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ABSTRACT 

This aim of this paper is to describe a study of the combined effect of infiltration, capillary barrier and sloping layered 
soil on both flow and solute transport processes in a large, physical model (1 × 1 × 1.6 m3) called LUGH (Lysimeter for 
Urban Groundwater Hydrology) and a 3D numerical flow model. Sand and a soil composed of a bimodal sand-gravel 
mixture were placed in the lysimeter to simulate one of the basic structural and textural elements of the heterogeneity 
observed in the vadose zone under an infiltration basin of Lyon (France). Water and an inert tracer (KBr) were injected 
from the top of the lysimeter using a specific water sprinkler system and collected at 15 different outlets at the bot-
tom. The outlet flows and the 15 breakthrough curves obtained presented high heterogeneity, emphasising the estab-
lishment of preferential flows resulting from both capillary barrier and soil layer dip effects. Numerical modelling led 
to better understanding of the mechanisms responsible for these heterogeneous transfers and it was also used to per-
form a sensitivity analysis of the effects of water velocity (water and solute flux fed by the sprinkler) and the slope 
interface. The results show that decreasing velocity and increasing the slope of the interface can lead to the develop-
ment of preferential flows. In addition, the offset of the centre of gravity of the flow distribution at the output in-
creases linearly as a function of the slope angle of the layered soil. This paper provides relevant information on the 
coupling between hydrodynamic processes and pollutant transfer in unsaturated heterogeneous soil and emphasizes 
the role of the geometry of the interfaces between materials and boundary conditions as key factors for preferential flow. 
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1. Introduction 

Stormwater runoff is loaded with different contaminants 
(heavy metals, pesticides, fertilisers, etc.) of agricultural 
origin [1] and urban origin [2]. Consequently, when infil- 
trating the soil, the runoff water loaded with significant 
quantities of contaminants reaches the vadose zone and 
migrates to the groundwater [3] representing a major 
environmental issue.  

The vadose zone plays a predominant role in the 
transfer of water and solutes as it occupies a central posi-
tion for exchanges and interactions with the other com-
partments (atmosphere, biosphere, groundwater, etc.). 
The question raised is always that of how the contami- 
nants that spread on the surface of the soil are transferred 
to this zone, and when, where and in what proportion they  

reach the groundwater. Many authors have emphasized 
that this process is closely associated with preferential 
flows that participate in accelerating the transfer to the 
groundwater [4]. The evolution of these preferential flows 
depend on the heterogeneity of the texture [5-7] and the 
structure [8-10] of the soil and the soil moisture regime 
(i.e. moisture history, intensity and volume of precipita- 
tions) [11,12]. 

Many studies focused on coupled water-solute trans-
fers have been carried out in the vadose zone by in-situ 
tracing [13-15]. Field tests have the advantage of being 
carried out under real conditions and highlight the influ-
ence of the vadose zone on the transfer of the solutes. 
However, the interpretation of results remains difficult 
given the myriad non controlled parameters involved: 
initial and boundary conditions, the geochemical quality 
of the water and materials, and the spatial variability of *Corresponding author. 
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the lithology and structure of the vadose zone. 
One of the alternatives to field tests is to perform 

laboratory studies using leaching columns. This tech-
nique, although accurate regarding the identification of 
certain transfer mechanisms [16-19], allows estimating 
the key parameters of water flow and the transport of 
solutes in unsaturated soils according to one dimensional 
geometry only. Since leaching columns are one-dimen- 
sional devices, their results are difficult to use for study-
ing preferential flows in the field with two and three di-
mensional geometry.  

Consequently, laboratory 3D pilot devices have been 
developed to study preferential flows under controlled 
conditions. Metric scale laboratory lysimeters are widely 
used [20] to better understand the water and solute trans-
fer process in porous media [11,12,21,22]. They provide 
an intermediate approach between the two scales, i.e. the 
laboratory leaching column and a plot of land used for 
field studies. In these studies, no attempt was made to 
determine the effect of heterogeneity on coupled water 
and solute transfer mechanisms in an unsaturated medium. 
Abdou and Flury [23] focused on the role of heteroge-
neous structures and the impact of scale between a 
lysimeter and a test in the field. Nonetheless, their studies 
only dealt with numerical works performed in two di-
mensions. In all the studies mentioned above, the lysi- 
meters were supplied with water uniformly over the entire 
surface of the soil. Thus the water tended to flow verti-
cally while lateral flows were limited. 

In this article, we present a methodology designed to 
improve and validate a conceptual and numerical model 
of the hydrodynamics in heterogeneous soil using a 
laboratory pilot rig. The purpose of this rig, known as 
LUGH (Lysimeter for Urban Groundwater Hydrology) 
[24], is to provide a 3D representation of the structural 
and textural heterogeneities observed in the fluvioglacial 
formations in the east Lyon region (France). This model 
permits studying in particular the initial and boundary 
conditions imposed and their role in preferential flows. 
The LUGH lysimeter is supplied only on one part of its 
surface to permit lateral flows, free drainage and the col-
lection of the effluents distributed at several different 
outlets. This subdivision of effluents provides an ex-
tended view of the spatial and temporal distribution of 
solutes at the outlet of the lysimeter. The comparison of 
the numerical and experimental data makes it possible to 
test and validate transfer models coupling different proc-
esses in 3D and thus take into account the effect of the 
medium’s heterogeneity and the effect of the boundary 
condition at the bottom of the lysimeter. The numerical 
resolution of different scenarios then permits testing the 
influence of infiltration speed and the slope at the inter-
face between two different materials on the establishment 

of heterogeneous flows. 

