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Using pore-solid fractal dimension to estimate residual LNAPLs saturation
in sandy aquifers: A column experiment
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Abstract: : The“tailing” effect caused by residual non-aqueous phase liquids (NAPLSs) in porous aquifers is
one of the frontiers in pollution hydrogeology research. Based on the current knowledge that the residual
NAPLSs is mainly controlled by the pore structure of soil, this study established a method for evaluating the
residual saturation of NAPLs by investigating the fractal dimension of porous media. In this study, the soil
column experiments of residual light NAPLs (LNAPLs) in sandy aquifer with different ratios of sands and
soil were carried out, and the correlation between the fractal dimension of the medium, the residual of
LNAPLs and the soil structure parameters are statistically analyzed, and its formation mechanism and main
control factors are discussed. The results show that: Under our experimental condition: (1) the fractal
dimension of the medium has a positive correlation with the residual saturation of NAPLs generally, and the
optimal fitting function can be described by a quadratic model: S = 192.02D* —890.73D + 1 040.8; (2) the
dominant formation mechanism is: Smaller pores in the medium is related to larger fractal dimension,
which leads to higher residual saturation of NAPLs; stronger heterogeneity of the medium is related to
larger fractal dimension, which also leads to higher residual saturation of NAPLs; (3) the micro capillary
pores characterized by fine sand are the main controlling factors of the formation mechanism. It is
concluded that both the theory and the method of using fractal dimension of the medium to evaluate the
residual saturation of NAPLSs are feasible. This study provides a new perspective for the research of “tailing”
effect of NAPLs in porous media aquifer.
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shown (Hunt et al. 1988; Mackay et al. 1991;
Forsyth PA & Shao, 1991) that “tailing” is mainly
due to the fact that NAPLs are intercepted by some
pores and become an independent residual phase,
which is difficult to be removed by external force.
The ratio of its pore volume to the total pore
volume is called residual saturation (Fetter et al.
1999) (Fig. 1), where (a) represents NAPLs in a
continuous free phase, and (b) stands for NAPL
droplets in the independent residual phase. The
level of residual saturation has little to do with the
chemical properties of NAPLs (Saripalli et al.
1998). It is mainly related to the structure and
composition of the soil, and largely depends on the
geometry of the capillary pores that can completely
bind the NALPs, such as the connectivity, size and
porosity of pores.

As early as 1999, Wiedemeier summarized and

Introduction

Non-aqueous phase liquids (NAPLs) can be divided
into two categories: Light non-aqueous phase
liquids (LNAPLs) and dense non-aqueous phase
liquids (DNAPLSs) according to the relationship
with water density. The “tailing” effect in the
process of NAPLs pollution remediation in porous
media is hotspot and difficult issue internationally
(Mackay & Cherry, 1989; Gao et al. 2008; Wang
et al. 2016; Mateas et al. 2017; Zhao et al. 2018;
Ezeh, 2019; Rane et al. 2020; Ramezanzadeh et al.
2020; Cheng & Zhu, 2021). Previous studies have
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proposed a multiphase flow model from the field
scale of 100 meters to the capillary scale of milli-
meter or even smaller scales to describe NAPLs,
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Fig. 1 Occurrence status of NAPLs in aquifers

and this method is currently the main method for
studying NAPLs. This series of models generally
requires parameters such as capillary pressure, satu-
ration, relative permeability, surface tension and
wettability. Theoretically, the residual saturation
can be calculated by determining these parameters.

However, in practical work, most parameters
can only be obtained through indoor water-soil-
NAPLs simulation experiment (Celia et al. 1995;
White et al. 2004; Zhang & Kang, 2007; Hou et al.
2019; Karaoglu et al. 2019; Kacem et al. 2019;
Khasi et al. 2020), which requires rigorous test
scheme and precise instruments and equipment to
ensure the accuracy of the experiment. Moreover,
the measurements of capillary pressure, saturation
and its lag effect have always been difficult. Even
if the simulation test results are reliable, the
difference of scale effect between laboratory and
field is hard to avoid.

