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Abstract: In this research it is believed that the heterogeneous and unsaturated nature of landfills causes its leachate to flow 

in preferential pathways. This preferential flow leads to non-equilibrium solute transport at the macro-scopic scale. This 

research studies the controlling factors responsible for the emergence of non-equilibrium behaviour in a two dimensional 

unsaturated sand frame. The hypothesis is that material heterogeneity and infiltration patterns and rates affect transport 

equilibrium. A comparison of flow and transport in a heterogeneous domain with that in a homogeneous domain is done. The 

results show that more time and water is required to leach out the solute from heterogeneous scenarios compared with the 

homogeneous case. Two lab scale experiments are simulated using a two dimensional deterministic model. The results 

observed in the experiments and the numerical solutions gives insight into the non-equilibrium phenomenon occurring in full-

scale waste bodies. 

Keywords: Unsaturated Heterogeneous Porous Matter, Preferential Flow, Non-Equilibrium in Solute Transport,  
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1. Introduction 

The heterogeneous nature of the waste bodies in landfills 

leads to a rapid flow of leachate through a limited number of 

flow paths [1]. These preferential pathways induce flow 

through the limited volume of the waste bodies inside 

landfills [2]. A consequence of preferential flow is that a 

large amount of pollutants remains in the slow or stagnant 

flow region of the landfill [3]. Preferential flow leads to a 

faster leaching of solutes from the mobile water regions in 

the waste compared to the stagnant flow regions. This 

induces a concentration gradient between the immobile and 

the mobile water which induces a (slow) diffusion of 

pollutants [4, 5]. Thus, the non-equilibrium in solute 

transport originates due to slow diffusion of pollutants 

between immobile and mobile water. Non-equilibrium in 

transport is an important characteristic of the preferential 

flow occurring in waste bodies [3, 5, 6]. 

Many approaches to modelling flow and transport in 

municipal solid waste (MSW) landfills assume that waste 

bodies can be described using single domain flow with 

representative elementary volume (REV) scales in the order 

of cubic meters [7, 8]. This assumption implicitly ignores the 

existence of preferential flow at scales below the REV scale 

[9]. As a result, this continuum modelling approach makes it 

nearly impossible to simulate the presence of preferential 

pathways and its effect of non-equilibrium in transport. 

Consequently, the outcomes are not in agreement with actual 

field observations [10] Many up-scaled mathematical models 

are based on an input-output approach [3, 5, 11, 12], a 

stochastic transfer function approach [13, 14], a dual porosity, 

dual permeability [2, 15] or stream tubes models [16] and 

include non-equilibrium transport using a dual porosity or 

immobile - mobile concepts in their implementations. Results 

with these models correspond with field observations. 

In this research, flow and transport experiments in a small-

scale laboratory set-up are carried out to study non-

equilibrium in transport in a sand frame. Water is applied in 

different patterns and rates of infiltration on an initially 

unsaturated heterogeneous and homogeneous sample. The 

heterogeneous sample is inspired on the type of heterogeneity 

found in waste bodies. A two dimensional (2D) coupled 



 American Journal of Earth and Environmental Sciences 2018; 1(3): 132-144 133 

 

water flow and solute transport model was used to simulate 

the experiments. In this model Richards’ equation (RE) [17] 

is used to model unsaturated-saturated water flow. The non-

sorbing, single component, solute transport is modelled using 

the advection dispersion equation (ADE) [18]. This flow and 

transport coupled model is the Variably Saturated Flow and 

Transport (VarSatFT) toolbox implemented in MATLAB 

[19]. The hypothesis for this research is that material 

heterogeneity, infiltration patterns and infiltration rates are 

controlling factors for non-equilibrium solute leaching. 

The set-up for the 2D sand frame is described in section 2 

together with the description of the numerical simulations. 

The results indicating the consequences of the presence of 

heterogeneities and the different boundary conditions are 

reported in 3. Section 4 contains concluding remarks. 

