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ABSTRACT 23 

Aquifers composed of porous granular media are important to human beings because 24 

they are capable of storing a large amount of groundwater. Contaminant migration and 25 

remediation in subsurface environments are strongly influenced by three-dimensional 26 

(3D) microstructures of porous media. In this study, fractal models are developed to 27 

investigate contaminant transport and surfactant-enhanced aquifer remediation (SEAR) 28 

for the regular tetrahedron microstructure (RTM) and right square pyramid 29 

microstructure (RSPM). The relationships of permeability and entry pressure are 30 

derived for these two kinds of 3D microstructures of granular porous media. Afterward, 31 

the difference in perchloroethylene (PCE) migration and SEAR efficiency between 32 

RTM and RSPM is investigated by the numerical simulation based on a synthetic 33 

heterogeneous granular aquifer. Results indicate that PCE penetrates faster and spreads 34 

farther in RSPM-based aquifers compared with RTM-based aquifers. Further, SEAR in 35 

RTM-based aquifers can achieve remediation efficiencies of 66.129%–92.214% with a 36 

mean of 84.324%, which is clearly lower than the SEAR efficiency of 70.149%–94.773% 37 

(with a mean of 89.122%) in RSPM-based aquifers. Findings are significant for 38 

understanding the 3D microstructure of porous media and how the microstructure 39 

of porous media affects macroscopic contaminant behaviors and remediation.  40 

Keywords: Porous media; Sequential Gaussian simulation (SGS); Regular tetrahedron 41 

microstructure (RTM); Right square pyramid microstructure (RSPM); Surfactant-42 

enhanced aquifer remediation (SEAR)  43 

 44 

1. Introduction 45 

In addition to being one of the world's most valuable freshwater resources, 46 

groundwater is also a primary source of domestic drinking water for over half the 47 

world's population (Boswinkel, 2000; Asuquo and Etim, 2012; Valipour, 2012; 48 

Valipour, 2015; Yannopoulos et al., 2015; Valipour and Singh, 2016; Landrigan et al., 49 

2017; Demiray et al., 2023; Jeong et al., 2023; Alamooti et al., 2024; Kuang et al., 2024). 50 
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In recent years, however, more and more contaminants have been released into the 51 

subsurface environment, especially organic contaminants released from industrial 52 

emissions and leaks, such as underground storage tank spills (Bakshevskaia and 53 

Pozdniakov, 2016; Cui et al., 2016; Liu et al., 2016; Landrigan et al., 2017; Wu et al., 54 

2017a; Zhang et al., 2017; Cochennec et al., 2022; Bian et al., 2023; Guo et al., 2023). 55 

The issue of groundwater contamination has become a major environmental concern 56 

(Liu, 2005; C.Carroll et al., 2015; Essaid et al., 2015; Huang et al., 2015; Liu et al., 57 

2016; Schaefer et al., 2016; Weathers et al., 2016; Wu et al., 2017b; Wang et al., 2023a; 58 

Chen et al., 2024). The dense non-aqueous phase liquid (DNAPL) detected in 59 

groundwater is toxic, carcinogenic, teratogenic, and mutagenic, posing serious 60 

health risks to humans and the environment (Wang et al., 2023a; Hou et al., 2024; 61 

Yang et al., 2024). When DNAPL enters the aquifer from an underground storage 62 

tank, it can form residual ganglia and contaminant pools, serving as long-term 63 

contamination sources (Bob et al., 2008; Liang and Lai, 2008; Liang and Hsieh, 2015; 64 

Omirbekov et al., 2023; Shi et al., 2023; Herraiz-Carboné et al., 2024). Therefore, 65 

groundwater restoration and subsurface environment improvement depend on the 66 

investigation of DNAPL migration and remediation in aquifers. 67 

Various transport characteristics are closely controlled by the microstructure of 68 

materials, including hydraulic conductivity, diffusivity, and dispersivity (Yu and Li, 69 

2004; Yu, 2005; Yun et al., 2005; Feng and Yu, 2007; Yun et al., 2009; Wu et al., 2017a; 70 

Guo et al., 2023; Kang et al., 2023), which can strongly affect macroscopic DNAPL 71 

migration and remediation in porous media. Consequently, numerous researchers 72 

have examined how material microstructure affects macroscopic properties. 73 

Microscale geometric structure, for instance, plays a key role in determining the 74 

permeability K in Kozeny-Carman equation relating to Kozeny constant c (Bear, 75 

1972; Yun et al., 2009; Shen et al., 2020). As a result of the development of fractal 76 

theory, natural porous media can be viewed as fractal objects and investigated by 77 

means of fractal analysis (Pfeifer and Avnir, 1983; Katz and Thompson, 1985; Krohn, 78 

1988; Kim et al., 2024). For porous media, various geometrical models of 79 

microstructure have been developed to study thermal conductivity, tortuosity, 80 
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permeability, and fluid invasion, all of which are useful for obtaining mathematical 81 

models of macroscopic parameters (Yu and Cheng, 2002; Yu et al., 2009; Cai et al., 82 

2010; Yang et al., 2023). Microstructure, however, was overly idealized in previous 83 

fractal models. Based on two-dimensional (2D) porous media containing spherical 84 

particles, Yu and Cheng (2002) developed a simple model to quantify tortuosity and 85 

permeability. A fractal method was used to derive the physical properties of porous 86 

media with two phases and the invasion depth of extraneous fluids (Yu et al., 2009; Cai 87 

et al., 2010; Shen et al., 2020; Yang et al., 2022). To estimate REV and investigate 88 

contaminant transport in porous media, various 2D microstructure models were 89 

developed by analyzing grain geometry and microarrangements of solid particles. In 90 

previous studies, material microstructures were usually two-dimensional, and their 91 

influence on contaminants behaviors was sparsely investigated (Yu and Cheng, 2002; 92 