In order to solve many complex problems of
multiphase flow model parameters, some resear-
chers have introduced fractal theory to study
NAPLs (Kemblowski & Wen, 1993; Neuman,
1995; Yu, 2003; Feng et al. 2019; Soto et al.
2019). A few researchers tried to describe the
migration process of NAPLs with phase parame-
ters-fractal (dimension and scale) (Mukhopadhyay
& Cushman, 1998; Costa, 2006; Li et al. 2013;
Patmonoaji et al. 2020). Probably because these
studies are lack of in-depth disclosure of the
mechanism, the fractal methods are not widely
accepted, and have not been used to characterize
the residual saturation of NAPLs. However, accor-
ding to the definition of NAPLs residual saturation
and its occurrence form in porous aquifers, the
microscopic pore characteristics of the medium are
the key factors in determining the residual satura-
tion of NAPLs. The multiphase flow parameters
(relative permeability, capillary pressure, saturation
etc.) are essentially the macroscopic representa-
tions of the microscopic pore characteristics of the
medium. Therefore, it is reasonable and feasible to
estimate the residual saturation of NAPLs as long
as the microscopic pore structure of the medium
can be accurately characterized.
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In fact, many studies on fractal characterization
of residual oil distribution and residual saturation
have been carried out in the field of petroleum
geology (Jia et al. 1995; Le & Wang, 2004; Li et
al. 2006; Yang & Xu, 2009; Zhang & Ren, 2011;
Zhang et al. 2013; Guo et al. 2014; Liu et al. 2017,
Han et al. 2018), and these studies were mainly
conducted in glutenite debris media. The research
shows that the fractal dimension of the rock debris
medium is positively correlated with the residual
saturation, and the formation is related to the
heterogeneity. Based on this, it is inferred that the
NAPLs residues in the soil medium should also
have fractal characteristics.

Based on the above analysis, in this study, quar-
tz sand was used to mix soil with different pore
structure characteristics, and the common light non-
aqueous phase liquid (LNAPLs) material, diesel,
was used to carry out the LNAPLs residual soil
column simulation experiments. A method is
therefore proposed for estimating the residual
saturation of LNAPLs by the fractal dimension of
the medium to provide support for the remediation
of LNAPLSs pollution in sandy aquifers.

1 Materials and methods

1.1 Materials

Main materials: LNAPLs: 0# diesel with a density
of 0.83 g/ml; quartz sand (3 kinds): Fine grain (212
pm), medium grain (380 um) and coarse grain (830
um) (Table 4).

Main instruments: Emulsifier, digestion appa-
ratus, portable spectrophotometer, laser particle
size analyzer, oven, scale, etc.

Soil column setup: The soil column is 1 meter
high with the inner diameter of 6cm, and thickness
of 0.5 cm. The water inlet is set at a distance of
about 10 cm from the upper end of the column,
which is connected to the constant head device,
and the head measuring device is connected to the
position of 15 cm from the upper end and 5 cm
from the lower end in the column (Fig. 2).

http://gwse.iheg.org.cn
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Fig. 2 Schematic diagram of soil column simulation test device

1.2 Soil column simulation experiment

In order to reduce the volatilization of diesel during
the experiment, the experiment was conducted in
winter. The soil column, the baseplate, the constant
water head device and the water supply bucket are
connected with a latex tube, and a gauze was
placed at the bottom of the soil column to prevent
the quartz sand from flowing out with the water.
The experiment mainly includes two processes:
The preparation of sandy aquifer and formation of
LNAPLs residual.

1.2.1 Preparation of sandy aquifer

The fine, medium and coarse quartz sands were
randomly mixed into four configurations with
different particle ratios of T1, T2, T3 and T4
(Table 4). Each configuration had two repetitions,
so there were eight experimental soil columns
identified as 1-1, 1-2, 2-1, 2-2, 3-1, 3-2, 4-1 and 4-
2 (Table 1) respectively. The specific propor-
tioning details are shown in Table 4.

