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Abstract: This study focuses on the effects of soil textural heterogeneity on longitudinal dispersion under saturation 
conditions. A series of solute transport experiments were carried out using saturated soil columns packed with two filter 
sands and two mixtures of these sands, having d50 values of 95, 324, 402, and 480 µm, subjected to four different steady 
flow rates. Values of the dispersion coefficient (D) were estimated from observed in-situ distributions of calcium chlo-
ride, injected as a short nonreactive tracer pulse, at four different locations (11, 18, 25, 36 cm). Analyses of the observed 
distributions in terms of the standard advection-dispersion equation (ADE) showed that D increased nonlinearly with 
travel distance and higher Peclet numbers+. The dispersion coefficient of sand sample S1 with its largest average particle 
size (d50) was more affected by the average pore-water velocity than sample S4 having the smallest d50. Results revealed 
that for a constant velocity, D values of sample S1 were much higher than those of sample S4, which had the smallest 
d50. A correlation matrix of parameters controlling the dispersion coefficient showed a relatively strong positive relation-
ship between D and the Peclet number. In contrast, almost no correlation was evident between D and porosity as well as 
grain size. The results obtained with the four sandy matrices were consistent and proved that the dispersion coefficient 
depends mainly on the particle size. 
 
Keywords: Solute dispersion; Soil textural heterogeneity; Saturated columns; Peclet number; Flow velocity; Travel 
distance. 

 
INTRODUCTION 

 
Solute dispersion is a key part of solute transport by affecting 

such processes as subsurface pollutant transport, leaching of 
pesticides and nutrients from the soil root zone, remediation of 
contaminated sites, ion exchange chromatography, and many 
other applications in the soil, agricultural, hydrogeologic, petro-
leum, and chemical engineering disciplines (e.g., Bear, 1988; 
Delgado, 2006; Fetter, 2008; Godoy et al., 2019; Lewis and 
Sjostrom, 2010; Nimbi and Powers, 2003). The problem of 
solute dispersion has attracted much interest from the early 
1900s onward. However, it gathered much more attention and 
became a broader topic only after the 1950s, gathering many 
studies on with hydrodynamic dispersion and miscible displace-
ment. Many or most previous studies investigated dispersion in 
fully saturated porous media (e.g., Bear, 1988; Cui et al., 2019; 
Goldobin and Maryshev, 2017; Saffman, 1959; Scheidegger, 
1974). Their findings suggest that the dispersion coefficient (D) 
increases more or less linearly with the fluid phase velocity and 
the distance travelled, while also being affected by the size and 
shape of particles making up the porous medium, media hetero-
geneity and anisotropy, and pore system tortuosity, as con-
firmed further by many recent studies (e.g., Bandai et al., 2017; 
Bromly et al., 2007; Delgado, 2006; Hunt et al., 2011; Poulsen 
et al., 2008; Pugliese et al., 2013; Sharma and Poulsen, 2010).  

Despite the above and many other studies, consistent and 
comprehensive data sets to establish links between solute dis-
persion and soil textural characteristics remain limited. The 
main objective of this study was to investigate the role of soil 
textural properties on solute dispersion under saturated condi-
tions. For this purpose, we compared tracer breakthrough 
through four sandy matrices: two sandy matrices (coarse and 

fine) exhibiting narrow pore size distributions, and two mix-
tures of these sandy mixtures exhibiting intermediate particle 
sizes and bimodal distributions. For these matrices, we deter-
mined solute breakthrough curves (BTCs) by deriving total 
resident concentrations from the bulk soil electrical conductivi-
ty measured with four-electrode salinity probes at several loca-
tions along columns packed submitted to saturated flow. Values 
of the parameters in the governing advection-dispersion equa-
tion (ADE) were estimated by fitting analytical solutions of the 
transport equation to the observed BTCs. Solute mixing in the 
saturated sands will be discussed in terms of the value of D as a 
function of the pore-water velocity, the transport distance, the 
particle Peclet number, and soil texture (particle size distribu-
tion, i.e., grain size mean heterogeneity). 

 
MATERIALS AND METHODS 
Laboratory experiments 
Sand properties 

 
For this study we used two different filter sands (a relatively 

coarse sand sample S1 and a relatively fine sand sample S4) 
together with two mixtures (samples S2 and S3) of sands S1 
and S4. Sample S2 was a mixture (in weight) of 80% of S1 and 
20% of S4, and sample S3 was a mixture of 60% S1 and 40% 
S4. X-ray micro-computed tomography images of the four 
samples are shown in Fig.1a. The images of sand mixtures S2 
and S3 exhibited a relatively significant degree of heterogeneity 
in terms of particle. 

