in Figure 2. The figure repre-
sents the modeled area that does not take into account 
the root water uptake. The goal is also to show that 
the climatic parameters can affect the top layer soil 



near the building causing movements near the sur-
face. However, the damages observed on the other 
side of the building could be caused by the presence 
of trees and in that case the root water uptake should 
also be modeled. (Not considered in this paper) 

 

Figure 2. Schematic representation of the field and the modeled 

area. 
 

The geological formation of the field is also pre-
sented in figure 2. Laboratory investigations on sam-
ples (13 samples) collected from 0.4 to 7 m depth 
showed that almost all these soils are characterized as 
fine-grained soils. More than 90% of the total weight 
of the material for ten samples, represents particles 
sizes lower than 80µm. Particles with diameters lower 
than 2µm represents almost 50 to 80% for clayey soil 
layers from 1 to 7 m depth. Identification test on these 
samples showed that 4 of them were very plastic with 
a plasticity index greater than 40 and 7 of them were 
plastic with plasticity index ranging from 25 to 40. In 
order to model the geological formations in Hydrus, 
the SWRC curve of these different layers are needed 
in the calculation process. Three samples were col-
lected from the depth of 1.8 m, 2.3 m and 4.3 m near 
the building and their retention capacities were tested. 
The van Genuchten (1980) model was used to fit a 
suitable retention curve to these sets of data. Addi-
tionally, another retention curve was supposed for the 
top layer (first 1.5 m) based on the field measure-
ments and the soil type. This retention curve’s param-
eters were suggested by Hydrus. Figure 3 shows all 
these 4 SWRCs and the van Genuchten parameters at 
different depth. Not all the sensors are presented here, 
we show only the ones with better measurements re-
sults. Most of the tension TDR probes near the build-
ing didn’t perform well and were crushed only a 
month after the monitoring program.  

Figure 3. SWRC curve for 4 different soils at different depth. 
 
Once the soil parameters are assigned in Hydrus, 

climatic and atmospheric boundary conditions should 
be applied to the soil surface. In order to do this, cli-
matic data such as, air temperature, relative humidity, 
rainfall, wind speed and global solar radiation were 
used for a period from September 2011 until Septem-
ber 2017 (Figure 4). To complete the hydraulic part 
of the simulation, Hydrus needs the amount of rainfall 
and evapotranspiration to calculate the infiltration 
rate by using the water balance approach. The rainfall 
data is available for this period and the reference 
evapotranspiration is calculated using the Penman-
Monteith (1948) equation (ET0) written as below: 

  𝜆𝐸𝑇 = Δ(𝑅𝑛−𝐺)+𝜌𝑎𝑐𝑝(𝑒0−𝑒𝑎𝑟𝑎 )[Δ+𝛾(1+𝑟𝑣𝑟𝑎)]                       (2) 

where Rn is the net radiation, G is the soil heat flux, 
(es - ea) represents the vapour pressure deficit of the 
air, ra is the mean air density at constant pressure, cp 
is the specific heat of the air, Δ represents the slope 
of the saturation vapour pressure temperature rela-
tionship, 𝛾 is the psychrometric constant, and rs and 
ra are the (bulk) surface and aerodynamic resistances 
that depend on the wind speed. Since the tree is al-
most 6 meters away from the building, the root water 
uptake is not considered to affect the top layer of the 
soil in this paper. Therefore, the general evapotran-
spiration is calculated and is assumed that the rate of 
the evapotranspiration is consistently distributed near 
the building. Once the reference evapotranspiration is 
calculated, the infiltration rate and run off could be 
calculated by Hydrus. The rainfall and evapotranspi-
ration data (2011-2017) are applied as variable atmos-
pheric boundary condition at the soil surface and a 
free drainage boundary condition is applied at the bot-
tom of the simulated area as shown in Figure 2. On 



the other hand, the energy balance equation is also 
used to determine the soil heat flux and the tempera-
ture distribution into the soil medium. It is considered 
in this paper that the air temperature represents the 
soil surface temperature and is applied as variable 
thermal boundary condition from 2011 to 2017 in the 
hydro-thermal analysis. Typical heat transfer param-
eters are used for clayey soils suggested by Hydrus. 
Results will be presented in the result and discussion 
section. The soil suction, water content and tempera-
ture are the state variable in the FE analysis. The soil 
surface suction calculated by Hydrus at a specific 
point of the geometry, is used as input variable in the 
proposed hydro-mechanical finite difference ap-
proach. Since the extensometer is installed near the 
building, the suction geometry point was chosen at 
the same position in order to be able to compare the 
obtained results with the proposed approach. This 
gave the void ratio distribution in depth or at any point 
in time resulting in the calculation of in-situ move-
ments. 

 

Figure 4. Climatic data and calculated evapotranspiration rate 

for the Roaillan experimental site since 09/2011 until 09/2017. 

     

4 RESULTS AND DISSCUTION 

Results obtained from the hydro-thermal analysis 
with Hydrus 2D are compared to field measurements 
in order to validate the simulation. Field measure-
ments since 2011 until 2014 with Tension TDR 
probe, water content probe and temperature probes 
are used in this procedure. It should be noted that the 
Tension TDR probe (suction) didn’t perform well at 
some intervals during the monitoring. The same goes 
for soil temperature measurements, these sensors 
were disturbed after 2012 because of the newly added 
sensors. Figure 5 shows the comparison made with 
the Hydrus 2D results and measurements. There is a 
general good agreement between measurements and 
the simulation results, however the suction variation 
in time at the depth of 0.8 m confirms only the peak 
observed values because of the probes mal function. 
The simulated soil water content agrees with almost 
good accuracy the measurements of volumetric water 
content near the surface in time. The same goes for 
temperature measurements, the simulated tempera-
ture at 0.8 m of the soil profile is in good agreement 
between the temperature observed during the first 
year of the monitoring program.      