Table 1 Particle ratio scheme of soil column medium

Treatment T1 T2 T3 T4
NO. -1 1-2 2-1 22 3-1 3-2 4-1 42

Before the filling experiment started, the water
inlet pipe was connected to the water outlet below
the soil column, then water was injected from the
bottom of the device until the water surface just
reached the connection level between the flange
and the column, and started to add samples. The
total filling volume was about 9 600 cm’, which
was divided into 8 times. The height and quality of

http://gwse.iheg.org.cn

sand samples in each soil column were the same.
During the filling, the column wall was patted
gently to make sure it was properly filled. Water
injection rate was carefully controlled after each
filling. Water injection was stopped when the
quartz sand was fully soaked in water and the next
filling started. Filling was stopped when the
sample height in the column reached about 85 cm.
After the filling was completed, the water inlet was
move to the upper end of the soil column, and
water was injected into each soil column. The
water levels in the eight columns were consistent
with each other and a hydraulic gradient was kept
between 0.01-0.03. The flow rate was monitored
for 12 times in about 16 hours. The permeability
coefficient did not change much (within a relative
error of 30%) and it was considered that the
medium structure was stable, and the preparation
of the sand medium aquifer was completed.

1.2.2 Formation of LNAPLS residual

After the water injection stopped, 500 mL of diesel
was added to the soil column. When the soil
surface just reached the top of the quartz sand, the
water pipe of the water inlet device was connected
to the sandbox and the water levels in all soil
columns were kept the same. The flowing out
volume of oil and water was recorded, and samples
were taken. COD, was taken as the quantitative
indicator of diesel concentration, which was
measured in the sample. When the COD¢, value of
the effluent samples in each soil column was 0, we
considered that the diesel had completely flowed
out with the relative error of the permeability
coefficient within 30%. At this stage, it was
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considered that the residual NAPLs had formed,
and the soil height in each soil column was
measured to calculate the soil volume. The
experiment was over.

1.3 Data analysis

1.3.1 Residual saturation of LNAPLs

Since the outflow was a heterogeneous mixture of
oil and water, to obtain accurate and representative
data an emulsifying machine was used to mix the
oil and water uniformly, and samples were then
taken to measure COD¢,. The scatter plot of the
concentrations of NAPLs and COD¢, shows a very
strong linear relationship with R* 0f 0.999 1 (Fig. 3).

1200

1000 |

800 1=1.4288x-9.6111
R=0.9991

600 |

CODc/(mg-L™)

0 200 400 600 800
NAPL/(mg-L™")

Fig. 3 Scatter plot of NAPLs-CODcr

The operation processes are as follows: (1) con-
figure 500 mL of oil and water with six concentra-
tion levels of 100, 200, 300, 500, 600, and 700
mg/L; (2) set the emulsifier speed at 5 500 r/min,
and emulsify each of water-oil samples for 3
minutes from low to high concentration; (3) use a
pipette to take up 2 mL of the solution, and put it
in a HACH special COD¢, test tube with potassium
dichromate as an indicator; (4) digest the solution
with a digester for 2 hours, then take out the test
tube and cool it; (5) measure the COD, of the
sample on a portable UV spectrophotometer.

By this way, the amount of total LNAPLSs in the
effluent flowing out the soil column can be deter-
mined. The residual amount of LNAPLs in the soil
column can be calculated by subtracting the
amount of oil flowing out from the total amount of
oil added, denoted as V,,;. The residual saturation
can then be determined as:

Vroi
S % = _ Vsl

soil — ¥ sand

x 100 (1)

Where: V,,; is the residual oil volume, V,,; is the
soil volume, V., is the sand volume, and S is the
residual saturation.
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1.3.2 Fractal dimension of sand medium

After the experiment, the sand samples in the soil
columns were randomly taken, washed and dried
to record the quality. The laser particle size analy-
zer Mastersizer-2000 was used to measure and
count the mass distribution of different particle
size, i.e. 0.03-0.3 mm, 0.3-0.4 mm, 0.4-0.5 mm,
0.5-0.65 mm, 0.65-0.8 mm, 0.8-1 mm, 1-2 mm.
The density of the soil with the same particle size
is largely the same, and the commonly used Yang
Peiling method can be applied to calculate the
fractal dimension of the soil. The calculation
formula is:

Rmax

_ Where: R, is the i-th particle size in the particle,
R; represents the average particle size between the
two sieve grades R; and R,.,, abbreviated as R; R,..
is the average largest particle size, abbreviated as
R,.; W(d <R)) represents the cumulative weight of

=W (2)

( R ) W(d<R)

. . w
particles smaller than R, abbreviated as W; w,
represents the total weight of particles. ’

The formula can be simplified into:

w R Ig(W/Wo)
lg—=03-D)l D=3-———
g WO ( ) ngax = lg (Ri/Rmax)

3)

W . R,‘
Take 1g — as the ordinate and 1g— as the

abscissa to make a log-log plot to describe the
particle size distribution, the relationship can be
fitted with a straight line and the slope of the line is
3—D, from which the fractal dimension D can be
calculated.