Yu et al., 2009; Cai et al., 2010; Wu et al., 2018, 2020, 2023).  93 

The study examines the effects of microstructures on macroscopic DNAPL 94 

migration and remediation using granular porous media with regular tetrahedron 95 

microstructures (RTM) and right square pyramid microstructures (RSPM). In these two 96 

kinds of 3D microstructures, fractal models are developed to determine permeability 97 

and entry pressure mathematically. Subsequently, 200 realizations of underground 98 

storage tank spill-contaminated sites are generated using a sequential Gaussian 99 

simulation (SGS). Perchloroethylene (PCE) migration and remediation by surfactant-100 

enhanced aquifer remediation (SEAR) are simulated using UTCHEM. Based on 101 

simulated results, the effect of microstructures on DNAPL transport and SEAR 102 

efficiency is compared between RTM and RSPM. 103 

2. Methodology 104 

2.1. Microscale fractal models of granular porous media 105 

The fractal theory suggests that porous media containing numerous pores can 106 

be viewed as a bundle of capillary tubes. An infinitesimal element (unit element) 107 

consisting of tortuous capillary tubes is selected from the porous media. There is a 108 
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relationship between the tortuous length of a capillary tube and its diameter: 109 

𝐿𝑡(λ) = λ1−𝐷𝑇𝐿𝑠
𝐷𝑇                         (1) 110 

Where λ, Lt, and LS are the diameter, the tortuous length, and the straight length of 111 

the capillary tube, respectively; DT is the fractal dimension of tortuosity. 112 

Yu and Cheng (2002) found that the cumulative number of capillary tubes in a 113 

unit element can be derived as follows:  114 

N(𝐿 ≥ 𝜆) = (
𝜆𝑚𝑎𝑥

𝜆
)𝐷𝑓                       (2) 115 

where Df is the fractal dimension for pore/capillary areas in infinitesimal element; 116 

λmax is the maximum value of capillary tube diameter.  117 

Afterward, the derivative of Eq. 2 can be achieved: 118 

−𝑑𝑁(𝐿≥𝜆) = 𝐷𝑓𝜆𝑚𝑎𝑥

𝐷𝑓 𝜆−(𝐷𝑓+1)𝑑𝜆                (3) 119 

The total number of capillary tubes in infinitesimal element is calculated by 120 

integrating Eq. 3 from λmin (the minimum diameter of capillary tubes) to λmax.: 121 

𝑁𝑡(𝐿 ≥ 𝜆𝑚𝑖𝑛) = (
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
)𝐷𝑓                 (4) 122 

Substituting Eq. 4 into Eq. 3 results in: 123 

−
𝑑𝑁(𝐿≥𝜆)

𝑁𝑡
= 𝐷𝑓𝜆

𝑚𝑖𝑛

𝐷𝑓 𝜆−(𝐷𝑓+1)𝑑𝜆 = 𝑓(𝜆)𝑑𝜆           (5) 124 

where 𝑓(𝜆) = 𝐷𝑓𝜆
𝑚𝑖𝑛

𝐷𝑓 𝜆−(𝐷𝑓+1) is the function of probability density. If (
𝜆𝑚𝑖𝑛

𝜆𝑚𝑎𝑥
)𝐷𝑓 =125 

0, ∫ 𝑓(𝜆)𝑑𝜆 =
+∞

−∞
∫ 𝑓(𝜆)𝑑𝜆 = 1 − (

𝜆𝑚𝑖𝑛

𝜆𝑚𝑎𝑥
)

𝐷𝑓

= 1
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
. 126 

Assume the flow path is Lt, and that the pressure difference between the inlet 127 

and outlet is ΔP. The viscosity of fluid is μ. According to Poiseuille equation, the flow 128 

rate of an individual capillary tube (q) is given by: 129 

𝑞 =
𝜋𝑟4Δ𝑃

8𝜇𝐿
=

𝜋(
𝜆

2
)4Δ𝑃

8𝜇𝐿
=

𝜋𝜆4Δ𝑃

128𝜇𝐿
                  (6) 130 

The derivative of the flow rate of an individual capillary tube (q) is: 131 

 132 

𝑑𝑞 = [−𝑑𝑁(𝐿≥𝑙)]
𝜋𝜆4Δ𝑃

128𝜇𝐿
 133 

                   =
𝜋

128

Δ𝑃

𝜇

𝐷𝑓𝜆𝑚𝑎𝑥

𝐷𝑓

𝐿0
𝐷𝑇

𝜆2+𝐷𝑇−𝐷𝑓𝑑𝜆                 (7) 134 
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The total flow rate (Q) can be obtained by integrating q from λmin to λmax: 135 

𝑄 = ∫ 𝑑𝜆  136 

   = ∫
𝜋

128

Δ𝑃

𝜇

𝐷𝑓𝜆𝑚𝑎𝑥

𝐷𝑓

𝐿0
𝐷𝑇

𝜆2+𝐷𝑇−𝐷𝑓𝑑𝜆
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
                                    137 

(8) 138 

   =
𝜋

128

Δ𝑃

𝜇

𝐷𝑓

3+𝐷𝑇−𝐷𝑓

1

𝐿0
𝐷𝑇

𝜆𝑚𝑎𝑥
3+𝐷𝑇[1 − (

𝜆𝑚𝑖𝑛

𝜆𝑚𝑎𝑥
)

𝐷𝑓

(
𝜆𝑚𝑖𝑛

𝜆𝑚𝑎𝑥
)

3+𝐷𝑇−𝐷𝑓

]              139 

 140 

Due to 1 < DT < 2, 1 < Df < 2 and 3 + DT - 2Df > 0, then (
𝜆𝑚𝑖𝑛

𝜆𝑚𝑎𝑥
)

𝐷𝑓

≅ 0, 0 <141 

(
𝜆𝑚𝑖𝑛

𝜆𝑚𝑎𝑥
)