The sands originated from a river bed in Papendrecht, Neth-
erlands (Filtersand, Filcom, Netherlands) and were sieved to 
different retained sizes as given in Table 1. The average particle 
size (d50) varied from 90 µm to 480 μm (from sands S4 to S1).  
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Fig. 1. MicroCT scans of the sand samples (a), and their particle 
size distributions (b). Samples S1 (black dotted line) and S4 (green 
dashed line) represented relatively coarse and fine sands, respec-
tively. Sample S2 (blue dashed line) is a mixture of 80% of S1 and 
20% of S4, and sand sample S4 (red dash-dotted line) is a mixture 
of 60% S1 and 40% S4. 
 
X-ray fluorescence analyses showed that more than 96% of the 
sand grains consisted of silica (SiO2). 

Coefficients of uniformity (Cu = d60/d10), curvature (Cc = 
d30

2/d10×d60), and sorting (So = (d75/d25)1/2) were estimated for 
all sands (Table 1). Since Cu was less than 4.0 for sands S1 and 
S4, these two samples can be considered to be uniformly grad-
ed by containing essentially identical particle sizes. Sand S1 
was the most uniform. We further included in Table 1 the coef-
ficient of curvature (Cc) as another useful measure of the shape 
of the particle size distribution curve. This coefficient is some-
times used to differentiate the sorting degree of a soil. Sands S2 
and S3 clearly showed lesser degrees of sorting as reflected by 
their bimodal grain size distributions (Fig. 1). In our study, we 
used sand S1 as the main sand in view of its low Cu, So, and d50 

values. Mixing different fractions of main sand S4 with sand S1 
created far more heterogeneous media (Fig. 1). We expect two 
mixtures with intermediate particle size and bimodal pore size 
distributions to exhibit different transfer properties. 
 
Experimental columns  

 
Fig. 2 shows a schematic of the experimental setup used in 

our study. Plexiglass cylinders of 36 cm length and 9.0 cm 
internal diameter were used to construct the columns, which 
contained stainless steel lids with a port at its inlet and outlet 
faces. Three measuring probes at depths of 11, 18 and 25 cm  
 

and at the outlet, at 36 cm, were used to obtain solute concen-
trations utilizing the measured electrical conductivity (EC). A 
picture of the experimental laboratory setup is shown in Fig. 3.  

Sand columns S1, S2, S3, and S4 were packed to porosity 
values of approximately 0.38, 0.34, 0.32, and 0.40, respectively. 
After packing, the sand columns were flushed with CO2 for a 
few hours to replace air from the soil pore spaces, thus ensuring 
as saturated as possible conditions once filled with water. Next, 
the columns were gradually saturated using deionized water 
from the bottom using a peristaltic pump (Ismatec, Switzer-
land). Although peristaltic pumps deliver pulsated flow, the 
relatively large diameter of the columns together with their  
 

 
 

Fig. 2. Schematic of the experimental setup and sand columns used 
in this study. 

 

 
 
 

Fig. 3. Picture of the experimental laboratory setup. 
 

Table 1. Selected properties of the natural sands used in this study1. 
 

Sample d10 
(µm) 

d25 
(µm) 

d30 
(µm) 

d50 
(µm) 

d60 
(µm) 

d75 
(µm) 

2Cu 3Cc 4So 5ϕ pH 
6TOC 
(g m–3) 

S1 400 440 445 480 500 525 1.25 0.99 1.09 0.38 7 < 5.0 × 10–20 
7S2 60 380 390 402 460 480 7.67 5.51 1.12 0.34 7 < 5.0 × 10–20 
8S3 60 70 90 324 440 500 7.33 0.31 2.67 0.32 7 < 5.0 × 10–20 
S4 60 70 80 95 100 115 1.67 1.07 1.28 0.40 7 < 5.0 × 10–20 

 

 

1Technical data sheet of filter sands (Filcom, Papendrecht, Netherlands):  2Cu: Coefficient of uniformity (Cu = d60/d10); 3Cc: Coefficient of 
curvature (Cc = d30