1.3.3 Other parameters
The initial porosity of the soil is calculated by:

Vsoi - Vsan
no% = —2 2" 100 4)

soil
Where: V,,; is the volume of soil, V,,, is the
volume of sand, and n, is the initial porosity.
The permeability coefficient is calculated by
Darcy’s law, the details of which are not given in
this paper.

2 Results and discussion

2.1 Data presentation

The first three permeability coefficient before the
formation of LNAPLs residues were calculated
using Darcy’ s law, ranging from 27.35 m/d to
79.16 m/d, and the relative error RSD is between
1% and 27%, as shown in Table 2.

http://gwse.iheg.org.cn
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Table 2 the observed results of the three permeability coefficients before the end of the residual LNAPLs

formation experiment

1-1 1-2 2-1 2-2 3-1 3-2 4-1 4-2
Third from last 80.08 54.05 39.8 53.72 27.75 51.68 37.88 40.58
Second from last 79.83 41.84 40.37 66.06 27.3 31.2 36.23 45.89
Last 77.58 56.65 45.55 64.3 26.99 36.57 37.01 53.05
RSD% 6 16 8 11 1 27 2 13

The above experimental methods were used to
measure the volume of soil, sand, residual oil and
soil particle mass, and the cumulative soil particle
weight data for the 7 grades (0.03-0.3 mm. 0.3-
0.4mm, 0.4-0.5mm, 0.5-0.65mm. 0.65-0.8 mm,
0.8-1 mm, 1-2 mm), the results are shown in
Table 3.

The residual saturation and initial porosity are
calculated by:

soil

Sp% = —————
R Vsoil - Vsand

x 100 (5)

Vmi / Vrand

1% = x 100

(6)

soil

The fractal dimension is calculated by Yang
Peiling method. In order to make the calculation
more accurate, use two line segments with 3 points
each (Line 1 and Line 2) to fit the data, R* was
above 0.95 for all samples. After the fractal dimen-
sion was calculated for each section, the mean
value was taken to represent the fractal dimension
of the entire soil (Fig. 4, Table 4).

Where: SD is the standard error, Average is the
mean value.

2.2 Results

2.2.1 Relationship between residual saturation of

LNAPLs and fractal dimension
The scatter diagram of fractal dimension D and the

Table 3 Volume of samples and particle size

residual saturation Si is shown in Fig. 5. It can be
seen that the fractal dimension has a positive
relationship with the residual saturation. Using the
SPSS curve estimation model (curve estimation
models in SPSS include Linear, Logarithm, Inve-
rse, Quadratic, Power, Compound, S, Logistic,
Growth, Exponent) for optimal fitting analysis (the
same below), it was found that Quadratic is the
best fit model to describe the relationship between
the fractal dimension of the medium and the
residual saturation of LNAPLSs, which is written
as:

Sk =192.02D*—-890.73D + 1 040.8 @)

The coefficient of determination R’ reaches
0.779 9 and the R’ of other models is between 0.420 3
and 0.458 6. Take the derivative of the curve and
D ~2.32 is the turning point, where S ; ~ 7.83. That
is, when D < 2.32, the higher the fractal dimension,
the smaller the residual saturation, and two of them
have a negative correlation. When D > 2.32, the
higher the fractal dimension, the greater the
residual saturation, and two of them have a posi-
tive correlation.

2.2.2 Relationship between fractal dimension and

pore structure parameters

The scatter diagram of the pore structure parameters-
fractal dimension of each medium is plot in Fig. 6,
and the SPSS linear regression coefficient of
determination R*>0.36 was used as the criterion for
judging the correlation. The results show that there

Volume (cm®)

w
Accumulated in particle size (%)

NO.