3+𝐷𝑇−𝐷𝑓

< 1. Afterward, Eq. 8 can be simplified to: 142 

𝑄 =
𝜋

128

Δ𝑃

𝜇

𝐷𝑓

3+𝐷𝑇−𝐷𝑓

1

𝐿0
𝐷𝑇

𝜆𝑚𝑎𝑥
3+𝐷𝑇                 (9) 143 

The permeability can be derived using Darcy's law 𝑄 =
𝑘𝐴△𝑃

𝜇𝐿0
: 144 

𝑘 =
𝜋

128

𝐷𝑓

3+𝐷𝑇−𝐷𝑓

𝐿0
1−𝐷𝑇

𝐴
𝜆𝑚𝑎𝑥

3+𝐷𝑇                 (10) 145 

The tortuosity equals to the ratio of the tortuous length of flow path to the 146 

straight length of flow path (Koponen et al., 1996; Yun et al., 2006; Taiwo et al., 2016; 147 

Wu et al., 2017a). Substituting Eq. 1, the tortuosity is given by (Yu and Li, 2004):  148 

𝜏 =
𝐿𝑡(𝜆)

𝐿𝑆
= (

𝐿𝑠

𝜆
)𝐷𝑡−1                    (11) 149 

𝐷𝑡 = 1 +
𝑙𝑛𝜏

ln (
𝐿𝑠
𝜆

)
                        (12) 150 

Two kinds of 3D microstructure of granular porous media are shown in Fig. S1a–151 

d. A regular tetrahedron and right square pyramid are selected from the 3D 152 

microstructure of granular porous media as unit cells. RTM is composed of four 153 

solid particles (Fig. S1a), and its bottom is a regular triangle (Fig. S1b), while RSPM 154 

is composed of five solid particles (Fig. S1c), and its bottom is square (Fig. S1d). 155 

For the RTM in Fig. S1a, the porosity is: 156 

𝑛 =
𝑉𝑡−

4

15
𝜋𝑅𝑣

3

𝑉𝑡
                      (13) 157 

where Vt is the total volume of RTM; Rv is the median radius of solid particles. The 158 

total volume of RTM can be obtained from Eq. 13: 159 
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𝑉𝑡 =
4𝜋𝑅𝑣

3

15(1−𝑛)
                       (14) 160 

Simultaneously, the volume of RTM also can be calculated by the side length 161 

of RTM (Ltl): 162 

𝑉𝑡 =
√2

12
𝐿𝑡𝑙

3                         (15) 163 

𝐿𝑡𝑙 = 𝑅𝑣√
8√2𝜋

5(1−𝑛)
                     (16) 164 

Consequently, the pore volume in RTM (Vtp) is given by: 165 

𝑉𝑡𝑝 = 𝑉𝑡 −
4

15
𝜋𝑅𝑣

3 =
4𝜋𝑅𝑣

3𝑛

15(1−𝑛)
                   (17) 166 

Approximating the irregular pore as a sphere, we can derive the diameter of the 167 

sphere (λt1): 168 

𝑉𝑡𝑝 =
4

3
𝜋(

𝜆𝑡𝑙

2
)3                        (18) 169 

𝜆𝑡𝑙 = 2𝑅𝑣 √
𝑛

5(1−𝑛)

3
                        (19) 170 

The bottom plane of RTM is a regular triangle composed of three solid particles, 171 

as shown in Fig. S1b. The area of the regular triangle (Atb) and the area of solid 172 

particles (Atbs) respectively are: 173 

𝐴𝑡𝑏 =
√3

4
𝐿𝑡𝑙

2                            (20) 174 

𝐴𝑡𝑏𝑠 =
1

2
𝜋𝑅𝑣

2                           (21) 175 

Then the area of pore in the bottom regular triangle (Atbp) is: 176 

𝐴𝑡𝑏𝑝 =
√3

4
𝐿𝑡𝑙

2 −
1

2
𝜋𝑅𝑣

2                     (22) 177 

By approximating the irregular pore in the bottom regular triangle as a circle, 178 

its diameter (λt2) can be calculated: 179 

𝐴𝑡𝑏𝑝 = 𝜋(
𝜆𝑡2

2
)2                      (23) 180 

𝜆𝑡2 = 2√
𝐴𝑡𝑏𝑝

𝜋
                       (24) 181 

In RTM, the gap length (ΔLtl) between the adjacent particles is given by: 182 

Δ𝐿𝑡𝑙 = 𝐿𝑡𝑙 − 2𝑅𝑣 = 𝑅𝑣[√
8√2𝜋

5(1−𝑛)

3
− 2]                (25) 183 

The average diameter length of the capillary tubes in RTM (λtl) is quantified as: 184 

Jo
urn

al 
Pre-

pro
of



8 

 

𝜆𝑡𝑙 =
𝜆𝑡1+𝜆𝑡2+Δ𝐿𝑡𝑙

3
                       (26) 185 

Simultaneously, the side length of the regular tetrahedron in Fig. S1a is Ltl = 186 

2Rv + ΔLtl. Accordingly, the total volume of the regular tetrahedron in RTM 187 

microstructure is 𝑉𝑡 =
√2

12
𝐿𝑡𝑙

3 =
√2

12
(2𝑅𝑣 + Δ𝐿𝑡𝑙)3 , and the inner pore volume is 188 

𝑉𝑡𝑝 = 𝑉𝑡 −
4

15
𝜋𝑅𝑣

3 =
√2

12
(2𝑅𝑣 + Δ𝐿𝑡𝑙)3 −

4

15
𝜋𝑅𝑣

3. As a result, the porosity of RTM is 189 

expressed as: 190 

n =
𝑉𝑡𝑝

𝑉𝑡
=

√2

12
(2𝑅𝑣+Δ𝐿𝑡𝑙)3−

4

15
𝜋𝑅𝑣

3

√2

12
(2𝑅𝑣+Δ𝐿𝑡𝑙)3

             (27) 191 

Based on Eq. (28), the ratio p1 = ΔLtl/Rv can be obtained::  192 

𝑝1 =
𝑑

𝑅𝑣
= 2√ √2𝜋

5(1−𝑛)
− 2                 (28) 193 

The tortuosity of RTM can be determined based on the ratio p1 = ΔLtl/Rv of RTM and 194 

the expression of tortuosity 3D microstructure (Yun et al., 2006): 195 

τ =
𝜏1+𝜏2

2
                        (29) 196 

where 𝜏1 = 1 +
𝜋−2

4𝜋

3(1−𝑛)
+[

4𝜋

3(1−𝑛)
]1/3−2[

4𝜋

3(1−𝑛)
]2/3

, and 𝜏2 =197 

6√3𝑝1
2+12𝑝1+8−(3𝑝1

2+12𝑝1+4)𝑎𝑟𝑐𝑠𝑖𝑛
2

√3(𝑝1+2)
−6(𝑝+2)2𝑎𝑟𝑐𝑡𝑔

−2

√3𝑝1
2+12𝑝1+8

8√3(𝑝1+2)
. 198 

According to the theory of the Sierpinkski gasket (Fig. S2), the dimensionless 199 

pore volume of the regular tetrahedron in RTM microstructure (Fig. S1a) is given by: 200 