 

Figure 5. Comparison of the Hydrus 2D simulation results with 

field measurements. 

 
The hydro-thermal simulation in Hydrus is now 

validated and the results of this simulation can be 
used to model soil movements at any point of a 1D 
profile in time. Since the displacement measurements 
near the building were carried out from 02/2014 to 
10/2014, the simulated soil surface suction for this pe-
riod was chosen in order to perform the calculation. 
The main parameters to be used for this part of the 
analysis are the ks and 𝜆𝑠 slopes for different depth. 
The calculations were carried out at five different 



depth, 0m, 0.5m, 1m, 2m and 3m. The soil was con-
sidered to be expansive in the first 2m according to 
the initial void ratio (e0=0.89 at 2.4m collected sam-
ple) measured in the laboratory. Therefore, the slopes 
values were chosen as the following (𝜆𝑠 =0.003 and 𝑘𝑠 =0.0085). Meaning that these values were first 
chosen by typical experimental values obtained in the 
laboratory from the wetting and drying test for similar 
soils but they were finally adjusted so that they can fit 
the field measurements. The same goes for the calcu-
lation at 2m depth but for 3 m depth values with 𝜆𝑠 =0.0035 and 𝑘𝑠 =0.003 were chosen. Figure 6 
shows the results of the simulation of the in-situ soil 
movements with the finite difference approach and 
their comparison with the displacement measure-
ments with the extensometer at 1, 2 and 3m depth 
with a 3-hourly time step in a day. A general accepta-
ble agreement is observed with the measured dis-
placements. It should be noted that the simulation is 
performed with a daily time step based on daily me-
teorological data.   

 

Figure 6. Comparison of the simulated soil movements with 

field measurements, a) at 0m, 0.5m and 1m depth b) at 2m 

depth c) at 3m depth 

 
Although this approach is working properly but it 

has also its own limitations. The mechanical proper-
ties, mainly the 𝜆𝑠 and 𝑘𝑠 slopes should always be 
known in order to predict the movements. Meaning 
that a wetting drying test should be performed to de-
termine these parameters. The initial void ratio is also 
a key parameter that should also be known. However, 

this approach is not based on the direct mechanical 
parameters of the soil like the elastic modulus (that is 
not a very reliable parameter) or the results of an oe-
dometer test, so that it can represent a more realistic 
simulation of the soil movements because it considers 
the volume change behaviour with the changes in the 
soil suction. The surface suction is just needed to per-
form the calculations, even if the suction is needed in 
depth, there is no need to get back to the software and 
the proposed finite difference approach can determine 
the variation of suction, void ratio, water content and 
saturation degree at any depth or at any time.      

5 CONCLUSION 

Climate change and environmental factors are essen-
tial to be taken into account when dealing with resi-
dential or lightweight constructions built on sensitive 
soils in general. This study deals with the in-situ be-
havior of sensitive soils or in particular natural clayey 
soils being exposed to environmental conditions.  
A simulation approach was proposed to simulate the 
in-situ soil movements. The approach is based on the 
volume change behavior of soils with the changes in 
soil suction. A finite element software package (Hy-
drus 2D) was used to perform a hydro-thermal analy-
sis in order to determine the soil suction, water con-
tent and temperature in depth and time. The soil 
surface suction variations with time at a single point 
is used in the proposed approach to determine the vol-
ume change behavior (void ratio) and consequently 
the soil movements. To test this approach, a moni-
tored site was studied in the Roaillan region. Data 
from this site allowed primarily the validation of the 
hydro-thermal simulation performed with Hydrus 2D 
and secondly the validation of the displacement meas-
urements with the proposed approach. The compari-
son with measurements gave good agreement. Con-
sidering the site, this study confirms that the variation 
in climatic conditions affect the top layer of the soil 
profile and the presence of the tree has not a signifi-
cant effect on the top layer (3m) near the building, 
otherwise, the measurements would not be compara-
ble with the simulation because soil movements are 
measured near the building. This could also be a rea-
son why there is some error in the simulation, mean-
ing that the root water uptake calculation could have 
minimized the error between the simulation and 
measurements but the effect seems to be negligible. 
Furthermore, it should be noted that measurements in 
6 to 8 meters in depth near the tree, show large suction 
values (not reported here) that could affect the physi-
cal properties of the 6-8 meters depth of soil near the 
building. However, this subject is out of the purpose 
of this paper and have not been investigated here but 
it can give a perspective for future studies. 



 As the problem of shrinkage-swelling soils are 
growing in France and all around the world because 
of the changes in climatic conditions or the environ-
mental factors in general, there is a global demand for 
the engineering of these problems. Using adapted 
software are always practical in Engineering practice 
to manage and predict this kind of events. This study 
combined a proposed approach with the use of an en-
gineering software that facilitates the calculation pro-
cedure when dealing with soil-environment interac-
tions. In addition to that, the conditions controlling 
the results in this study are mainly the daily recorded 
climatic parameters. A knowledge of forecasting me-
teorological parameters in the near or even far future 
will allow the prediction of the movements and pre-
vent any irreversible damage to lightweight construc-
tions, way before happening. This would alert the or-
ganizations in charge and consequently will prevent 
the losses by intervening at the right moment either to 
reinforce the foundation soils, or the foundation itself 
or even the upper structure.  
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