Vol Vsand Vot 0.03-0.3 mm 0.3-0.4 mm 0.4-0.5 mm 0.5-0.65 mm 0.65-0.8 mm 0.8-1 mm 1-2 mm
1-1 337720 1808.39 127.71 8.58 7.23 6.38 6.53 4.81 3.27 63.25
1-2 3354.15 1847.72 137.35 7.97 6.88 6.09 6.40 4.74 3.46 64.46
2-1 338492 1763.58 167.47 12.71 9.48 7.74 7.38 4.75 2.81 55.15
2-2 3338.76 1763.58 115.66 13.05 9.41 7.76 7.56 5.09 3.27 53.87
3-1 3365.69 1646.01 181.93 22.63 15.98 12.57 11.39 6.76 3.33 27.35
3-2 3338.76 1646.01 133.73 19.82 15.68 12.81 12.01 7.40 3.90 28.39
4-1 3323.38 1692.96 201.20 24.24 19.97 16.46 15.37 9.22 4.40 10.35
4-2 3338.76 1720.87 196.39 24.86 19.93 16.39 15.24 9.00 4.02 10.56
http://gwse.iheg.org.cn 91
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Fig. 4 The log-log plot of 1g(W/W,) and 1g(R/R,...)
for each soil column

is a correlation between the fractal dimension of
the medium and all pore structure parameters under
the experimental conditions. Among them, the
fractal dimension is positively correlated with fine
sand content (R’=0.785 3), porosity (R’=0.725 4),
and particle size variation coefficient (R’=0.476 4).
The fractal dimension of soil is negatively corre-
lated with permeability coefficient (R’=0.856 5),
coarse sand content (R’=0.828 1), and medium
sand content (R*=0.650 1).

2.2.3 Relationship between residual saturation and

pore structure parameters

A scatter diagram of the pore structure parameters
and residual saturation of each medium was plot in
Fig. 7, and the coefficient of determination of
SPSS linear regression R*>>0.36 was used as the
criterion for judging the correlation. The results
show that: Under the experimental conditions, the
residual saturation of LNAPLS has no correlation
with permeability coefficient (R’=0.198 4) and

porosity (R’=0.096 8). However, it is positively
correlated with the particle size variation coe-
fficient (R*=0.891 4) and fine sand (R*=0.788 6),
and negatively correlated with the content of
medium sand (R’=0.890 9) and coarse sand (R*=
0.739 5).

2.3 Discussion

2.3.1 Significance of correlation
Both residual saturation and fractal dimension are
controlled by the pore structure of the medium,
which generally includes three parameters: Pore
connectivity, pore size, and pore number (Lei et al.
2018). Based on the general law of pore struc-
ture law, this study mainly uses permeability coe-
fficient to characterize pore connectivity. And low
permeability coefficient mostly indicates low con-
nectivity. Pore size can be reflected by the particle
size and small particle size normally leads to small
pores size and high porosity is related to a large
number of pores. In addition, medium heteroge-
neity is another index of pore structure, which is
characterized by the particle size variation coeffi-
cient in this experiment. High particle size varia-
tion coefficient may indicate strong heterogeneity.
Based on the above, the significance of the statis-
tical relationship between the fractal dimension
and residual saturation and each parameter are
given in Table 5. Generally speaking, under the
experimental conditions, smaller pore size indi-
cates stronger heterogeneity in the medium higher
fractal dimension and higher residual saturation.
Larger numbers of pores are related to a poorer
connectivity and higher fractal dimension, but the
residual saturation does not change significantly.
Overall, pore size and heterogeneity are co-

Table 4 Key results

Treatment 1-1 1-2 2-1 22 3-1 322 4-1 4-2
Line 1 2.44 2.41 2.59 2.55 2.73 2.69 2.71 2.73

D Line 2 2.08 2.07 2.17 2.19 2.19 2.12 2.18 2.20
Mean 2.26 2.24 2.38 2.37 2.46 2.41 2.45 2.47

Sk (%)Residual saturation 8.14 9.12 1033 7.34 10.58  7.90 1234 12.14

no (%)Porosity 4645 4491 4790 4718  51.09 5070  49.06  48.46

K(m/d)Permeability coefficient 79.16  50.85 4191 6136 2735  39.82  37.04 4651

Rcoarse-sanaCoarse sand (%) 51.52 43.05 21.44 7.73

Rtedium-sanaMedium sand (%) 22.52 21.91 14.76 6.19

Rrine—sanaFine sand (%) 25.96 35.04 63.8 86.09

RS DsanaRSD of sand content (%) 47.53 32.02 79.79 137.06
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Fig. 5 The best fitting curve of D-SR

correlated parameters of fractal dimension and resi-
dual saturation.