2/d10×d60); 4So: Sorting coefficient (So = (d75/d25)1/2); 5 ϕ: Porosity; 6TOC: Total organic carbon of dry sample;  7S2 = S1(0.8) and 
S4(0.2); 8S3 = S1(0.6) and S4(0.4). 
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relatively long lengths (36 cm) attenuated the pulsed input and 
provided a relative continuous form of flow. We subsequently 
established constant flow rates, ranging from 0.9 to 5.3 cm3 

min–1. For the outlet, we implemented a fixed hydraulic head at 
the top of the sand columns using a small water container. After 
reaching fully saturated steady-state flow conditions, we ap-
plied a short CaCl2 pulse input having a concentration of 0.05 
M (Sigma-Aldrich). 

Dynamic measurements of soil moisture, temperature, and 
EC were carried out over time using several 5TE sensors (Dec-
agon). Three 5TE sensors were inserted horizontally in the 
columns (Bear, 1988; Bunsri et al., 2008a; Dong et al., 2014; 
Inoue et al., 2000) via measuring holes. Each probe consisted of 
three 5.2-cm long, 0.5-cm wide, and 0.17-cm thick prongs. The 
5TE sensors provided simultaneous measurements of the elec-
trical conductivity of the bulk medium (ECb) surrounding the 
sensors, as well as of the bulk medium dielectric permittivity 
(εb) for the same volume. Hilhorst (2000) and Scudiero et al., 
(2012), among others, showed that a linear relationship exists 
between ECb and the electrical conductivity of pore water 
(ECp): 

 

0

p
p b

b b
EC EC

σ

ε
ε ε =

=
−

 (1) 

 
where εp denotes the real portion of the dielectric permittivity of 
soil pore water, which is a function of soil temperature, defined 
as εp = 80.3–0.37(Tsoil–20), and where εσb=0 is the real portion of 
the dielectric permittivity of the soil when the bulk electrical 
conductivity is zero. 

 
BTC data analysis 

 
As noted earlier, the hydrodynamic dispersion coefficient 

(D) depends on a range of microscopic and macroscopic factors 
such as the fluid flow velocity, the tortuosity of the solute travel 
path in the medium, soil texture, possible anisotropic condi-
tions, and ionic or molecular diffusion processes. At the macro-
scopic scale, the classical model for describing non-adsorbing 
solute transport is the advection-dispersion equation (ADE), 
considering no water fractionation in the columns (van Genuch-
ten and Wierenga, 1976). The ADE equation reads as follows 
for a uniformly packed one-dimensional column subjected to 
constant flow (Bear, 1988): 
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where C is the average solute concentration, x  is the longitudi-
nal distance, t  is time, D  is the hydrodynamic dispersion 
coefficient, and v the average pore-water velocity (the Darcian 
flow velocity divided by porosity). 

Assuming the application of a short solute pulse of duration 
to at the inlet (at x = 0) to an initially solute-free semi-infinite 
profile, the analytical solution for the tracer distribution within 
the column is given by (Lindstrom et al., 1967): 
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where C0 is the input concentration and A(x, t) is a term defined 
as follow: 
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As shown by several authors (e.g., van Genuchten and Par-

ker, 1984), Eq. (4) is an appropriate solution for the volume-
averaged (resident) concentration within semi-finite systems. 

The CXTFIT computer program (Toride et al., 1999) within 
the STANMOD software (Šimunek et al., 2000; van Genuchten 
et al., 2012) was used to estimate the parameters v and D in Eq. 
(4) from the observed concentration BTCs obtained for each 
transport experiment at each location in the columns. CXTFIT 
uses a Marquardt-Levenberg type nonlinear least squares fitting 
procedure to optimize the fit between the observed data and the 
advection-diffusion equation. 

For saturated porous media, hydrodynamic dispersion is 
known to be a function of diffusion and mechanical dispersion, 
the latter resulting from local velocity variations, leading to the 
following general relationship for one-dimensional transport 
(Bear, 1988; Fetter, 2008; Freeze and Cherry, 1979): 

 
n

eD D vλ= +  (5) 
 

where De is the effective diffusion coefficient, λ is the (longitu-
dinal) dispersivity, and n is a mostly empirical parameter. As 
shown by Eq. (5), the hydrodynamic dispersion includes both 
ionic or molecular diffusion (De) and mechanical dispersion due 
to solute advection processes (λvn). The effects of diffusion on 
hydrodynamic dispersion can be evaluated by using a particle 
Peclet number (Pe) given by: 
 

e
e

vdP
D

=  (6) 