𝑉𝑡𝑝 = (𝐿𝑡𝑙
+ )𝐷𝑓                       (30) 201 

where 𝐿𝑡𝑙
+ = 𝐿𝑡𝑙/𝑑𝑚𝑖𝑛; dmin is the minimum diameter of solid particles.  202 

Solve Eq. (30) and the Df can be achieved: 203 

    𝐷𝑓 =
𝑙𝑛𝑉𝑡𝑝

𝑙𝑛𝐿𝑡𝑙
+                        (31) 204 

The dimensionless total volume of the regular tetrahedron in RTM (𝑉𝑡
+) is given 205 

by: 206 

𝑉𝑡
+ =

𝑉𝑡

𝑉𝑠𝑝
                       (32) 207 

where Vsp is the minimum volume of solid particles, 𝑉𝑠𝑝 =
4

3
𝜋(

𝑑𝑚𝑖𝑛

2
)3 =

1

6
𝜋𝑑𝑚𝑖𝑛

3 . 208 
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The dimensionless total volume of the regular tetrahedron in RTM ( +

tV ) can be 209 

written as: 210 

3)( ++ = tlt LV 𝑉𝑡
+ = (𝐿𝑡𝑙

+ )3                    (33) 211 

Afterward, 𝐿𝑡𝑙
+  is calculated as: 212 

𝐿𝑡𝑙
+ = √𝑉𝑡

+3
= 𝑑+ √

1

5(1−𝑛)

3
                  (34) 213 

where 𝑑+ =
2𝑅𝑣

𝑑𝑚𝑖𝑛
. According to Yu and Cheng (2002), the value of d+ is set as 18 or 214 

24. 215 

Consequently, the Df of RTM is derived as: 216 

𝐷𝑓 =
𝑙𝑛𝑉𝑡𝑝

𝑙𝑛𝐿𝑡𝑙
+ =

ln (𝑉𝑡
+𝑛)

𝑙𝑛 √𝑉𝑡
+3

 217 

= 3 +
ln (𝑛)

ln (𝐿𝑡𝑙
+ )

                               218 

= 3 +
ln (𝑛)

ln [𝑑+ √
1

5(1−𝑛)

3
]
                      (35) 219 

 220 

For the RSPM in Fig. S1c, its porosity is given by: 221 

n =
𝑉𝑟−

4

9
𝜋𝑅𝑣

3

𝑉𝑟
                           (36) 222 

where Vr is the volume of RSPM. Then the volume of RSPM can be obtained from 223 

Eq. 36: 224 

𝑉𝑟 =
4𝜋𝑅𝑣

3

9(1−𝑛)
                        (37) 225 

Simultaneously, the volume of RTM can also be calculated by the side length 226 

of RSPM (Lrl): 227 

𝑉𝑡 =
√2

6
𝐿𝑟𝑙

3                          (38) 228 

𝐿𝑟𝑙 = 𝑅𝑣 √
8𝜋

3√2(1−𝑛)

3
                      (39) 229 

Consequently, the pore volume in RSPM is given by: 230 

𝑉𝑟𝑝 = 𝑉𝑟 −
4

9
𝜋𝑅𝑣

3 =
4𝜋𝑅𝑣

3𝑛

9(1−𝑛)
                   (40) 231 

By approximating the irregular pore in RSPM as a sphere, its diameter (λr1) can 232 
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be calculated: 233 

𝑉𝑟𝑝 =
4

3
𝜋(

𝜆𝑟𝑙

2
)3                        (41) 234 

𝜆𝑟𝑙 = 2𝑅𝑣 √
𝑛

3(1−𝑛)

3
                        (42) 235 

The bottom plane of RSPM is square composed of four solid particles (Fig. 236 

S1d). The area of the square (Arb) and the area of solid particles (Arbs) respectively are 237 

expressed as: 238 

𝐴𝑟𝑏 = 𝐿𝑟
2                            (43) 239 

𝐴𝑟𝑏𝑠 = 𝜋𝑅𝑣
2                           (44) 240 

Then, the area of pore in the bottom square of RSPM (Arbp) can be obtained: 241 

𝐴𝑟𝑏𝑝 = 𝐿𝑟
2 − 𝜋𝑅𝑣

2                        (45) 242 

By approximating the irregular pore in the bottom square of RSPM as a circle, 243 

its diameter (λr2) can be calculated: 244 

𝐴𝑟𝑏𝑝 = 𝜋(
𝜆𝑟2

2
)2                        (46) 245 

𝜆𝑟2 = 2√
𝐴𝑟𝑏𝑝

𝜋
                        (47) 246 

Moreover, the side plane of RSPM is a regular triangle composed of three solid 247 

particles. Similarly, the area of the side plane of RSPM (Ars) and the area of solid 248 

particles (Arss) respectively are expressed as: 249 

𝐴𝑟𝑠 =
√3

4
𝐿𝑟𝑙

2                         (48) 250 

𝐴𝑟𝑠𝑠 =
1

2
𝜋𝑅𝑣

2                        (49) 251 

Therefore, the area of pore in the side plane of RSPM (Arsp) is given by: 252 

𝐴𝑟𝑠𝑝 =
√3

4
𝐿𝑟𝑙

2 −
1

2
𝜋𝑅𝑣

2                     (50) 253 

By approximating the irregular pore area in the side plane of RSPM, its diameter 254 