2.3.2 Formation mechanism of LNAPLs fractal in

sand medium

The fractal dimension is a comprehensive charac-
terization of the structure of the entire medium
pores (consisting of five types of pores: Connected
pores, roars, dead pores, micro capillary pores and
isolated pores) (Zhang et al. 2013; Han et al. 2018)
(Fig. 8). The residual saturation of LNAPLS in
sandy soil is theoretically controlled by the
structure of micro capillary pores in the medium
that can bind LNAPLs (Hayden et al. 2006; Cheng
et al. 2014; Guo et al. 2014). Under the
experimental conditions, it can explain the poor

ected pores), porosity (total voids in the medium)
and residual saturation. Because of this, the fractal
dimension of the sand medium measured in this
experiment is slightly different from the positive
correlation between the fractal dimension and the
LNAPLS residual saturation in the existing rock
medium research results. However, the optimal fit
of the regression model is a quadratic curve relation-
ship, and the two are not strictly correlated.

2.3.3 The main controlling factors of the formation

mechanism
Because the parameters of medium structure mea-
sured in the experiment actually have internal
relationships with each other, such as: The permea-
bility coefficient, which characterizes pore connec-
tivity, is a combined reflection of other structural
parameters; the content of coarse sand, medium
sand and fine sand is negatively correlated, but the
particle size variation coefficient and porosity are
positively correlated with particle content. From a
statistical point of view, only by eliminating the
linear relationship between the parameters can the
relationship between the independent variable and
the dependent variable be truly reflected.
Therefore, SPSS multiple linear regression ana-
lysis was used in the study to establish the regre-
ssion equations of fractal dimension, residual satura-
tion and pore structure parameters of each medium
(the coefficient of determination R” is all 1, and
Sig. is all 0):

D =2.844 X std(Rrie-sana)—

correlation between permeability coefficient (conn- 1.869 X s1d(RS Dyuna) = 0.270 X std(n,) - (8)
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Fig. 6 Relationship between pore structure parameters and fractal dimension

NOTES: (a) porosity - fractal dimension, (b) permeability coefficient - fractal dimension, (c) particle size variation coefficient - fractal dimension, (d)

coarse grain content - fractal dimension, (¢) medium sand content - Fractal dimension, (f) fine sand content - fractal dimension
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Fig. 7 Relationship between medium structure parameters and residual saturation of LNAPLs

NOTES: (a) porosity - residual saturation, (b) permeability coefficient - residual saturation, (c) particle size variation coefficient - residual saturation,

(d) coarse grain content - residual saturation, (¢) medium sand content - residual saturation, (f) fine sand content - residual saturation.

Table 5 Parameter relationship statistics and physical significance

Structural parameters Fractal dimension

Residual saturation Sjgnificance

Coarse sand content Negative correlation

Medium sand content ~ Negative correlation

Fine sand content Positive correlation

Coefficient of particle  Positive correlation
size variation
Porosity Positive correlation  /

Permeability coefficient Negative correlation /

Positive correlation

Positive correlation

Negative correlation The smaller the pores, the larger the fractal dimension

and the larger the residual saturation

Negative correlation The smaller the pores, the larger the fractal dimension

and the larger the residual saturation

The smaller the pores, the larger the fractal dimension
and the larger the residual saturation

The stronger the heterogeneity, the larger the fractal
dimension and the larger the residual saturation.

The more pores, the larger the fractal dimension, but
the change of residual saturation is not obvious

The worse the pore connectivity is, the larger the
fractal dimension is, but the residual saturation does
not change significantly

NOTE: / means no relationship

Fig. 8 Schematic diagram of pore structure of sand
medium
NOTES: 1-connected pores, 2-roars, 3-dead pores, 4-microcapillary
pores, 5-particles, 6-isolated pores
Sz =1.944 X std(Rpine-sana)—
0.538 X std(RS D,,s) —0.844 X std(n,)  (9)
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Where: std is the standardization of the scalar
variable, which is calculated by the mean and
standard deviation. It can be concluded that the
fine sand content, the coefficient of variation of
particle size, the particle size characterized by poro-
sity, heterogeneity and the number of pores are the
control factors of fractal dimension and residual
saturation, among which the standard coefficient of
fine sand content is the largest, therefore is regarded
as the key control factor.