2. Materials and Methods 

2.1. Water Flow and Solute Transport 

Modelling the transfer of water and solutes is based on 
the Darcy approach. Darcy’s 3D flow is assumed to oc-
cur in the unsaturated porous medium studied with the 
LUGH lysimeter. This flow is characterised by the Rich-
ards equation [25] in the following way: 

   h
C h K h H
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          (1) 

where the capillary capacity, C(h) [L−1], is the variation 
of the volumetric water content  [L3L−3] b pressure head 
h [L], H [L] is the hydraulic head and K() [LT−1] is the 
unsaturated hydraulic conductivity, which depends on  
or h, and  refers to the Nabla operator. 

The functions of the usual water retention curve  (h) 
and the hydraulic conductivity K(h) to describe the flows 
in the unsaturated zone are given by van Genuchten 
equations with the Mualem condition [26,27] : 
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with Se [-] being the effective saturation: 
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where r [L
3L−3] and s [L

3L−3] denote the residual and 
saturated water contents, Ks [LT−1] is the saturated hy-
draulic conductivity, l [-] is the connection coefficient of 
the pores estimated by Mualem [27] at an average of 0.5. 

The transport of the non-reactive solute in the porous 
medium can be modelled by the convection-dispersion 
equation in an initial approach [28]: 

  C
D C qC

t

 
   




  
        (5) 

where C [ML−3] is the concentration of the solute in the 
liquid, D [L2T−1] is the hydrodynamic dispersion coeffi-
cient. 

D groups the molecular diffusion Do and the kinematic 
dispersion: L oD D v      
where Do [L

2T−1] is the molecular dispersion,  [L] is the 
dispersivity, L [-] is the tortuosity, v [LT−1] is the pore 
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50% in weight. This proportion was chosen to ensure the 
bimodal grain size distribution of the third material. The 
grain sizes of the three materials were similar to those 
observed on the most common litho-facies found in the 
east Lyon region [30]. The hydrodynamic characteristics 
of the sand and the bimodal material were estimated in-
dividually using the BEST method [31], validated ana-
lytically [32,33] and experimentally to characterise the 
comparable matrices resulting from the fluvioglacial de-
posits of the east Lyon region [34] and those of other 
types of coarse material [7,35,36]. Then the hydrody-
namic characteristics obtained were optimised using the 
RETC software [37] to adapt them to Equations (2) and 
(3) by the method proposed by Mubarak et al. [38]. The 
results are given in Table 1. The properties of the gravel 
are without importance given that only the sand and the 
bimodal material were used in this study. 

velocity, v = q/θ. 
These characteristics are assumed to be homogenous 

and invariant with humidity. The molecular diffusion Do 
was obtained from the literature. The longitudinal disper-
sivity, α1, was preselected according to the maximum 
grain size of the material as the initial value. Then, all the 
longitudinal α1 and lateral dispersivities α2 and α3 were 
optimised by fitting experimental data. In steady state 
flow, the tortuosity τL was calculated using the volumet-
ric water content as follows [29]: 

7 3

2L
s




              (6) 

2.2. Materials 

We used fine sand (0 to 2 mm in diameter) and gravel (4 
to 10 mm in diameter). A third bimodal material was a 
mixture composed of sand and gravel, each making up  

The LUGH lysimeter (Figure 1(a)) is composed of a 
PVC (polyvinyl chloride) tank 1.6 m long, 1 m wide and  

 

 

 

Figure 1. The LUGH lysimeter and drainage system (at top) and profiles used with positions of TDR sensors (at bottom). 
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Table 1. Hydrodynamic and hydrodispersive parameters used for modelling the LUGH lysimeter with COMSOL. 

Hydrodynamic properties Hydrodispersive properties 

Parameter Sand Bimodal Parameter Sand Bimodal 

θr (m
3·m-3) 0.023 0.019 α1 (m) 2.0e−3 5.0e−3 

θs (m
3·m-3) 0.377 0.377 α2 (m) 5.0e−4 5.0e−4 

n (-) 3.28 3.30 α3 (m) 5.0e−4 5.0e−4 

α (m−1) 5.05 10.15 Do (m
2·s−1) 2.0e−7 2.0e−7 

Ks (m·s−1) 1.5e−4 9.2e−5    

 
1 m deep. Fifteen concrete blocks (0.32 × 0.32 × 0.15 m3) 
are arranged at the bottom of the lysimeter (Figures 1(b) 
and (c)) in the form of a funnel to recover the eluents in 
the lower boundary conditions. These blocks are labelled 
in the form of a matrix in 3 lines (A, B, and C) and 5 
rows (1 to 5). The walls of the tank and the surface of the 
concrete blocks are covered by a watertight and non- 
reactive geomembrane that ensures the system is imper-
meable. A hole is pierced at the centre of each concrete 
block to permit free drainage and the collection of the 
effluent. Six TDR sensors (Time Domain Reflectometry, 
model CS616, Campbell Scientific, Logan, UT) with two 
rods 0.3 m long are placed at strategic points of the 
lysimeter to obtain a profile of the volumetric water con-
tent in the soil and next to the interfaces (Figures 1(d) 
and (e)). They are linked by an automatic acquisition sys- 
tem used to record the measurements every minute dur-
ing the test. 

The water (groundwater with an electric conductivity 
of 522 μS·m−1) and the tracer solution were supplied 
along a strip 0.32 m long placed across the width of the 
lysimeter by an automatic spraying system (Figure 1(a)). 
Sprinklers are used to obtain relatively uniform humidi-
fication when calibrated at a given height and hydraulic 
supply pressure. Two solenoid valves upstream of the 
sprinklers, linked to PLCs, permit pulsed regulation of 
the discharge. The inlet flow is controlled by a series of 
closely spaced time windows which, given the time 
frame of the test, allow considering the supply as con-
tinuous. The hydraulic supply circuit is equipped with a 
three-way valve to permit switching between supplying 
the water and the tracer solution (stored in a plastic tank). 

Two soil profiles were compacted in the LUGH lysi- 
meter (Figures 1(d) and (e)). The first profile (PROF1) 
was produced only with the bimodal material (ρd = 1794 
kg·m−3). This mixture is analogous to the material found 
in large proportions in the fluvioglacial deposits of the 
Django Reinhardt site [30] and is used as a control (ho-
mogenous soil). The water and solute supply zone is 
placed vertical to row 3. 