2. Materials and Methods 

2.1. Lab Setup 

A sketch of the experimental set-up used in this research is 

shown Figure 1. The experiment was carried out in a 

temperature and humidity controlled environment at 19 
◦
C 

and 55% relative humidity. A photograph of the aluminium 

framed, glass panelled box used in this experiment is shown 

in Figure 2. Three types of well graded sand were used (See 

Table 1). Water was infiltrated at the top of the sand frame 

through a polyethylene infiltration pipe of 1.00 × 10
−2 

m 

diameter, with holes of diameter 1.00 × 10
−3 

m cm
−1

 along its 

length of 0.40 m. Woolen threads were weaved inside the 

holes of the infiltration pipe, in order force the infiltration to 

a drip mode. The infiltration pipe was connected to a 

hydraulic peristaltic pump [20]. Two polyethylene water cans, 

each of 12 l capacity were placed on two weighing scales in 

order to automatically record the infiltration and the drainage 

rates [21]. Common salt (NaCl) was used as a tracer. 

Electrical conductivity (EC) was measured with a sensor [22, 

23] placed in the bottom outlet of the sand frame in order to 

monitor variations in the salt concentration in the leachate. 

All measurements were computer controlled. 

A thin geo-synthetic filter paper was laid at the bottom, 

inside the frame to prevent flushing of sand particles. Two 

experiments were carried out, one with a homogeneous 

domain and second with a heterogeneous domain inspired on 

the heterogeneity found in waste bodies (See Figure 3). In 

both spatial scenarios fine sand, Sa1 with a thickness 0.04 m 

was placed at the bottom of the frame to act as bottom filter. 

This fine sand has a high air-entry value and should remain 

fully saturated throughout the experiment. In the 

homogeneous scenario only one type of sand, Sa3 was used. 

For the heterogeneous scenario two types of sand, Sa2 and 

Sa3 were used. The heterogeneity in the heterogeneous 

scenario was further increased by introducing some 

impermeable plastic strips at different locations. A vibration 

table [24] was used for both the scenarios to compact the 

material inside the frame. 

Table 1. Abbreviations used. 

Abbreviation Lengthen 

Sa1 Sand sample with particle size ranging between 100 µm - 250 µm 

Sa2 Sand sample with particle size ranging between 250 µm - 500 µm 

Sa3 Sand sample with particle size ranging between 500 µm - 1 mm 

Hom Homogeneous scenario 

Het Heterogeneous scenario 

C41 Continuous mode inflow of magnitude of 41% of pump flow rate. 

S41 Square pattern inflow of magnitude of 41% of pump flow rate. 

S51 Square pattern inflow of magnitude of 51% of pump flow rate. 

S61 Square pattern inflow of magnitude of 61% of pump flow rate. 

V4181 Variable intermittent pattern inflow of magnitude ranging between 41%, 51%, 61%, 71% and 81% of pump flow rate. 

 

Each experiment was started by initially saturating the 

sand frame from the bottom with a 0.50 kg m
-3

 NaCl salt 

solution. After an equilibration time of 3.0 hours, the water 

was allowed to drain over night against a fixed bottom 

outflow level, leading to a hydrostatic unsaturated pressure 

head profile in the sand frame. The experiments consisted of 

flushing the remaining salt by applying fresh water to the top 

of the sand frame with the infiltration tube using different 

infiltration rates and patterns. Discharge rates and electrical 

conductivity of the draining water were continuously 

measured during the experiment until the electrical 

conductivity indicated that no salt was present in the leachate. 

The fresh water infiltrated at the top of sand frame was 

applied in a continuous mode, in a square wave pattern and in 

a variable wave pattern. In the continuous mode only 41% of 

0.24 l min
-1 

the fixed pump flow rate was used. In square 

wave intermittent infiltration pattern, the varying inflow rates 

were set to 41%, 51% and 61% of pump flow rate. In the 

variable intermittent infiltration pattern, different percentages 

of pump flow rates ranging between 41%-81% were used 

(See Table 1). Figure 4 shows the cumulative volume applied 

to the sand frame as a function of time for the different 

infiltration patterns. All infiltration scenarios were carried out 

on both the homogeneous and the heterogeneous domains. 

The duration of each of these drainage experiment was 

between 1- 4 hours. Overall 10 infiltration experiments were 

carried out (e.g. 2 spatial domains; 1 continuous mode 

infiltration; 3 square wave pattern infiltration; 1 variable 

intermittent infiltration pattern). 