(λr3) can be calculated: 255 

𝐴𝑟𝑠𝑝 = 𝜋(
𝜆𝑟3

2
)2                        (51) 256 

𝜆𝑟3 = 2√
𝐴𝑟𝑠𝑝

𝜋
                        (52) 257 

Similarly, the gap length (ΔLrl) between the adjacent particles in RSPM is given 258 

by: 259 
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Δ𝐿𝑟𝑙 = 𝐿𝑟𝑙 − 2𝑅𝑣 = 𝑅𝑣(√
8𝜋

3(1−𝑛)

3
− 2)                 (53) 260 

The average diameter length of the capillary tube in RSPM (λr) is calculated as: 261 

𝜆𝑟 =
𝜆𝑟1+𝜆𝑟2+𝜆𝑟3+Δ𝐿𝑟𝑙

4
                        (54) 262 

Besides, the total volume of the right square pyramid in RSPM microstructure 263 

is 𝑉𝑟 =
√2

6
𝐿𝑟𝑙

3 =
√2

6
(2𝑅𝑣 + Δ𝐿𝑟𝑙)3 and the inner pore volume is 𝑉𝑟𝑝 = 𝑉𝑟 −

4

9
𝜋𝑅𝑣

3 =264 

√2

6
(2𝑅𝑣 + Δ𝐿𝑟𝑙)3 −

4

9
𝜋𝑅𝑣

3. Therefore, the porosity of RSPM is given by: 265 

n =
𝑉𝑟𝑝

𝑉𝑟
=

√2

6
(2𝑅𝑣+Δ𝐿𝑟𝑙)3−

4

9
𝜋𝑅𝑣

3

√2

6
(2𝑅𝑣+Δ𝐿𝑟𝑙)3

                 (55) 266 

The ratio p1=ΔLtl/Rv of RSPM is obtained by solving Eq. 56: 267 

𝑝1 =
Δ𝐿𝑟𝑙

𝑅𝑣
= 2√

𝜋

3√2(1−𝑛)

3
− 2                  (56) 268 

Afterward, the tortuosity of RSPM can be quantified by Eq. 30). Similarly, the 269 

dimensionless pore volume of the right square pyramid in RSPM microstructure (Fig. 270 

S1c) is given by: 271 

𝑉𝑟𝑝 = (𝐿𝑟𝑙
+ )𝐷𝑓                         (57) 272 

where 𝐿𝑟𝑙
+ = 𝐿𝑟𝑙/𝑑𝑚𝑖𝑛. Df is achieved from Eq.58: 273 

𝐷𝑓 =
𝑙𝑛 𝑉𝑟𝑝

𝑙𝑛 𝐿𝑟𝑙
+                             (58) 274 

The dimensionless total volume of the right square pyramid in RSPM (𝑉𝑟
+) is 275 

given by: 276 

𝑉𝑟
+ =

𝑉𝑟

𝑉𝑠𝑝
=

𝑉𝑟
1

6
𝜋𝑑𝑚𝑖𝑛

3                          (59) 277 

Simultaneously, the dimensionless total volume of the right square pyramid in 278 

RSPM ( +

rV ) can be written as: 279 

𝑉𝑟
+ = (𝐿𝑟𝑙

+ )3                           (60) 280 

Afterward, +

rlL  is calculated as: 281 

𝐿𝑟𝑙
+ = √𝑉𝑟

+3
= 𝑑+ √

1

3(1−𝑛)

3
                     (61) 282 

Consequently, the Df of RSPM is derived as: 283 
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𝐷𝑓 =
𝑙𝑛 𝑉𝑟𝑝

𝑙𝑛 𝐿𝑟𝑙
+ =

ln (𝑉𝑟
+𝑛)

𝑙𝑛 √𝑉𝑟
+3

 284 

= 3 +
ln 𝑛

ln 𝐿𝑟𝑙
+                         (62)   285 

= 3 +
ln 𝑛

ln [𝑑+ √
1

3(1−𝑛)

3
]
                         286 

 287 

The capillary pressure of tortuous capillary tubes (Pc) can be quantified based 288 

on Yong-Laplace equation (Ahn and Seferis, 1991):  289 

𝑃𝑐 =
𝜔

𝜆

1−𝑛

𝑛    
                           (63) 290 

where λ is the diameter of capillary tube; ω = Fσcosθ; θ is the contact angle at the 291 

interface between fluid phase and solid phase; σ is the surface tension of fluid; F is 292 

the form factor related to capillary tube alignment and flow direction. 293 

2.2. Sequential Gaussian simulation 294 

SGS is used to generate heterogeneous porosity fields of an idealized granular 295 

aquifer to determine the effects of RTM and RSPM on DNAPL migration and 296 

remediation. Kriging is used to supply the mean and variance for conditional 297 

distributions in SGS when all distributions follow a normal distribution. SGS 298 

transforms observation data into a Gaussian distribution, after which a simple kriging 299 

estimation system is applied to simulate using the semivariogram model. Previous 300 

research suggests that 50–400 realizations are necessary to achieve a statistically stable 301 

mean realization (Eggleston et al., 1996; Hu et al., 2007). This study examines the 302 

influence of microstructure on DNAPL behavior by generating 200 porosity fields for 303 

an idealized aquifer comprised of granular porous media. 304 

2.3. Numerical simulation of DNAPL migration and remediation 305 

UTCHEM (University of Texas Chemical Compositional Simulator) is a 306 

multicomponent, multiphase model simulator applied to simulate the migration and 307 
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remediation of DNAPL in the idealized heterogeneous aquifer (Delshad et al., 1996). 308 