SPSS was used to analyze the optimal fitting
between fine sand content and fractal dimension,
and between fine sand content and residual satura-
tion (Fig. 9), and the optimal fitting curves of the
two were found to be in line with the quadratic
model (R’ was as high as 0.910 8 and 0.978 1):

D=8x10" X Rrine—sand® — 0.0121 X Ry suna+2.0142
(10)
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Fig. 9 The best fitting curve of fine sand content and D and SR

NOTES: (a) fine sand content - fractal dimension, (b) fine sand content - residual saturation

Sk =1.8%107X (Rrine-sant)” —0.1465 X R rine—suna+
11.429 (11)

It can be seen that under the experimental condi-
tions, the content of fine sand can almost be regar-
ded as the main controlling factor of the fractal
dimension of the medium, the residual saturation
of LNAPLs, and the relationship between the two.
The formation mechanism can be described as high
content of fine sand is related to high probability of
micro capillary pores and the LNAPLs are more
easily to be bound. The effects of heterogeneity
and pore number appear to be negligible.

It should be noted that in this experiment, the
reason why this phenomenon is obvious is that the
coarse, medium and fine sands are mixed unifor-
mly in the mixing process and the overall homogen-
eity of the medium is good, and the particle varia-
tion coefficient that characterizes the heterogeneity
RS D,,,, is defined as the particle size function.
However, in practical application, the heterogen-
eity of the medium, the numbers of pores, etc. are
not solely controlled by the particle size. The
general geometry, scale, continuity, porosity, perm-
eability and heterogeneity caused by its spatial
variation have a considerable impact on the resi-
dual saturation of LNAPLs. The fractal dimension
is essentially a comprehensive characterization of
the overall pore structure of the medium, and the
fractal dimension of the medium is the most scien-
tific, universal and convenient method to charac-
terize the residual saturation of LNAPLSs in theory.

3 Conclusions

In this study, statistical methods were used to
characterize the relationship between the fractal
dimension of sand media and the residual satura-
tion of LNAPLs. Through the measurement and
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analysis of macro parameters of soil structure, the
internal mechanism and main characteristics of this
relationship were studied under the experimental
conditions. The research can provide support for
the assessment of residual LNAPLs in contamin-
ated aquifers and the formulation of remediation
measures in LNAPLs-contaminated aquifers. The
main conclusions are as follows:

(1) The relationship between the fractal dimen-
sion of the sand medium and the residual satura-
tion of LNAPLs was confirmed. The optimal fit
satisfies the Quadratic model Sj;=192.02D*-
890.73D + 1040.8, and the coefficient of determina-
tion (R”) reaches 0.779 9. (2) The statistical relation-
ship between the fractal dimension of the sand
medium, the residual saturation of LNAPLs and
the pore structure parameters revealed that: Under
the experimental conditions, smaller pore size is
related to larger fractal dimension, and higher resi-
dual saturation; stronger heterogeneity is related to
larger the fractal dimension and higher residual
saturation. (3) The fine sand content can be consi-
dered as the main controlling factor of the relation-
ship between the fractal dimension of the sand
medium and the residual saturation of LNAPLs,
which satisfies the Quadratic model.

Based on the above, it is expected that: (1)
Similar research can be carried out in soils with
smaller particles such as silt and clay and with
more micro capillary pores, and in heterogeneous
media with low-permeability lenses, which has a
more profound significance for the remediation of
LNAPLs pollution; (2) This study only conducted
research on the macrostructure fractal of the pore
and residual LNAPLs in the medium. By applying
scanning electron microscopy, transmission elec-
tron microscopy, CT and other imaging techni-
ques, microscopic pore structure of the medium
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and the distribution characteristics of LNAPLs can
be further investigated to achieve a better unders-
tanding. It is also expected that this research can
provide a more scientific basis for the study of the
“tailing” effect of NAPLs in porous aquifers and
for the formulation of pollution remediation plans.
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