The EC measurements obtained in mS cm
-1

 from Delta 

Ohm were recorded in mA and were converted to kg m
-3 

for 

different known salt concentrations using a calibration curve. 
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The weighing scales are regularly calibrated as part of the 

service contract with the suppliers. 

 

Figure 1. Sketch of the lab scale experiment (All dimensions are in 

millimeters and diagram is not to scale). 

 

Figure 2. Glass paneled aluminium frame used for the lab scale experiment 

(All dimensions are in millimeters and diagram is not to scale). 

 

Figure 3. Homogeneous (a) and Heterogeneous (b) domains, in which Sa1, Sa2 and Sa3 are the different types of sands used. 

 

Figure 4. Cumulative infiltration for different patterns and rates. 

Table 2. Material parameters for different types of sands. 

Material parameters 

of sand 
Sa1 Sa2 Sa3 

α [m-1] 1.36 2.64 4.36 

n 15.0946 13.4219 8.3404 

θr [m
3m-3] 0.0759 0.0823 0.1423 

θs [m
3m-3] 0.4393 0.4190 0.4135 

Ksat [ms-1] in xx in zz 1.8600 x 10-5 1.7620 x 10-4 4.4525 x 10-4 
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2.2. Numerical Modelling of Lab Scale 

Experiment 

The measurements with infiltration pattern S41 for both 

the homogeneous and the heterogeneous domain were 

simulated using the VarSatFT toolbox. VarSatFT is an 

implementation of the mixed-form of RE with Picard 

iteration [17] together with an implementation of the 

advection dispersion equation using an Eulerian - Lagrangian 

approach [25, 26]. VarSatFT simulator is approximated using 

a finite difference method implemented in MATLAB [19] 

(MATLAB 2014b) [9]. The unsaturated retention parameters 

of the sands Sa1, Sa2 and Sa3 were determined using an 

evaporation method [27]. These retention parameters were 

then obtained from the measurements using a Bayesian 

inversion scheme with the DiffeRential Evolution Adaptive 

Metropolis (DREAMZS) toolbox, implemented in MATLAB 

[28]. Table 2 gives the parameters values with highest 

likelihood. The falling head method was used to determine 

the saturated hydraulic conductivities of the sand samples [29] 

(See Table 2). A finite difference mesh was constructed for 

homogeneous (Hom) and heterogeneous (Het) scenarios 

using the material parameters as listed in Table 2 (See figure 

5). The initial condition for RE was assumed for hydrostatic 

condition implemented as shown in equation (1). 

ψ(x, z, 0) = zref − z                             (1) 

where ψ is the pressure head [L], zref is water level in the 

domain [L], x is horizontal dimension and z is the vertical 

dimension. The top boundary condition was a Neumann 

condition [30] for the intermittent infiltration qtop was −7.70 

× 10
−5

 m s
−1

 (See figure 6). Surface ponding was observed 

when the infiltration (qtop) was greater than infiltration 

capacity (K(ψ)). The top boundary condition in the 

implementation of the RE was able to account these surface 

ponding conditions [9]. The boundary at the bottom of the 

column is a Robins condition [31] (See equation (2)). 

q(x, z, t) = Ksurf (ψamb − ψ)                       (2) 

The zref and ψamb values were obtained by observing the 

boundary heads at the bottom of the frame (See figure 3). 

The values for Ksurf in the Robins bottom boundary condition 

were estimated from trial simulations (See Table 3). 

The measured initial solute concentrations were used for 

the simulations. The initial condition for the ADE is 

expressed in equation (3) 

c(x, z, 0) = cini                                (3) 

where c is concentration [M/L
3
] of solute and cini is initial 

concentration [M/L
3
]. The top boundary condition was a 

concentration boundary, ctop and the bottom boundary 

condition was a zero-gradient condition, ∇c = 0 [9]. A 

estimation of the values of Dm was carried out following a 

method mentioned in [32] and αL and αT following [18]. The 

properties used for initial and boundary conditions are listed 

in Table 3. 