The second profile (PROF2) is composed of a layer of 

sand (ρd = 1634 kg·m–3) placed above a layer of the bi-
modal mixture (ρd = 1794 kg·m–3) forming an interface 
with a slope of 25% (angle of the interface in relation to 
the horizontal Φ = 14˚). This profile represents the usual 
case observed in the field of a fine material deposited on 
a coarse material, implying the development of a capil-
lary barrier [9,10,13,39]. In this case, the supply zone is 
slightly off-centre to the right, vertical to rows 3 and 4, to 
highlight the capillary barrier effect on the part down-
stream of the supply zone. 

2.3. Protocols of the Infiltration test and Flow 
Tracing 

Two experimental tests performed on the two profiles 
PROF1 and PROF2 are called E1 and E2 respectively. In 
each test, the lysimeter is sprayed at Darcian velocity q1= 
3.62e−5 ms−1 until the establishment of a steady state 
flow (i.e. constant flow at the outlet, and measurements 
of constant water content). Then, by switching the supply, 
a solution of potassium bromide (KBr) at a concentration 
of 10−2 moll−1 is supplied by pulse injection. The total 
volume of the solute supplied is 0.03 m3 corresponding 
to a half pore volume, Vp, of the material placed directly 
under the infiltration zone, i.e.: 

infp ZNSV S e                (7) 

where Sinf [L
2] is the surface area of the infiltration, Sinf = 

0.96 × 0.32 m2, eZNS [L] is the total thickness of the pro-
file, eZNS = 0.6 m, ε [-] is the total porosity, ε = 0.329 for 
PROF1 and ε = 0.353 for PROF2, i.e. 0.0606 m3 and 
0.0651 m3 for PROF1 and PROF2, respectively. 

Once the tracer pulse has been applied, the lysimeter 
continues to be supplied with water to “wash the system” 
and recover the tracer at the outlet, while keeping the 
Darcy velocity constant (steady state flow).  

The quantity of water at the outlet of the 15 sampling 
blocks is recorded through time to characterise the flow 
rates leaving the system. For each outlet, we define wi, 
the ratio between the volume of water eluted locally and 
the total volume injected to quantify the water balance. 
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Then, the concentrations in bromide are determined by 
electric conductimetry (electric conductimeter LF 318/ 
SET) and ionic chromatography (DIONEX DX-100 Ion 
Chromatograph). 

The elutions at the outlet of the 15 sampling blocks are 
processed classically by a dynamic systems approach by 
considering the flows of water measured at the outlet. 
The inlet signal is a pulse of solute at concentration C0 
and duration t. The moments of order N are calculated 
at the outlet according to the following expression: 

 
00

dN
N

C t
t t

C




              (8) 

For each elution curve, we calculate the mass balance, 
the mean residence time and the variance. 

The mass balance of the solute, MB [-], of each outlet 
is calculated from the moment of order 0 and from the 
quantity injected at the inlet [40]: 

0MB
t




                 (9) 

A global mass balance is also calculated at the scale of 
the lysimeter, by the following relation to verify the con-
servative character of the tracer: 

15

total
1

i iMB w M  B           (10) 

where wi is the proportion of the discharge at the outlet.  
The average residence time of the solute corresponds 

to the difference between the mean time of the break-
through of the solute at the outlet minus the mean time of 
the entry of the solute at the inlet. This is calculated on 
the basis of the moment of order 1 and the moment of 
order 0 by [40]: 
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The variance is calculated with the moment of order 2; 
it permits evaluating the degree of spread of the elution 
curves: 
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2.4. Numerical Modelling  

Equations (1) and (5) are solved using calculation codes 
implemented in COMSOL Multiphysics [41]. The flow 
domain is divided into a tetrahedral mesh. It is tighter 
around the supply zone, at the base of the lysimeter and 
at the interface between the two materials for profile 
PROF2. In our study, the flow domains are discretized by 
29,300 elements for profile PROF1 and by 37,100 ele-

ments for profile PROF2, respectively. The highest num- 
ber of cells for the second case results from finer mesh-
ing next to the interface between the two materials. The 
lower boundary condition represents the outlet of the 
effluents through squares measuring 0.1 × 0.1 m2. These 
squares correspond to the area of the filtering layer 
placed at the bottom of each concrete block of the ly- 
simeter. The lower boundary condition corresponds to a 
free drainage condition (unit hydraulic gradient) giving 
rise to the following expression for the outlet velocity: 

s rI K k                (13) 

where [LT−1] is the Darcian velocity of the effluent in 
each outlet, Ks [LT−1] is the saturated hydraulic conduc-
tivity, kr [-] is the relative permeability taking into ac-
count the partial saturation of the material. 

The negative sign indicates a flow leaving the lysime-
ter. The upper supply zone is represented by a uniform 
flow condition, whereas the rest of the surfaces corre-
spond to a null flux boundary condition. 

The experimental data of tests E1 and E2 are used to 
validate the 3D numerical model as well as the choice of 
the hydrodynamic and hydrodispersive parameters of the 
materials. Once the model had been validated, a sensitiv-
ity test (25 different flow scenarios) based on the geo-
metric configuration of test E2 (heterogeneous profile) 
was performed to quantify the impact of the supply ve-
locity (5 different velocities) and the slope angle (5 dif-
ferent angles) on the transfer of the water and the solute 
in the lysimeter (Table 2). The supply zone in the sensi-
tivity test was placed astride rows 3 and 4, as in the case 
of test E2. Moreover, the vertical distance from the cen 
tre of the supply surface until the interface between the 
two materials was fixed at z = 0.34 m as in test E2. These 
velocities guaranteed the flows in the domain of validity 
of the Darcy equation and corresponded to the velocities 
used classically for studies of solute transfer in lysime-
ters [11,12,22]. They ensured the different and contrasted 
unsaturated moisture conditions of the lysimeter suscep-
tible to influence capillary barrier phenomena. 