There is no limit to the number of chemical components that can be specified by the 309 

user in UTCHEM, including water, organic contaminants, surface active agents, 310 

alcohols, polymers, chloride, calcium, other electrolytes, microbiological species, 311 

electron acceptors, etc. Chemical reactions, dispersion, diffusion, adsorption, capillary 312 

pressures, and mass transfer between phases are all included in UTCHEM. UTCHEM 313 

is particularly useful for environmental applications, such as SEAR. 314 

3. Application to a synthetic heterogeneous PCE-contaminated site 315 

An idealized aquifer consists of different grades of sand, whose properties are 316 

shown in Table S1 from related references. The particles of sand conform to the 317 

microstructural model developed in this study. Aquifer a, as shown in Figure 1a, has a 318 

rectangle area of 100 × 51 m2 and a depth of 26 m, divided into 25 (X axis) × 17 (Y 319 

axis) × 13 (Z axis) girds, each with dimensions of 4 × 3 × 2 m3. There are no-flow 320 

boundaries at the top and bottom of the aquifer, while the left and right borders are 321 

constant potential boundaries with groundwater flows from left to right (hydraulic 322 

gradient is 0.005 m/m). Six injection wells and six extraction wells are installed to 323 

remediate the groundwater contaminant by the SEAR technique (Fig. 1b). The SEAR 324 

technique utilizes six injection wells and six extraction wells to remediate the 325 

groundwater contamination. All injection and extraction wells penetrate the entire depth 326 

of the aquifer. 327 

 328 

Fig. 1. Idealized aquifer composed of granular porous media and boundary conditions 329 

(a); set of injection and extraction wells used for contamination remediation (b). 330 

 331 

The idealized aquifer has a porosity following a normal distribution (mean is 332 

0.22, standard deviation is 0.07). The correlation length of 5 m is set for both the 333 

horizontal and vertical directions of the porosity distribution. As shown in Fig. 2a, 334 

one of the 200 realizations of the porosity field is generated by SGS methods in the 335 

GSLIB program, and corresponding statistical analysis is performed  (Fig. 2f). 336 

According to Fig. 2f, the frequency distribution of the single realization follows 337 
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Gaussian distribution, which is the most popular distribution of variables in nature 338 

(Montgomery et al., 1987). RTM and RSPM permeability distributions are derived by 339 

Eq. 11 from the associated parameters Dt, Df and the diameter of the capillary tube 340 

(Fig. 2b and c). The porosity field follows a normal distribution (Fig. 2f), whereas the 341 

permeability field follows a lognormal distribution (Fig. 2g and h). The phenomenon is 342 

consistent with previous findings that aquifer penetration parameters are largely 343 

characterized by lognormal distributions (Montgomery et al., 1987; Veneziano and 344 

Tabaei, 2004). Simultaneously, both RTM and RSPA exhibit some differences in their 345 

permeability fields. The mean values of individual permeability realizations of RTM 346 

and RSPM are 5.430 × 10-11 m2 and 2.493 × 10-10 m2, respectively. Furthermore, the 347 

mean values of 200 permeability realizations of RTM and RSPM are 8.360 × 10-11 m2 348 

and 2.643 × 10-10 m2, which indicates the permeability of RSPM is larger than that of 349 

RTM. 350 

 351 

Fig. 2. Individual porosity field (a), permeability fields of RTM (b) and RSPM (c), 352 

entry pressure fields of RTM (d) and RSPM (e), and corresponding statistical analysis 353 

results (f–j). 354 

 355 

According to Eqs.27 and 55 for RTM and RSPM, their median pore diameters are 356 

determined. Using Eq. 64, entry pressures for RTM and RSPM can be calculated. In 357 

detail, the individual realization of entry pressure for RTM is illustrated in Fig. 2d, and 358 

the corresponding frequency is illustrated in Fig. 2i. Simultaneously, the individual 359 

realization of entry pressure and associated frequency for RSPM is shown in Fig. 2e 360 

and j, respectively. Lognormal distributions are observed for both entry pressure 361 

distributions of RTM and RSPM. RTM and RSPM have average entry pressures of 362 

1.313 kPa and 1.449 kPa for the single realization, indicating RSPM has a slightly 363 

higher entry pressure. RTM and RSTM have no apparent difference in the frequency of 364 

entry pressure distribution (Fig. 2i and j), but RSTM and RSPM have quite different 365 

permeability frequencies(Fig. 2g and h). Therefore, microstructure has a significant 366 

impact on aquifer characteristics, which will ultimately affect associated water and 367 

contaminant transfer. The microstructure of porous media plays a significant role in 368 
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permeability, while entry pressure is only slightly affected. 369 

As a result of a contamination spill event, the underground storage tank at the top 370 

of the granular aquifer leaks PCE into the subsurface environment. To clean up PCE 371 

contamination, SEAR is applied after PCE migrates freely for a long time. There are 372 

four stages in the entire migration and remediation of PCE systems. Firstly, the 373 

underground storage tank at the center grid block of the top layer spills 300 m3 of PCE 374 

into the aquifer every day at a rate of 10.00 m3/day. The PCE spill period lasts 30 days, 375 

after which the underground storage tank does not releases any PCE into the aquifer 376 

during day 30 to day 100. Afterward, six injection wells are injected with 4% surface 377 

active agent solution at a rate of 43.00 m3/day for t = 100–150 days. Simultaneously, 378 

the extraction rate of six extraction wells is also 43.00 m3/day. The relative permeability 379 

of both oil (DNAPL) and water phases increases in the presence of surfactant, while 380 

viscosity and capillary pressure are reduced by surfactant. This is a result of the 381 

surfactant lowering the interfacial tension, resulting in lower residual oil saturation and 382 

bound water saturation (Delshad et al., 1996; Wang et al., 2023b; Alamooti et al., 2024). 383 

Therefore, surface active agents can solubilize and mobilize DNAPL in groundwater 384 

systems, after which DNAPL is extracted through an extraction well from the aquifer. 385 

The contaminated aquifer is then flushed with water for 150 days to sufficiently remove 386 

the DNAPL. The PCE migration and remediation can be generalized to a three-387 

dimensional, unsteady, multiphase flow problem in the heterogeneous aquifer, which is 388 

simulated by UTCHEM (Delshad et al., 1996) to investigate the influence of the 389 

microstructure of porous media on macroscopic PCE transport and SEAR efficiency. 390 

The parameters related to numerical simulation are illustrated in Fig. 2a–e and Table 391 