 

Figure 5. Mesh for Hom (a) and Het (b) scenarios used for numerical simulation. 

3. Results and Discussion 

3.1. EC Calibration for Lab Scale 

Experiments 

The solute concentration of the solution used for saturating 

the domain was 0.5 kg m
−3

. This concentration is well in the 

linear range of the calibration curve between EC and solute 

concentration (figure 7), so the concentration can be directly 

obtained from EC. 

3.2. Lab Scale Experiments: Flow and 

Transport in 2D Sand Frame 

The aim of the experiments is to obtain a deeper 

understanding how material heterogeneity, infiltration 

patterns and infiltration rates influences leachate discharge 

and concentration dynamics. 

 



136 Shirishkumar Baviskar and Timo Heimovaara:  Controlling Factors of Non-Equilibrium Transport in  

Lab Scale Experiments with Numerical Simulations 

Table 3. Properties used for initial and used for numerical simulation. 

Material parameters Homogeneous Heterogeneous 

zref [m] -0.12 -0.12 

Ksurf [s-1] 5.00 x 10-2 5.00 x 10-3 

ψamb [m] -0.17 -0.17 

cini [kg m-3] 0.50 0.50 

ctop [kg m-3] 0.00 0.00 

Dm [m
2 s-1] 1.07 x 10-9 1.07 x 10-9 

αL [m] for Sa1 and Sa2 0.10 0.10 

αT [m] for Sa1 and Sa2 0.01 0.01 

αL [m] for Sa3 0.50 0.50 

αT [m] for Sa3 0.05 0.05 

 

Figure 6. Intermittent inflow applied at the top edge of domain used during 

numerical simulations. 

 

Figure 7. Calibration plot for salt solution. 

3.2.1. Effect of Heterogeneity 

Figure 8 shows that the breakthrough curves (BTCs) of 

salt expressed as normalized drained solute concentration as 

a function of time, for the homogeneous (Hom) and 

heterogeneous (Het) domains for all infiltration patterns and 

rates. Strong tailing is observed in the BTCs for the Het 

domain. The plastics and variation in sand properties induce 

of horizontal pressure gradients. Horizontal gradients lead to 

an increase in variation of flow paths throughout the domain 

in comparison with the Hom-domain. Variation in flow rate 

throughout the Het-domain induces concentration gradients 

between mobile and immobile water and a result slow 

diffusion occurs from high concentration to low 

concentration zones. The enlarged plots in figure 8 show 

variations in the tail of the BTCs for all scenarios. All results, 

indicate non-equilibrium transport. Non-equilibrium effects 

are most significant for the Het-domain, but also clearly 

present for the Hom-domain. This is probably due to the 

presence of the fine sand filter at the bottom of the sand-

frame combined with the fact that the outflow only occurred 

in the middle of the sand frame. 

The delayed breakthrough for the Het-domain experiments 

indicate longer travel times due to the presence of longer 

streamlines compared with the Hom domain. In addition, the 

BTCs for experiments with low flow rates show a significant 

spread in travel times, indicating a wider diversity of 

streamlines compared with the Hom-domains and the 

experiments with higher flow rates. The variation in leachate 

concentrations in the Het-domain experiment at the lowest 

flow rate clearly shows the impact of slow exchange of 

solutes between mobile and immobile water during stagnant 

flow conditions. Heterogeneity in material properties 

combined with variations in boundary conditions have a 

strong impact on the non-equilibrium phenomena observed 

and therefore a large impact on the concentration dynamics 

in the leachate. 

3.2.2. Effect of Infiltration Pattern and 

Infiltration Rates 

Ponding was observed during infiltration for all scenarios. 

This indicated that the applied infiltration rates were more 

than the infiltration capacity of the domain [33]. 

Consequently, all experiments were performed at near 

saturated conditions. The cumulative amounts of water 

applied during the different experiments differed (See figure 

4), where most water was applied during the continuous 

infiltration experiments and least water was applied in the 

square wave pattern at 41% of the pump rate. The water 

content in the domain adjusts itself to the inflow regime. 