3. Results and Discussion 

3.1. Offset of Centre of Gravity of Outlet Flows 

Under the uniform profile condition, the distribution of 
outlet flows in steady state of test E1 was almost sym-
metrical. There was a negligible diversion of the centre 
of gravity of the volume of infiltrated water, and of the 
centres of gravity at the corresponding outlet and inlet 
(Figure 2(a)). Below the supply zone (at the vertical of 
row 3), the discharges at the outlet of row 3 were higher 
and reached 30% of the total (sum of discharges of out-
lets A, B, and C). However, the discharges at the outlet   
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Figure 2. Top: relative discharge in steady state at each outlet (curves) and mean in each row (bars). Bottom: measured (dot-
ted lines) and simulated (lines) elution curves; each curve corresponds to the mean of each row. 
 

Table 2. Infiltration velocity at the surface and the slope angle of the sensitivity test. 

Input qi (m·s
−1) q1 = 3.62e−5 q2 = 2.41e−5 q3 = 1.21e−5 q4 = 7.23e−6 q5 = 3.62e−6 

Slope Φi (degrees) Φ1 = 14˚ Φ2 = 10.5˚ Φ3 = 7˚ Φ4 = 3.5˚ Φ5 = 0˚ 

 
of the lateral rows of the lysimeter (rows 1 and 5) also 
reached quite high values. The sum of the relative dis-
charges of outlets 1A, 1B, and 1C was 14%, and that of 
outlets 5A, 5B and 5C was 11%. This shows that a large 
quantity of water flowed laterally. The TDR sensors in-
dicated the possible existence of a zone in which water 
accumulated at the bottom of the lysimeter. It was also 
noted that these lateral flows were perfectly symmetrical: 
the sum of the discharges from rows 1 and 2 was equal to 
the sum of the discharges from rows 4 and 5. 

Conversely, the distribution of the effluents of test E2 
(supply zone centred on the vertical of rows 3 and 4) 
shows a large shift between the centres of gravity of the 
water at the outlet and the inlet (Figure 2(c)). The posi-
tion of the latter was diverted by 13.5 cm downstream of 
the slope in comparison to that of the inlet. 62.3% of the 
discharge exited downstream (rows 1, 2, and 3) and the 
rest, 37.7%, exited upstream (rows 4 and 5). Furthermore, 

the results of the TDR sensors showed that water accu-
mulated in the sand along the interface between the two 
materials (Figure 3). Part of the flux of water arriving at 
the interface between the two materials therefore seems 
to have been diverted along the slope, simultaneously 
producing an increase in water content at the interface, a 
shift of the centre of gravity downstream and the uni-
formisation of the discharges of rows 2, 3, and 4. It was 
assumed that these preferential flows resulted from the 
effect of the capillary barrier at the interface between the 
two materials. 

3.2. Elution Curves  

The shapes of the bromide elution curves of the central 
rows (rows 2, 3, and 4) of test E1 (Figure 2(b)) were 
similar with peaks of the same order of magnitude, 
around the value C/C0 = 0.7. Their tails decreased rapidly 
and almost simultaneously during the leaching phase   
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Figure 3. Distribution of volumetric water content, stream lines and vector field (a), (b); insert: comparison of the simulated 
(curves) and measured (dotted lines) water content. Bottom: transfer of solute as a function of time; t = 0.75 h corresponds to 
the moment of stopping the solute injection (c)-(h). 
 
following the solute pulse. On the contrary, the solute 
appeared later in rows 1 and 5; the elution curves of these 
two rows were more spread out with lower peaks. The 
difference between the elution curves was representative 
of the spatial distribution of the solute at the bottom of the 
LUGH lysimeter. The solute arrived earlier at the centre 
and at higher concentrations, and then spread symmetri-
cally on both sides.  

At the scale of the lysimeter, the mass balance of the 
system was close to 1. Likewise, the mass balances were 
close to 1 for almost all the outlets (Table 3). We re-
corded values slightly lower than 1 for rows 1 and 5, 
showing incomplete elution linked to an insufficiently 
long experiment time (Figure 2(b)). The mass balance 
values demonstrated the conservative nature of the tracer, 
wh  followed the water perfectly. ich   
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Table 3. Characteristic parameters of the elution curves of tests E1 and E2; each value is the mean of lines A, B, and C of the 
same row (1 to 5). 

E1 E2 
 

MB Tsj (h) σ (h) MB Tsj (h) σ (h) 

Row 1 0.91 ± 0.03 4.00 ± 0.26 1.24 ± 0.11 0.86 ± 0.08 7.21 ± 0.68 3.35 ± 0.23 

Row 2 1.00 ± 0.00 2.23 ± 0.12 0.58 ± 0.02 0.98 ± 0.00 2.93 ± 0.35 0.76 ± 0.16 

Row 3 1.00 ± 0.00 1.85 ± 0.10 0.54 ± 0.02 0.98 ± 0.02 2.44 ± 0.15 0.52 ± 0.01 

Row 4 1.00 ± 0.00 2.31 ± 0.14 0.61 ± 0.02 0.98 ± 0.01 2.81 ± 0.14 0.65 ± 0.14 

Row 5 0.82 ± 0.04 4.77 ± 0.31 1.34 ± 0.04 0.91 ± 0.06 7.16 ± 0.59 3.71 ± 0.08 

Total 0.98 2.55 1.17 0.96 3.47 2.37 

 
The residence times and standard deviations of rows 2, 

3, and 4 were of the same order of magnitude. In combi-
nation with the distribution of discharges (Figure 2(b)), 
the flow zone formed by rows 2, 3, and 4 played a domi-
nant role in solute transfer: up to 75% of the solute 
passed by these three rows, corresponding perfectly to 
the fraction of water eluted by them. Indeed, the solute 
transferred mostly vertically, following paths with short 
distances. Conversely, the residence times, variances and 
standard deviations of the elution curves of rows 1 and 5 
were higher, thus indicating longer solute flow paths to 
these two outlets. This transfer characteristic resulted 
from the lateral flows induced by edge effects.  