 

where d is the mean size of soil particles (Kutílek and Nielsen, 
1994; Toride et al., 2003). At relatively low values of the Peclet 
number (Pe < 3), solute dispersion is dominated mostly by molec-
ular diffusion processes, while at high values (e.g., Pe > 10), the 
contribution of molecular diffusion becomes negligible (Delgado, 
2007; Toride et al., 2003). At high Peclet numbers, the exponent 
n of the mechanical dispersion component is generally very close 
to unity (Bear, 1988; Bolt, 1979; Scheidegger, 1974; among 
others). This then reflects a linear increase in hydrodynamic 
dispersion with the pore-water velocity, at least for ideal media 
such as glass beads, packed beds, and non-aggregated soils. 

 
RESULTS AND DISCUSSION 
Breakthrough curves (BTCs) 

 
The measured BTCs at three different depths (i.e., at 11, 18, 

25 cm) and of the effluent at 36 cm are shown in Fig. 4 in terms 
of normalized concentrations (C/Co) of CaCl2. The BTCs show 
a clear dominant Gaussian shape at all depths, characteristic of 
equilibrium transport with Peclet numbers larger than 1.0. The 
symmetric shape of the BTCs agrees with many studies using 
tracer transport in homogenously packed soil columns under 
saturated conditions (Lee et al., 2014; Toride et al., 2003). 
Using CXTFIT, we fitted the ADE analytical solution to the 
observed BTCs to determine values of the pore-water velocity, 
v, and the solute dispersion coefficient, D, from which the 
solute dispersivity, λ, was calculated. Here we assume that the 
contribution of molecular diffusion is negligible and that the 
exponent n in Eq. (5) is equal to one. 
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Table 2. Measured and calculated values of the pore-water velocity (v) together with their differences (Δv), the dispersion coefficient (D) 
fitted to the observed BTCs, and dispersivity values (λ) for various imposed flow rates (q) and travel distances (L). 

 

Sample q  
(cm3 min–1) 

L 
(cm) 

Measured v Fitted v 
(cm min–1) 

Δv Fitted D 
 (cm min–1) 

λ 
(cm) (cm min–1) 

S1 

2.43 

11 0.091 0.079 0.012 0.003 0.034 
18 0.091 0.074 0.017 0.007 0.092 
26 0.091 0.079 0.012 0.009 0.121 

36.5 0.091 0.076 0.015 0.010 0.131 

3.90 

11 0.145 0.147 –0.002 0.005 0.034 
18 0.145 0.143 0.002 0.012 0.083 
26 0.145 0.145 0.00 0.015 0.103 

36.5 0.145 0.150 –0.005 0.018 0.119 

5.30 

11 0.197 0.210 –0.013 0.008 0.039 
18 0.197 0.200 –0.003 0.014 0.071 
26 0.197 0.198 –0.001 0.018 0.091 

36.5 0.197 0.198 –0.001 0.020 0.101 

S2 
 

1.55 

11 0.064 0.071 –0.007 0.001 0.021 
18 0.064 0.068 –0.004 0.004 0.056 
26 0.064 0.064 0.00 0.004 0.067 

36.5 0.064 0.061 0.003 0.005 0.079 

3.07 

11 0.129 0.123 0.006 0.003 0.022 
18 0.129 0.123 0.006 0.006 0.053 
26 0.129 0.124 0.005 0.008 0.066 

36.5 0.129 0.124 0.005 0.009 0.075 

4.87 

11 0.204 0.206 –0.002 0.005 0.023 
18 0.204 0.203 0.001 0.009 0.043 
26 0.204 0.204 0.00 0.011 0.052 

36.5 0.204 0.201 0.003 0.012 0.061 

S3 
 

0.90 

11 0.040 0.038 0.002 0.001 0.037 
18 0.040 0.039 0.001 0.002 0.062 
26 0.040 0.039 0.001 0.003 0.079 

36.5 0.040 0.040 0.00 0.004 0.091 

2.80 

11 0.125 0.115 0.010 0.003 0.026 
18 0.125 0.112 0.013 0.006 0.058 
26 0.125 0.113 0.012 0.008 0.073 