Initially the water content needs to increase in order to have 

the relative permeability increase to match the applied flow 

rate. This is clearly seen in figure 9(a), where the outflow 

from the domain starts about 18 minutes after the start of the 

experiment. Once out flow occurs, the variation in outflow is 

much smaller that the variation in the infiltration rate. The 

lower the infiltration rate, the larger the variation in the 

outflow. Water is apparently continuously moving through 

the domain, and water content is more or less constant 

implying gravity driven flow. For the square wave infiltration 

patterns, the water content will vary between a minimum and 

maximum value controlled by the flow rate and the timing in 

the infiltration pattern. The variation in water content is 

largest for the pattern with the lowest flow rate. 

The concentration drop for Hom and Het-domains shown 

in figure 9(b) occur more or less at the same time. This 

difference between the two domains is smaller that we 

originally expected. We attribute this to the dominant effect 

of the sand layer we used at the bottom of the sand-frame. 
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Variation in high flow infiltration conditions has only a 

limited impact on the measured BTCs because the flow 

variation in the domain is small. Decreasing flow rates leads 

to an increasing impact on the BTCs. This is caused by the 

increased variation in water content in the domain. More 

water can be stored in a relatively dry domain, increasing the 

travel time and therefore the impact of slow diffusion on the 

dynamics in leachate concentration. Diffusion is slow process, 

causing a non-equilibrium condition to be present in the 

domain. As was shown in figure 4, different volumes were 

flushed through the domain during the experiments. In order 

to investigate the impact of non-equilibrium more closely we 

plot the BTCs as a function of cumulative discharge (See 

figure 10). If the domain would be in equilibrium, all BTCs 

would plot on top of each other. The results clearly show the 

above described effect of increasing non-equilibrium for the 

experiments where variation in saturation is large. The spread 

in BTCs is smallest for the S61 scenarios and increase for the 

V4181, S51 and S41 scenarios. For each of these scenarios, 

the variation in water content in the domain increases. 

Clearly non-equilibrium is largest for the S41 scenario in 

both domains, illustrated by the dynamics in leachate 

concentration. The increase is caused by recharge of the 

mobile water during the stagnant phase. 

 

Figure 8. Normalized concentration against time for infiltration scenarios S41 (a) S51 (b) S61 (c) and V4181 (d) compared with for infiltration scenario C41 

in Homogeneous (Hom) and Heterogeneous (Het) domains scenarios. 
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Figure 9. Inflow and outflow drainage (a) and normalize outlet solute concentration and discharge in time (b), obtained for S41 infiltration scenario for 

Homogeneous (Hom) and Heterogeneous (Het) domains scenarios. 

 

Figure 10. Normalized concentration against cumulative discharge for infiltration sce- narios S41 (a) S51 (b) S61 (c) and V4181 (d) compared with for 

infiltration scenario C41 in Homogeneous (Hom) and Heterogeneous (Het) domains scenarios. 
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3.3. Numerical Simulations for Lab Scale 

Experiments 

The results for the numerical simulation of the S41 

infiltration experiments for both the Hom and Het-domains 

are discussed in this section. The are shown in figure 11(a) 

and (b). The measurements for both spatial domains, showed 

some increasing values in the BTCs. Figure 12, shows the 

simulated BTCs as the function of time and number of pore 

volumes. Although the difference is small, the Het-domain 

simulation has slightly earlier break through than the Hom-

domain. The tailing however is very similar which indicates 

the dominant effect of the bottom sand layer on the results. 

This indicates the presence of diffusion controlled non-

equilibrium in solute transport and large of number of pore 

volumes are required for flushing the solute completely for 

both scenarios. 

Figure 13 (a) and (b) shows the simulated pressure heads 

and water contents along the x-x’ section marked in figure 5, 

at different times for the Het and Hom domains. The 

pressure head profiles clearly indicate the increase in 

saturations during the experiment. Heterogeneity leads to a 

variation in water content along the depth is observed for 

the Het-domain (See figure 13 (c) and (d)). Figure 13 (e) 

shows the height of the water layer on top of the domain 

due to ponding for both the Hom and Het-domains. 

Apparently, higher ponding levels are occurring for the 

Het-domain. The spatial variation in water content of the 

different domains is shown in figure 14. Clearly both 

domains are very wet, with the Het-domain clearly being 

influenced by the presence of heterogeneity. 