The elution curves of test E2 (Figure 2(d)) are also 
divided into two groups: the curves of the central rows 
(rows 2, 3, and 4) with high peaks and short tails and the 
curves of the sides (rows 1 and 5) that have low peaks and 
lags as well as very long tails. Analysis of the elution 
curves highlighted the diversion of the flow linked to the 
interface. Without the effect or diversion, the flow would 
have been perfectly symmetrical in comparison to the 
barycentre of the inlet positioned between rows 3 and 4. In 
this case, the elutions of rows 3 and 4 would have been the 
same. Likewise, the elutions of rows 2 and 5 would have 
been superposed. On the contrary, the data show that this 
was not the case. The solute transfer of row 3 was the 
fastest whereas the solute transfers of rows 1 and 2 were 
comparable to those of rows 5 and 4 respectively. These 
trends can be explained by a diversion of fluxes along the 
slope responsible for the shift of the solute downstream 
of the slope. Furthermore, the transfer of the solute in test 
E2 lasted longer and the elution curves were more spread 
out than for test E1, indicated by a longer residence time 
(Table 3). 

The mass balance of the solute, calculated between 0 
and 10 h for test E2, reached the value of 0.96 (Table 3). 
The solute injected was therefore recovered well at the 
outlet, mainly by the rows located at the centre of the 

lysimeter (rows 2, 3 and 4). The mass balance was sli- 
ghtly underestimated due to the more significant spread-
ing of the elution curves of rows 1 and 5 which had non 
null concentrations at t = 10 h (Figure 2(d)).  

As with test E1, the results between the three series A, 
B and C were of the same order of magnitude but with 
larger differences in test E2 (Table 3). These differences 
were due to the local modification of the flow introduced 
by the interface between the two materials in test E2. 
These modifications were not present in test E1 in a ho-
mogeneous medium. 

3.3. Validation of the Numerical Model  

In steady state, the numerical model E1 was first vali-
dated by comparing it with the measurements of volu-
metric water content (TDR sensors). The results (Figure 
3(a)) show that the simulated values are quite close to the 
experimental values. The calculated moisture profile 
predicted a saturated zone at the bottom of the LUGH 
lysimeter.  

As with test E1, the volumetric water contents mod-
elled for test E2 were compared to the TDR measure-
ments. The difference between the simulated data and the 
experimental data was slightly larger than in the previous 
case. Nonetheless, the model and the measurements cor-
responded when taking the error margin relating to the 
measurements into account. The reduction of the corre-
spondence between the model and the experiment can be 
explained by the sensitivity of the TDR sensors. Since 
the distance between the two rods of the TDR sensor was 
5 cm, it can be assumed that the measurement was per-
formed on the volume of influence of the sensor, in the 
order of 5 to 10 cm in diameter around the rods. Averag-
ing the volume probed did not permit detecting the con-
trast of volumetric water content at the interface between 
the two materials, or the existence of a zone of water 
accumulating in the form of a more or less thick film of 
water on the sand side. Nonetheless, the results of the 
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TDR sensors of test E2 clearly show the existence of a 
water accumulation zone at the interface between the two 
materials: the volumetric water content in the sand is 
higher than the volumetric water content in the bimodal 
material along the interface (Figure 3(b)). This increase 
in water content may stem from capillary retention ca-
pacities or to the diversion of flows due to the interface. 

The numerical simulation of tests E1 and E2 was per-
formed by assuming the symmetry of initial and bound-
ary conditions through the width of the LUGH. In addi-
tion, the results of the simulation of the outlets positioned 
on series A, B and C are the same. The elution curves 
simulated on line B were calculated over 10 hours, 
counting from the application of the tracer. The eluted 
solute was obtained by integrating the distribution of the 
calculated concentrations crossing the surface of the 
squares at the bottom of the lysimeter. The calculated 
elution curves were then compared for the five rows 
(rows 1, 2, 3, 4 and 5) with the mean of the experimental 
elution curves (mean of lines A, B and C, Figures 2(b) 
and (d)). 

In terms of transfer, the results of the model of test E1 
represented the same trends as the curves measured on 
the five rows well (Figure 2(b)). This allowed us to 
validate coupling the Richards equation with the convec-
tion-dispersion equation for the study of water flow and 
solute transfer in model E1. 

The numerical results provided the volumetric water 
content field and the vector field of the Darcy flux per-
mitting us to study the water and solute transfer process 
in the LUGH lysimeter. We observed that, in test E1, the 
vertical flux corresponding to gravity flow mechanisms 
dominated with high velocities below the supply zone. 
The trajectory of the flow was almost vertical and the 
stream lines were diverted only near the bottom of the 
lysimeter (rows 2 to 4, Figure 3(a)). The fluxes of rows 
1 and 5 were weak and dispersed. This explains the clear 
difference between the elution curves of rows 2 to 4, at 
the centre, and those of rows 1 and 5, at the sides. Indeed, 
the lower boundary condition is a condition of free 
drainage. However, the water is only drained when a 
layer of soil just above the bottom of the lysimeter 
reaches saturation [23]. This accumulation zone devel-
oped progressively, and at steady flow state, it was larger 
at the centre of the lysimeter and decreased towards the 
sides, thereby leading to the diversion of the flows at the 
bottom of the lysimeter. The presence of this accumula-
tion and the induced lateral flows may have resulted from 
the finite geometry of the lysimeter and the proximity of 
the lower boundary condition. A numerical study that 
varied the dimension of the system tended to show that the 
lateral flows lessened at the same depth when the bound-
ary condition was lowered (data not illustrated). These 

lateral flows are responsible for the output of the fluxes 
of water and solutes in rows 1 and 5 with a lag due to a 
trajectory longer than that for rows 2 to 4. The model 
therefore made it possible to demonstrate that the finite 
geometry of the lysimeter led to lateral flows and explain 
the outputs observed at the edge of the system (rows 1 
and 5). In the field, where water can flow freely at depth, 
there is no such lower limit and transfers are essentially 
vertical. 