36.5 0.125 0.12 0.005 0.010 0.087 

5.00 

11 0.223 0.218 0.005 0.005 0.025 
18 0.223 0.220 0.003 0.012 0.053 
26 0.223 0.221 0.002 0.015 0.067 

36.5 0.223 0.220 0.003 0.018 0.081 

S4 

2.43 

11 0.091 0.067 0.024 0.002 0.014 
18 0.091 0.078 0.013 0.004 0.033 
26 0.091 0.082 0.009 0.006 0.047 

36.5 0.091 0.090 0.001 0.008 0.063 

3.90 

11 0.123 0.120 0.003 0.0005 0.004 
18 0.123 0.121 0.002 0.002 0.014 
26 0.123 0.118 0.005 0.003 0.027 

36.5 0.123 0.122 0.001 0.004 0.036 

5.20 

11 0.129 0.125 0.004 0.0005 0.007 
18 0.129 0.123 0.006 0.002 0.022 
26 0.129 0.129 0.00 0.003 0.038 

36.5 0.129 0.128 0.001 0.004 0.049 

 
Fig. 4 shows excellent agreement between the simulated 

macroscale (continuum scale) BTC’s using Eq. (4), and the 
experimental data. Results of the optimized parameters are 
provided in Table 2. R2 values for regression of the observed 
versus predicted data for all experiments were very high, 
approximately 0.99 or closer to unity. 

Fig. 5 further shows satisfactory agreement between the es-
timated pore-water velocities (v) at the column scale, calculated 
from the measured Darcian flux (q) and porosity (ϕ) of the 
columns (i.e., using v = q/ϕ), versus velocities estimated by 
fitting the measured BTC’s using Eq. (3). 
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Fig. 4. Measured (open circles) and calculated (lines) breakthrough curves at three different depths (11, 18, and 25 cm) and the effluent at 
36 cm of the saturated columns. Assuming one dimensional macroscopic flow, Eq. (4) was used for the continuum scale simulations of the 
BTCs. The curves are for two experiments with each soil sample involving two different flow rates as listed in Table. 

 
Velocity effects 

 
Fig. 6 shows that the longitudinal dispersion coefficient (D) 

increases with the pore-water velocity (v) and that for a given 
velocity, the dispersion coefficient increases with travel dis-
tance. Furthermore, results revealed that the dispersion  
coefficient of sand sample S1, which had the larger mean parti-
cle size (d50 = 480 µm), was affected considerably by the pore-
water velocity. In contrast, the dispersion coefficient of sample 
S4, having a much smaller mean particle size (d50 = 95 µm), 
was far less affected by the pore-water velocity. 

Another way of visualizing the data in Fig. 6 is to plot for 
each given value of the pore-water velocity the dispersion coef-
ficient as a function of the dispersivity (λ). This is done in Fig. 
7, which shows linear relationships between D and λ, with the 
slope in all cases being very close to the measured pore-water 
velocity, as expected. The linear plots in Fig. 7 confirm our 
assumptions that the effective diffusion coefficient (De) in  
Eq. (5) is very small and can be neglected for all practical pur-
poses (Pe > 3 for all sands except S4), and that the exponent n is 
essentially equal to 1.0. The plots in Fig. 7 further indicate that 
the dispersivity increases with travel distance. 
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Fig. 5. Pore-water velocities estimated from the measured BTCs 
using CXTFIT, versus measured velocities (using a total of 52 
data) calculated from the Darcian flux and the porosity. 

 
Effects of travel distance 

 
Consistent with the results in Figs. 6 and 7, Figs. 8 and 9 

show that the macroscale ADE model at different locations 
provided values for dispersion coefficients and solute disper-
sivity that increase with travel distance, respectively. The val-
ues slowly approach asymptotic values after a travel distance of 
around 25 or 30 cm. Our results reveal that for a constant veloc-
ity, the dispersion coefficient of sand sample S1, having a d50  

 

value of 480 μm, was much higher than the dispersion coeffi-
cient of sample S4 having a d50 of 95 μm. These results are 
consistent with many earlier experimental studies using re-
packed soils showing a dependency of the longitudinal disper-
sion coefficient on travel distance and the pore-water velocity 
(Bromly et al., 2007; Kanzari et al., 2015; Nützmann et al., 
2002; Toride et al., 2003; Vanderborght and Vereecken, 2007). 
Remarkably, Fig. 9 shows that the dispersivity values for the 
lower travel distances are close to the average grain size for 
each sample. As the travel distance increased, dispersivity 
values also increased and became larger than the average grain 
size for each sand sample. 