S2.  392 

4. Results and discussion 393 

4.1. Single realization 394 

3D visualizations of the PCE plume and 2D visualizations in the vertical section 395 

plane during the entire migration and SEAR periods are shown in Fig. 3. Since PCE 396 
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has a greater density than groundwater, it migrates through the aquifer from the upper 397 

to the lower layers and expands the contamination plume (Fig. 3a–b). As the migration 398 

progressed, PCE plume is slightly inclined in the direction of horizontal groundwater 399 

flow (Fig. 3c). Due to heterogeneity in porosity, permeability, and entry pressure, PCE 400 

spreads irregularly in aquifers and is entrapped in zones with high permeability and 401 

low entry pressure. Therefore, residual ganglia and globules are formed in the aquifer 402 

with RTM. There is a no-flow boundary at the bottom of the aquifer, which causes 403 

PCE to accumulate at the bottom and form a large pool after long-term migration (Fig. 404 

3c).  405 

 406 

Fig. 3. Simulated PCE saturation of single realization for RTM during long-term 407 

migration and remediation periods (0–300 day): PCE plumes in 3D space at t = 10 408 

days, 30 days, 100 days, 150 days and 300 days (a–f), respectively; corresponding 409 

PCE plume in the vertical section plane (Y = 25.5 m) at different times (e–j). 410 

 411 

In comparison with the simulated results of RTM (Fig. 3a–c), the PCE transport 412 

phenomenon in aquifers with RSPM is similar (Fig. 4a–c). Nevertheless, the transport 413 

of PCE in porous media is evidently affected by the difference in microstructures.  414 

Based on the results in Fig. 2, it appears that porous media with RSPM have much 415 

higher permeability (average permeability is 2.493 × 10-10 m2) than that of RTM 416 

(average permeability is 5.430 × 10-11 m2) under the same conditions. Simultaneously, 417 

both RTM and RSTM exhibit similar frequencies of entry pressure distribution. 418 

Therefore, PCE spreads more quickly in the aquifer with RSPM due to its greater 419 

mobility. The bottom PCE pool for RSPM has a greater maximum lateral extent than 420 

that of RTM (Figs. 3f–h and 4f–h). Additionally, PCE plume in aquifers with RSPM is 421 

also inclined with a larger inclination angle along the groundwater flow direction (Figs. 422 

3 and 4).  423 

 424 

Fig. 4. Simulated PCE saturation of single realization for RSPM during long-term 425 

migration and remediation periods (0–300 day): PCE plumes in 3D space at t = 10 426 

days, 30 days, 100 days, 150 days and 300 days (a–f), respectively; corresponding 427 

PCE plume in the vertical section plane (Y = 25.5 m) at different times (e–j). 428 
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 429 

After PCE migrates in groundwater over 100 days, SEAR is used to remove it.  430 

Simulation results of SEAR of single realizations for RTM during t = 100–300 days 431 

are shown in Fig. 3c–e and h–j. The remediation effect is not apparent during the first 432 

t = 100–150 days, possibly because most PCE is in the pool state during this period 433 

(Fig. 3d). Afterward, PCE remediation by SEAR is promoted by the formation of more 434 

residual ganglia and globules. During the water-flooding period, the PCE volume is 435 

significantly reduced, which indicates that PCE has been effectively removed from the 436 

contaminated aquifer (Fig. 3e and j). A total of 236.335 m3 PCE is removed at t = 300 437 

days, resulting in a remediation efficiency of 78.939%. 438 

Fig. 4c–e presents the simulation results of SEAR for a single realization of 439 

RSPM. When t = 150 days, 162.3538 m3 of PCE were removed, and remediation 440 

efficiency was 54.216% (Fig. 4d). The long-term remediation resulted in the 441 

removal of nearly 257.921 m3 PCE and a remediation efficiency of 86.129%. 442 

Compared to RTM, PCE is easier to clean up in aquifers with RSPM, and less PCE 443 

remains in the groundwater system, resulting in a lower residual PCE volume (Fig. 444 

4d–e). Simulation results show a clear correlation between microstructure and 445 

macroscopic PCE remediation. It is difficult to remove PCE from the aquifer with 446 

RTM using SEAR, whereas PCE can be removed more efficiently from the aquifer 447 

with RSPM. 448 

4.2. Numerous SGS realizations 449 

RTM and RSPM simulations are also performed for 200 realizations generated 450 

by the SGS method. PCE volumes in the aquifer increase linearly with time during 451 

the first t = 0–30 days (Fig. 5a). The remaining PCE volumes after long-term SEAR 452 

for RTM and RSPM are 23.305–101.434 m3 with a mean of 46.900 m3 and 15.644–453 

89.411 m3 with a mean of 32.570 m3, respectively. Besides, PCE infiltrates in aquifers 454 

with RSPM at a faster rate along the vertical direction (Fig. 4g). Compared to the 455 

residual PCE volumes in aquifers of RSPM, PCE remediation is difficult in the 456 
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aquifer with RTM. When surface active agents are injected into the aquifer to remove 457 

PCE from porous media at t = 100 days and end at t = 150 days, the value of ganglia-458 

to-pool ratio (GTP) shows an obvious variation (Fig. 5b). This phenomenon indicates 459 

that surface active agent is capable of influencing GTP values of PCE plume. A 460 

decrease in GTP is followed by an increase in GTP during the water-flushing period, 461 

which suggests the architecture of the PCE plume changes during the water-flushing 462 

processes. At t = 300 days, GTP values are 0.183–1.365 (average value is 0.873) and 463 

0.227–1.229 (average value is 0.898) for RTM and RSPM, respectively. The 464 

relationship between cumulative PCE removal rate and remediation time is presented 465 

in Fig. 5c and the relationship between GTP value and cumulative PCE removal rate is 466 

presented in Fig. 5d.  467 

 468 

Fig. 5. The change of PCE volume contained in idealized aquifer over entire migration 469 

and remediation periods (a); changes in GTP of PCE plume (b);  cumulative PCE 470 

removal rate as time goes on (c); GTP value as a function of cumulative PCE removal 471 

rate (d); the center of PCE plume in horizontal axis versus time (e); vertical depth of 472 

the center of PCE plume versus time (f); second moment of PCE plume in the horizontal 473 

direction versus time (g); second moment of PCE plume versus time in vertical 474 

direction (h). 475 

 476 

After the surface active agent injection period, there is still some PCE remaining 477 

in the aquifer. The residual PCE in groundwater is then cleaned up by following water-478 

flushing process (Fig. 5c). At t = 300 days, the cumulative PCE removal volumes of 479 