The hydrodynamic and hydrodispersive parameters of 
the bimodal material were conserved following the opti-
misation step of model E1 and applied to the water and 
solute transfer conditions specific to case E2. The results 
of E2 showed that the outputs upstream of the slope 
(rows 3, 4 and 5) were simulated well and a little more 
lag (residence times) for the two outputs downstream 
(rows 1 and 2). As with the tortuosity parameter, the un-
certainty obtained on dispersivities α1, α2, and α3 could 
be relatively large. Theoretically, an uncertainty on the 
dispersitivity and tortuosity parameters should affect the 
dispersion of the elution peak though not its position [40]. 
This uncertainty is overlapped by that on the other pa-
rameters of the model (θr, θs, α, n, and Ks) for the two 
different materials which may explain the slight differ-
ences between the models and the measurements. None-
theless, in our study, the differences between simulation 
and observation were considered acceptable and con-
firmed the model’s capacity to reproduce the hydrody-
namic hydrodispersive behaviour of model PROF2 of the 
LUGH lysimeter. 

As with the case of profile PROF1, studying the dis-
tribution of volumetric water content and the vector field 
of the Darcy flux provided valuable information on the 
water and solute transfer process in the PROF2 system. 
The distribution of volumetric water content in E2 dem-
onstrated the presence of a capillary barrier which was 
the cause underlying the accumulation of water at the 
interface between the two materials (Figure 3(b)). It re-
sulted from the contrast between the hydrodynamic 
characteristics of these materials. For the same capillary 
pressure along the interface, the hydraulic conductivity in 
the sand was always greater than that in the bimodal ma-
terial. From the hydrological standpoint, the lower layer, 
in this case bimodal, was less permeable, thus impeding 
the entire transfer of the flux through the interface, since 
part of the flux was diverted along it.  

When the water arrived at the interface between the 
two materials, it accumulated in the sand, increasing cap-
illary pressure locally before penetrating the bimodal 
medium. The form of the accumulation zone on an in-
clined plane developed progressively upstream and 
downstream from the supply zone asymmetrically due to 
gravity and capillarity. Below the interface, the hydro-
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dynamic contrast between the two materials limited the 
volumetric water content in the bimodal medium and the 
flow returned to the vertical direction. Moreover, the 
flow velocity, indicated by the vector field of the flux, 
was quite low.  

The water and the solute were then dispersed and dis-
tributed almost throughout the volume of the bimodal 
zone. The trajectory of the flow from the source (supply) 
was therefore extended by the effect of the slope and the 
residence time of the solute increased in comparison to 
test E1 (Figures 3(c)-(h)). Water accumulated at the 
bottom of the lysimeter in a similar way to that of test 
PROF1. However, the effect of the lower boundary con-
dition appeared less pronounced. 

Modelling the flow clarified understanding of solute 
transfers insofar as they followed the same path as the 
water. As with test E1, in test E2, the solute first passed 
through the sand symmetrically in relation to the supply 
surface. Then, the plume of solute was deformed by the 
capillary barrier and the slope of the interface. At the end 
of the solute pulse (t = 0.75 h), the quantity of solute 
present in the sand was pushed by the water (t > 0.75 h). 
The preferential transfer in the lysimeter was illustrated 
by the evolution of the shape of the plume corresponding 
to the zones of strongest concentrations. It is clear that 
the plume shifted along the interface. The volumes of 
solute injected and the input velocities of water and sol-
ute were the same for E1 and E2. The evolution through 
time of the relative concentration profile, C/C0, of profile 
E2 presented a slight lag in comparison to that of profile 
E1. As a function of time, the horizontal dispersion in E2 
was greater and penetration was less deep than in case E1. 
The upstream/downstream shift also appeared clearly. 
The elutions modelled at the outlet were characterised by 
this shift and were fully consistent with the experimental 
data. 

3.4. Apparent Capillary Barrier and Moisture 
History  

In this part, we used the validated model to predict the 
impact of the interface angle and the imposed velocity 
under upper boundary conditions on preferential flows 
and several related metrics (diversion of the barycentre 
of the leached volume, volume of water in the sand and 
bimodal gravel (associated with the accumulation at the 
interface), the vertical and horizontal components of the 
velocity at the interface). Afterwards, we studied the im-
pacts of preferential flows on transfers in terms of resi-
dence time. 

One of the most obvious consequences of the capillary 
barrier effect was the diversion of flows of water and 
solute at the interface between the two materials. This 
diversion led to a lateral shift of the centre of gravity at 

the outlet of the lysimeter in comparison to the inlet. De-
termining this shift is an important characteristic used to 
quantify the role of the capillary barrier. 

The results of the sensitivity test showed that the shift 
of the centre of gravity of the water between the inlet and 
the outlet, ΔD [L], all velocities confounded, depended 
linearly on the slope of the interface (Figure 4(a)). For 
each velocity qi, this relation is represented as ΔDi = aiΦi 
+ bi with ai and bi being constants. The adjustment of 
these relations, indicated by the determination coefficient, 
R2, is high for all five velocities (R2 > 0.998). 

The value of bi [L] corresponds to the diversion for the 
case of a null slope with velocity qi. This value is equal 
to 1 to 3 cm due to the bias introduced by the offset posi-
tion of the supply in relation to boundary conditions of 
the lysimeter. These values remain negligible in com-
parison to the shifts caused by the inclination of the in-
terface. 
 