Despite the dispersion coefficient increasing with the pore-
water velocity and travel distance, Fig. 8 suggests that D is 
further affected by grain size and consequently the pore size 
and its distribution in a porous media. Results show that at a 
velocity of 0.129 cm min–1, the dispersion coefficient of sand 
sample S4 with a d50 of 95 μm is much smaller than the D of 
sand sample S1 having a d50 of 480 μm at a velocity of 0.197 
cm min–1. 

 
Effect of Peclet number 

 
We next calculated the dimensionless Peclet number (Eq. 6) 

to evaluate the effect of molecular diffusion on the hydrody-
namic dispersion. For samples S1 and S2, very high Peclet 
numbers (Pe > 10) were obtained (Fig. 9). This confirms the 
validity of our assumption that the contribution of molecular 
diffusion is negligible, and that the empirical constant n is equal 
to one (Delgado, 2007; Toride et al., 2003). 

 
 

 
 
Fig. 6. Plots of the estimated longitudinal dispersion coefficient (D) as a function of the pore-water velocity (v) for the different types of 
porous media. S1, S2, S3 and S4 have average mean particle sizes of 480, 402, 324, and 95 µm, respectively. 
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Fig. 7. Estimated longitudinal dispersion coefficient (D) as a function of the dispersivity (λ) at given pore velocities (v). 
 
 

 

Fig. 8. Effect of travel distance (L) on the longitudinal solute dispersion coefficient (D) for different pore-water velocity (v) values. 
 
 
 
 
 
 
 



Mojtaba G. Mahmoodlu, Amir Raoof, Martinus Th. van Genuchten 

8 

 

 
Fig. 9. Effect of travel distance (L) on the solute dispersivity (λ) for 
different pore-water velocity (v) values, “Low v”, “Mid v” and 
“High v” refer to low, medium and high flow rates, respectively. 

 
 

 
Fig. 10. Effect of the particle Peclet number (Pe) on the dispersion 
coefficient (D) for the different sand samples. 

 
In contrast with S1, S2 and S3, fine sand sample S4 showed 

relatively low Peclet numbers for all velocities (Pe < 3). This 
indicates that solute dispersion for that sample may have been 
affected also by molecular diffusion, in part because of the 
relatively low pore-water velocities for that sample. Results 
further showed that with an increase in the Peclet number 
and/or pore-water velocity, the dispersion coefficient increased 
nonlinearly, which is consistent with earlier studies (d’Angelo 
et al., 2007; Kantzas et al., 2012). 
 
Correlation matrix of parameters controlling the dispersion 
coefficient 

 
A correlation matrix of the various parameters controlling 

the dispersion coefficient is provided in Table 3. The data indi-
cate a significant correlation between D and five parameters, 
namely the Peclet number (Pe), the dispersivity (λ), the pore- 
 

water velocity (v), the travel distance (L) and the average grain 
diameter (d50). Of these, three parameters (v, λ, and Pe) are 
directly related to D as expected (e.g., through Eq. 6), while the 
parameters of L and Grain Size Variation (GSV) are independ-
ent variables. A strong-positive correlation was found between 
the dispersion coefficient and the Peclet number, the disper-
sivity, and the pore-water velocity as reflected by values of 
0.709, 0.674, and 0.653 for the Pearson correlation coefficient, 
respectively (Evans, 1996). Pearson's correlation coefficient 
measures the statistical relationship, or association, between 
two continuous variables. We used the guidelines by Evans 
(1996) to evaluate the degree of positive and negative correla-
tion, i.e., very weak (0.00–0.019), weak (0.20–0.39), moderate 
(0.40–0.59), strong (0.60–0.79), or very strong (0.80–1.0). 

A moderate-positive correlation was found between D and 
both the travel distance and the average grain diameter, having 
Pearson correlation coefficients of 0.546 and 0.454, respective-
ly. However, we found almost no correlation between D and 
porosity (ϕ) and grain size variation (GSV). As shown by Eq. 
(6), the Peclet number accounts for both the pore-water velocity 
(v) and the average grain diameter (d50). As such, it is not sur-
prising that a strong-positive relationship was obtained between 
the Peclet number and D, leading to relatively high and low 
values of the Pearson correlation coefficient with Pe. 