 

Figure 11. Average outlet normalize solute concentrations in time duration obtained for homogeneous (Hom) (a) and heterogeneous (Het) scenarios (b) for 

lab scale and using VarSatFT simulator. 

 

Figure 12. Average outlet normalize solute concentrations as a function of time (a) and number of pore volumes (b) obtained for homogeneous (Hom) and 

heterogeneous (Het) scenarios simulated in VarSatFT. 
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Figure 13. Pressure head and water content along x-x¹ sections along the depth at time 0.5 hr, 1.5 hr, 2.5 hr and 3.0 hr for S41 infiltration scenario for 

homogeneous. 
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Figure 14. Spatial distribution of water content for homogeneous (Hom) and heterogeneous (Het) obtained at 3.0 hr for S41 infiltration scenario simulated in 

VarSatFT. 
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Figure 15. Spatial distribution of concentration content for homogeneous (Hom) and heterogeneous (Het) obtained at 0.5 hr, 1.5 hr, 2.5 hr and 3.0 hr for S41 

infiltration scenario simulated in VarSatFT. 

Figure 15 shows the distribution of solute concentrations 

obtained for both spatial domains, obtained at 0.5 hr, 1.5 hr, 

2.5 hr and 3.0 hr. The contour lines shows the flushing 

pattern of the solute at different times. The presence of the 

plastics and sand Sa2 and Sa3 makes the spatial distribution 

of solute non-uniform as seen at different time durations. The 

streamlines in the Het domain are directed along the 

periphery of the plastics and form preferential flow paths 

which are narrowing towards the bottom at discharge outlet. 

The streamlines in the Hom-domain are directed in vertically 

downwards but also converge in the fine-sand layer towards 

the discharge outlet. The consequence is that solutes remain 

present in the corners at the bottom of the sand frame. 

In addition, the small outlet part for the discharge outflow 

at the bottom of the frame restricts the flow. This effect is 

found for both the Hom as well as the Het-domain although it 

is most pronounced for the Het-domain (See figure 15 (f) and 

(h)). 

4. Conclusions 

In this study, the hypothesis was that material 

heterogeneity, infiltration patterns and infiltration rates act as 

controlling factors for transport non-equilibrium impacting 

leachate concentration dynamics. Experiments were 

performed on homogeneous and heterogeneous domains in 

order to test this hypothesis. Slightly longer tailing in solute 

BTCs were observed for the heterogeneous domain 

compared with the homogeneous domain. But the largest 

impact the BTCs was found to be the variation in infiltration 

rates and infiltration timing which is caused by the variation 

in the water content within the domain. The presence of a 

fine sand filter at the bottom of the sand-frame dominated the 

measured results, clouding the differences between the Het-

domain and the Hom-domain. However, conclusions about 

the impact of heterogeneity and varying infiltration boundary 
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conditions can be made. 

The experiments clearly showed the impact of saturation 

on the leachate concentrations. High flow rates lead to near 

saturated flow conditions where variations in water content 

were limited. Tailing in the BTCs was an indication of 

significant diffusion from stagnant water present in both the 

Hom and the Het domain. Lowering the flow rate in the 

intermittent infiltration experiment, lead to increased 

variation in leachate concentration, indicating recharge in the 

concentration of the mobile water during non-flow conditions 

in both domains. 

The results from these experiments clearly indicate that 

non-equilibrium processes in solute transport will nearly 

always influence the dynamics of in leachate concentrations. 

These effects will be more pronounced in full-scale landfills 

where infiltration is controlled by variations in rainfall, 

evapotranspiration and where waste bodies are much more 

heterogeneous compared with this simple laboratory tests. 

The results imply that reducing emission potential from a 

full scale MSW landfill using flushing would require large 

amounts of water, making this infeasible. However, presence 

of preferential flow through a small volume of the waste 

body leads to fast flushing of this mobile volume and 

therefore to a fast decrease in leachate concentration. This 

concentration increases during no-flow conditions, if the time 

of such no-flow conditions can be limited, concentrations in 

leachate could be kept at acceptably low values. 
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