 
 

 

Figure 4. Diversion of the centre of gravity of the water 
discharges at the outlet as a function of the slope (a) and 
volume of water in the sand (dotted lines) and in the bi-
modal medium (lines) as a function of infiltration velocity (b) 
(the arrows show the trend of increase of angle). 
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The value of ai [L·rad−1] corresponding to the tangent 
of line ΔDi = f(Φi) represents the acceleration of the di-
version as a function of the slope. It increases rapidly 
when the supply velocity decreases. This case shows how 
the moisture history of the soil and the boundary condi-
tions (represented here by the velocity) can favour the 
occurrence of a preferential flow. Therefore, at low ve-
locities, the water can flow laterally and preferentially 
further from the supply zone. The effect of the capillary 
barrier is more considerable. At a higher velocity, the 
initial kinetic energy is higher, resulting in significant 
inertia. The flows therefore deviate less. The value of ai 
can be calculated using the value of qi as in: 

 0.448ln 4.1856i ia q          (14) 

Finally, the diversion of the centre of gravity can be 
deduced as follows: 

 0.448ln 4.1856i i i iD b q         (15) 

This relation permits us to calculate the diversion of 
the centre of gravity of the water as a function of the in-
filtration velocity and the slope. This shows that the di-
version results from the combined effect of the two fac-
tors of slope and imposed velocity at the upper boundary. 

The volume of water in the lysimeter is also an impor-
tant parameter for studying solute transfer. In particular, 
the presence of the interface results in the accumulation 
of water in the sand and has an umbrella effect, in turn 
resulting in a “loss” of water in the underlying gravel. 
Here, the aim is to link these volumes to the geometry of 
the system (angle of the interface) and to the boundary 
conditions.  

For the same infiltration velocity, the volume of water 
contained in the sand increased slightly as a function of 
the angle of the interface, whereas that in the bimodal 
material decreased (Figure 4(b)). The variations of the 
volume of water in the sand and in the bimodal material 
as a function of the supply velocity were almost the same 
for the different input velocities. Indeed, curves Ve(Φ) are 
parallel. 

Contrary to the effect of the slope, the velocity af-
fected the stock of water in the lysimeter by favouring 
the humidification of the overall system. Nonetheless, we 
observed a more significant change in the bimodal mate-
rial than in the sand. The variation of the volume of wa-
ter between the lowest velocity and the highest one in the 
sand was 33.0% ± 0.91% (average value for the five dif-
ferent slopes), whereas that of the bimodal material was 
87.4% ± 5.46%. This difference shows that the accumu-
lation of water at the bottom of the lysimeter (in the bi-
modal material) was driven more by the increase of the 
supply velocity than by increasing the angle of the inter-
face. This main characteristic must be taken into account 

in further studies using lysimeters. Indeed, this accumu-
lation resulting from the lower condition of free drainage 
also “disturbed” the results. 

In order to better understand the water and solute 
transfer mechanism at the interface between the two ma-
terials, the velocity field at the interface was analysed. 
The aim was to determine how the slope of the interface 
and the supply velocity acted on components Vy and Vz of 
the velocity. Component Vx was not counted in this study 
due to the symmetrical arrangement in the direction of 
axis x (direction of the length of the lysimeter). The 
numbering 1 and 2 corresponds to the components in the 
sand and in the bimodal material respectively. 

The values of the horizontal components Vy1 were sig-
nificantly non null and highlight the horizontal diversion 
of the flow at the interface (Figure 5). On the contrary, 
component Vy2, in the bimodal material, was very small. 
This shows that the part of the water penetrating the in-
terface flowed vertically in the bimodal material. Its lat-
eral diffusion was negligible. When the angle of the in-
terface was null, the horizontal component Vy1 was null 
at the centre of the injection zone, positive on the right 
and negative on the left. Thus the flow was diverted to 
the edges of the lysimeter except at the barycentre of the 
injection zone (by symmetry) and next to the walls of the 
lysimeter (tangential flows). The diversion was maximal 
at about a third of the distance between the barycentre of 
the injection zone and the sides of the lysimeter. Intro-
ducing a slope (relative to the angle) resulted in estab-
lishing tangential flows at the interface (directed left-
wards) and thus accentuating the corresponding negative 
values for the horizontal component Vy1. The intersection 
of the curve of Vy1 with axis y = 0 defines a point of divi-
sion between the flow upstream and downstream along 
the slope. This position was strongly dependent on the 
angle of the interface (Figures 5(a)-(c)). To the left of 
this point, Vy1 = 0, the water flowed downstream of the 
slope, and the water running on the interface infiltrated 
into the underlying layer, explaining why the vertical 
velocity (and thus the infiltrated flux) was higher, i.e. 
|Vz1| ≥ |Vz2|. The value of Vy1 and Vz1 in proportion to the 
value Vz2 increased as a function of the slope (Figures 
5(a)-(c)) and decreased as a function of the velocity of 
infiltration (Figures 5(d)-(f)). This proportion represents 
the development of preferential flows as a function of the 
two parameters above. 

3.5. Residence Time and the Peaks of Elution 
Curves of Rows 1 and 3 

Rows 1 and 3 were analysed essentially as they are rep-
resentative of transfers at the centre and at the sides of 
the lysimeter, respectively. The residence times of row 3 
were practically independen  of the slope (Figure 6(a)). t   
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Figure 5. Velocity components in the sand (Vy1 and Vz1) and in the bimodal medium (Vy2 and Vz2) as a function of slope and 
the infiltration velocity. 
 
They depended only on the infiltration velocity. Indeed, 
the water effluents of row 3 were formed by the fraction 
of water that penetrated the interface exactly in the direc-
tion of the supply. This flux was almost vertical. Like-
wise, the effect of the slope of the interface on the value 
of the peak of the elution curve of the solute of row 3 
was slight. The effect of the supply velocity in this case 
is also slight (Figure 6(d)). The values obtained for the 

relative concentration of the peak of the elution curve of 
row 3, C/C0, were similar to those of the one-dimensional 
tests performed in the laboratory column. This can be 
explained by the transfer mechanism, which was almost 
one-dimensional close to row 3. The capillary barrier 
effect in this case is negligible. 