 
CONCLUSIONS 

 
In this study we used two sand samples (S1 and S4 having 

d50 values of about 480 and 95 μm, with narrow particle size 
distribution, respectively) and their two mixtures (S2 and S3 
having d50 values of 402 and 324 μm with dual particle size 
distribution) to explore the effects of soil textural characteristics 
on longitudinal dispersion in 36-cm long saturated sand col-
umns. Breakthrough curves (BTCs) at 3 depths (11, 18, 25 cm) 
and of the effluent at 36 cm were obtained by measuring the 
electrical conductivity (EC) using 5TE sensors. 

Analyses of the BTCs in terms of the macroscopic equilibri-
um advection-dispersion equation revealed that the dispersion 
coefficient (D) of the sands increased with the pore-water ve-
locity (v). The D value of sample S1 with its relatively large 
mean grain size was more affected by the pore-water velocity 
as indicated by much larger dispersivities (λ), Furthermore, the 
D values increased with travel distance to slowly approach 
asymptotic values at distances of 25 to 36 cm. Our results re-
vealed that for a constant velocity, the longitudinal dispersion 
coefficient of sample S1 (the coarser sand) was much higher 
than D of sample S4 which had a small d50. In addition to in-
creasing with the pore-water velocity and travel distance, D can 
be affected also by the grain size distribution. Our results 
showed that D of sand sample S4 (the finer sand) was smaller 
than of the sample S1 at a same velocity. 

 
Table 3. Correlation matrix of various transport and porous media parameters affecting the dispersion coefficient. 
 

1D 2v 3λ 4L 5d50 6GSV 7ϕ 
v  0.653** 
λ  0.674** –0.036ns 
L  0.546**  0.005ns  0.72** 
d50  0.454**  0.24ns  0.47**  0ns 
GSV –0.007ns  0.138ns –0.046ns  0ns  0.418* 
ϕ –0.062ns –0.104ns –0.096ns  0.026ns –0.506** –0.91** 
8Pe  0.709**  0.834**  0.212ns –0.006ns  0.716**  0.296* –0.314* 

 

1Dispersion coefficient; 2Pore-water velocity; 3Dispersivity; 4Travel distance; 5Average diameter of grains; 6Grain size variation; 7Porosity; 
8Peclet Number; *P ≤ 0.05 (significant difference); ** P ≤ 0.01(highly significant difference); nsP > 0.05(no significant difference). 
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We further found very large particle Peclet numbers for the 
coarser sand samples with their larger mean diameters (notably 
S1, but also S2, and S3). This confirms the validity of our as-
sumption that the contribution of molecular diffusion was neg-
ligible. In contrast to S1, S2 and S3, the sample S4 (with its 
finer sand) showed a relatively low Peclet number (Pe) for all 
velocities (Pe < 2). This indicates that dispersion in sample S4 
was affected more by molecular diffusion. Our results also 
showed that with an increase in the Peclet number and/or pore-
water velocity, the dispersion coefficient increased nonlinearly, 
with an exponential shape. 

A correlation matrix of the many parameters potentially af-
fecting dispersion processes showed a strong-positive correla-
tion between D and three parameters: The Peclet number, the 
dispersivity, and the pore-water velocity, which is in line with 
Equations (5) and (6). A moderate-positive correlation between 
the dispersion coefficient and travel distance and the average 
diameter of the grains was found. However, almost no correla-
tion existed between D and the porosity as well as grain-size 
heterogeneity. Consequently, it seems that that the dispersion 
coefficient depends on particle size more than other soil texture 
or structure features (e.g., porosity, particle size distribution 
modality). 

The results from this study suggest using scale-dependent re-
lations for the solute dispersivity, particularly for applications 
where the scale- dependency of solute dispersion is important, 
such as at early times and/or short travel distances. We further 
note that our study was limited to saturated conditions. Several 
experimental (e.g., Bunsri et al., 2008b; Toride et al., 2003) and 
pore-scale modeling (e.g., Raoof and Hassanizadeh, 2013) 
studies suggest that the dispersivity may increase when soils 
become unsaturated up until some maximum at intermediate 
fluid saturation values, with lower values again in relatively dry 
conditions. Several studies also reported water fractionation 
into mobile and immobile water fractions (e.g., Gaudet et al., 
1977). These and other effects such as heterogeneity and 
macropore flow processes also need further investigations at a 
range of scales.   
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