RTM and RSPM reach 198.037–276.002 m3 (mean value is 252.292 m3) and 210.117–480 

283.666 m3 (mean value is 266.852 m3), corresponding to remediation efficiency of 481 

66.129%–92.214% (mean values is 84.324%) and 70.149%–94.773% (mean value is 482 

89.122%), respectively. In comparison with RTM, SEAR has a higher remediation 483 

efficiency for aquifers with RSPM, suggesting it is easier to clean up contaminated 484 

aquifers with RSPM. Fig. 5d shows that GTP values are relatively low before 50% PCE 485 

is removed from the aquifer. After 50% of PCE is removed from the aquifer, the GTP 486 

value increases as more PCE are transformed from pool to ganglia state. After most of 487 

the PCE is cleaned up, GTP continuously increases again due to the small pool of PCE 488 
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remaining at the bottom of the aquifer. 489 

As shown in Fig. 5e–h, the first and second moments of the PCE plume are 490 

obtained through moment analysis. For RTM and RSPM, the PCE plume centers are 491 

very close to each other along a horizontal direction (Fig. 5e). According to Fig. 2, the 492 

permeability of porous media obtained by RSPM is higher than that of RTM. As a result, 493 

the PCE plume expands more easily and contaminates the aquifer more extensively in 494 

the aquifer with RSPM. Furthermore, PCE can be more easily removed from the aquifer 495 

with RSPM using SEAR. During t = 0–100 days (migration period), PCE plumes in 496 

aquifers with RSPM have a smaller second moment in the horizontal direction than that 497 

in aquifers with RTM, which may be caused by the larger transport capacity of PCE in 498 

the aquifer with RSPM. During t = 100–300 days (SEAR period), the remediation 499 

efficiency obtained by RSPM is higher than that obtained by RTM because PCE is 500 

easier to remove in the aquifer with RSPM. Consequently, the second moments along 501 

the horizontal direction for RTM and RSPM are 10.896–145.660 m2 (mean value is 502 

51.825 m2) and 17.598–108.000 m2 (mean value is 49.195 m2) at t = 300 days, which 503 

indicates RTM has slightly larger values of the second moments along the horizontal 504 

direction (Fig. 5g). At t = 300 days, PCE plume centers are similar along the vertical 505 

direction for RTM and RSPM, while the plume extent obtained by RTM is larger than 506 

that obtained by RSPM (Fig. 5f). What’s more, second moments along vertical direction 507 

for 200 realizations of RTM and RSPM are 18.837 –153.170 m2 (mean value is 65.766 508 

m2) and 27.344–133.040 m2 (mean value is 69.529 m2), respectively (Fig. 5h). 509 

Combining the second moments along horizontal and vertical directions, PCE plume 510 

area in aquifer with RSPM is larger than that of RTM, implying RSPM can cause a 511 

wider contamination plume.  512 

Significantly, PCE is a typical DNAPL contaminant with a larger density 513 

compared with water, so the conclusions of this study are applicable to other similar 514 

DNAPL contaminants. However, other pollutants, such as light non-aqueous phase 515 

liquid (LNAPL) contaminants, have smaller densities compared with DNAPL and 516 

water. If other LNAPL contaminants are selected, the migration and remediation 517 

will be changed. The effects of 3D microstructure on the transport and remediation 518 
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of other different contaminants in heterogeneous porous media are beyond this study 519 

and will be explored in our future research. 520 

5. Conclusions 521 

To investigate the influence of the microstructure of granular porous media on 522 

macroscopic contaminant migration and remediation, the fractal models are 523 

developed to quantify the macroscopic parameters (such as porosity, permeability, 524 

and entry pressure) for two 3D microstructures of porous media-RTM and RSPM. 525 

Using the SGS method, 200 realizations of an idealized aquifer composed of different 526 

grades of sand are generated. The long-term PCE transport and SEAR process is 527 

simulated by UTCHEM using distributions of porosity, permeability, and entry 528 

pressure derived from the fractal models of RTM and RSPM. Results suggest the 529 

mobility of PCE plume in aquifers with RTM is less than that in aquifers with RSPM. 530 

Simultaneously, PCE contamination is difficult to remove from aquifers with RTM by 531 

SEAR. After long-time SEAR remediation, the cumulative PCE removal rates are 532 

66.129%–92.214% (mean value is 84.324%) for 200 realizations of RTM, and 533 

70.149%–94.773% (mean value is 89.122%) for 200 realizations of RSPM, 534 

respectively. Moreover, The GTP of the PCE plume obtained by RSPM is mostly higher 535 

than that obtained by RTM. Findings from this work suggest that the microstructure of 536 

granular porous media is fundamental to understanding aquifer characteristics and 537 

contaminant migration as well as remediation effects. Furthermore, the migration 538 

behavior of DNAPL and other organic pollutants (such as chlorobenzene, light non-539 

aqueous phase liquid) in groundwater under different conditions (simulation factors 540 

are permeability coefficient and pressure), DNAPL remediation by other materials 541 

(such as oxidation agents and adsorption agents), and verification of 3D microstructure 542 

models of porous media by experiments and actual site research will be explored in our 543 

future research to provide recommendations for prediction and management of PCE 544 

migration. 545 
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Highlights 

 Fractal models are developed for RTM and RSPM. 

 Lognormal distributions of permeability and entry pressure conform to previous 

study. 

 DNAPL infiltrates more quickly in granular aquifer of RSPM than RTM. 

 RSPM can cause a larger DNAPL plume than RTM. 

 DNAPL contamination is harder to remove by SEAR in granular aquifer of RTM 

than RSPM. 
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