Conversely, for row 1, the residence time depended on 
the slope of the interface and on the inverse of the supply   
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Figure 6. Comparison of residence time ((a) and (b)); The arrows show the trends of increase of angle and velocity and detail 
of elution curves for a specific case (c) and the peak of the elution curves of rows 1 and 3 (d). 
 
velocity (Figure 6(b)). In addition, the capillary barrier 
effect is more obvious for the peak of the solute elution 
curves. The value of the peak of these curves increases 
considerably as a function of the slope (Figure 6(d)). 
This increase stands out more when the supply velocity 
decreases. This can be explained by the same argument 
proposed previously to explain the flow field: the fluxes 
crossing row 1 were generated by the part of the water 
diverted along the slope. The increase in the diversion of 
the accumulated water resulted in an increase in the ve-
locity of the water in the direction downstream of the 
slope. The solute was therefore transferred more rapidly 
towards row 1. In other words, the preferential flows and 
their impacts on the solute transfers were favoured when 
the angle of the interface increased and the supply veloc-
ity decreased. 

The combined effect of the supply velocity and the 
slope of the interface on the total elution curve of the 
lysimeter was also studied (Figure 7). Indeed, this in-
formation is often considered to the detriment of more 
precise sampling. We recall that the total curve was ob-
tained by integrating all 15 elution curves. This curve 

represents the homogenised behaviour of the lysimeter. 
The shape of all the total elution curves takes that of a 
log-normal type of distribution with, however, a tail with 
a relatively wide spread.  

Although the supply velocity was high enough (in this 
case q1 > q2 > q3), the peak of the total curve was mainly 
determined by the effluents of the centre of the lysimeter 
(in particular row 3) which does not depend on the angle 
of the interface between the two materials. In this case, 
the curve obtained is slightly dissymmetric and mono-
modal on which the influence of the angle is weak. The 
effect of, the angle starts becoming marked from Φ = 
10.5˚ for flow rate q4 and at Φ = 7˚ for flow rate q5 (Fig-
ure 7(b)). In both the last two cases for which preferen-
tial flows were very developed, the elutions of the rows 
at the sides of the lysimeter (mainly row 1) in creased 
and contributed more to the total elution. In these cases 
(smallest velocities), increasing the angle resulted in in-
creasing the dissymmetry of the global curve (Figure 
7(d)) with a widening of the tail. This resulted in in-
creasing the contribution of preferential flows at the sides 
of the lysimeter. We also observed that for each infiltra- 
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Figure 7. Peak and total volume of water injected as a function of slope and infiltration velocity. 
 
tion velocity, the total volume of water injected neces-
sary to push the solute to the total peak was quite similar, 
with a slight increase when the slope increased, above all 
for the lowest velocities. Conversely, this volume de-
creased and the elution curve was less spread when the 
velocity decreased. This shows that, for the total curve, 
the concentration of the solute was higher when veloci-
ties were lower. 

4. Conclusions 

This study focused on the development of a lysimeter for 
studying the transfer of heterogeneous flows of water and 
solute in a heterogeneous and unsaturated medium. To do 
this a pilot LUGH lysimeter was developed and used to 
observe the flow and transfer of a non-reactive solute in 
the injection of a steady state flow through the medium. 
The experimental and numerical results were demon-
strated, explaining the occurrence of the capillary barrier 
phenomenon and the major role played by the initial and 
boundary conditions of the lysimeter in the establishment 
of this type of flow.  

By using fifteen different outlets, the experimental 

flow tracing data permitted studying the temporal and 
spatial evolution of the water discharges and fluxes of 
solute at the bottom of the lysimeter in comparison to the 
input at the surface and the configuration of the system. 
The heterogeneity of the discharges at the outlet, peaks, 
variances and residence times of the elution curves of 
these fifteen outlets provided detailed data on the hy-
draulic behaviour of the heterogeneous system and led to 
better understanding of the role played by the capillary 
barrier on the water and solute flows, by taking into ac-
count the effect induced by the finite volume of the 
lysimeter. 

The model permitted representing the solute diffusion 
zone and understanding the effect cause by the presence 
of the slope between the two materials. Consequently, 
numerical modelling presents a considerable advantage 
in explaining the transfer process in the lysimeter. The 
capillary barrier between two materials in the lysimeter 
can be quantified by studying the vertical shift between 
the centres of gravity of the water supply and the distri-
bution of the discharges at the outlet. Under the effect of 
the capillary barrier in a heterogeneous medium, the wa-
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ter and solute were dispersed, resulting in increased sol-
ute residence time in comparison to the homogeneous 
case. 

A series of tests was performed to quantify the impact 
of supply velocity and slope angle between the two ma-
terials on water and solute transfer. It was shown that 
shift between the centres of gravity of the distribution of 
the water discharged at the outlet increased linearly as a 
function of the angle of the interface between the two 
materials. In addition, reducing the supply velocity and 
increasing the angle of the interface clearly determined 
the development of preferential flows. The effect of the 
bottom of the lysimeter played a very important role in 
the analysis of the experimental and numerical results. 
Indeed, the accumulation of water at the base of the 
lysimeter depended more on the supply velocity than on 
the capillary barrier effect. Furthermore, the transfer of 
the solute vertical to the supply zone was practically in-
dependent of the angle of the interface. The solute flux at 
the bottom boundary was impacted by the slope angle 
mainly for the lowest supply velocity.  

From the methodological standpoint, the association of 
simple tests with a numerical model allowed us to refine 
the estimation of the key parameters involved in water 
flow and solute transport. The numerical model permit-
ted both highlighting the behaviour of the coupled wa-
ter-solute transfer in 3D as a function of space and time 
and completing the experiments with the sensitivity test 
in order to pre-dimension new tests. 
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