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Aquifers composed of porous granular media are important to human beings because they are capable of storing a
large amount of groundwater. Contaminant migration and remediation in subsurface environments are strongly
influenced by three-dimensional (3D) microstructures of porous media. In this study, fractal models are developed
to investigate contaminant transport and surfactant-enhanced aquifer remediation (SEAR) for the regular tetra-
hedron microstructure (RTM) and right square pyramid microstructure (RSPM). The relationships of permeability
and entry pressure are derived for these two kinds of 3D microstructures of granular porous media. Afterward, the
difference in perchloroethylene (PCE) migration and SEAR efficiency between RTM and RSPM is investigated by
the numerical simulation based on a synthetic heterogeneous granular aquifer. Results indicate that PCE pene-
trates faster and spreads farther in RSPM-based aquifers compared with RTM-based aquifers. Further, SEAR in
RTM-based aquifers can achieve remediation efficiencies of 66.129%-92.214% with a mean of 84.324%, which is
clearly lower than the SEAR efficiency of 70.149%-94.773% (with a mean of 89.122%) in RSPM-based aquifers.
Findings are significant for understanding the 3D microstructure of porous media and how the microstructure of
porous media affects macroscopic contaminant behaviors and remediation.

restoration and subsurface environment improvement depend on the
investigation of DNAPL migration and remediation in aquifers.

1. Introduction

In addition to being one of the world's most valuable freshwater re-
sources, groundwater is also a primary source of domestic drinking water
for over half the world's population [1-11]. In recent years, however,
more and more contaminants have been released into the subsurface
environment, especially organic contaminants released from industrial
emissions and leaks, such as underground storage tank spills [12-20].
The issue of groundwater contamination has become a major environ-
mental concern [14,21-31]. The dense non-aqueous phase liquid
(DNAPL) detected in groundwater is toxic, carcinogenic, teratogenic, and
mutagenic, posing serious health risks to humans and the environment
[29,32,33]. When DNAPL enters the aquifer from an underground stor-
age tank, it can form residual ganglia and contaminant pools, serving as
long-term contamination sources [34-39]. Therefore, groundwater
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Various transport characteristics are closely controlled by the
microstructure of materials, including hydraulic conductivity, diffusivity,
and dispersivity [15,19,40-45], which can strongly affect macroscopic
DNAPL migration and remediation in porous media. Consequently,
numerous researchers have examined how material microstructure af-
fects macroscopic properties. Microscale geometric structure, for
instance, plays a key role in determining the permeability K in
Kozeny-Carman equation relating to Kozeny constant c [44,46,47]. As a
result of the development of fractal theory, natural porous media can be
viewed as fractal objects and investigated by means of fractal analysis
[48-51]. For porous media, various geometrical models of microstruc-
ture have been developed to study thermal conductivity, tortuosity,
permeability, and fluid invasion, all of which are useful for obtaining
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mathematical models of macroscopic parameters [52-55]. Microstruc-
ture, however, was overly idealized in previous fractal models. Based on
two-dimensional (2D) porous media containing spherical particles, Yu
and Cheng [52] developed a simple model to quantify tortuosity and
permeability. A fractal method was used to derive the physical properties
of porous media with two phases and the invasion depth of extraneous
fluids [47,53,54,56]. To estimate REV and investigate contaminant
transport in porous media, various 2D microstructure models were
developed by analyzing grain geometry and microarrangements of solid
particles. In previous studies, material microstructures were usually
two-dimensional, and their influence on contaminants behaviors was
sparsely investigated [52-54,57-59].

The study examines the effects of microstructures on macroscopic
DNAPL migration and remediation using granular porous media with
regular tetrahedron microstructure (RTM) and right square pyramid
microstructure (RSPM). In these two kinds of 3D microstructures, fractal
models are developed to determine permeability and entry pressure
mathematically. Subsequently, 200 realizations of underground storage
tank spill-contaminated sites are generated using a sequential Gaussian
simulation (SGS). Perchloroethylene (PCE) migration and remediation by
surfactant-enhanced aquifer remediation (SEAR) are simulated using
UTCHEM. Based on simulated results, the effect of microstructures on
DNAPL transport and SEAR efficiency is compared between RTM and
RSPM.

2. Methodology
2.1. Microscale fractal models of granular porous media

The fractal theory suggests that porous media containing numerous
pores can be viewed as a bundle of capillary tubes. An infinitesimal
element (unit element) consisting of tortuous capillary tubes is selected
from the porous media. There is a relationship between the tortuous
length of a capillary tube and its diameter:

L(2)=2"Prpr @

where 4, L;, and Lg are the diameter, the tortuous length, and the straight
length of the capillary tube, respectively; Dr is the fractal dimension of
tortuosity.

Yu and Cheng [52] found that the cumulative number of capillary
tubes in a unit element can be derived as follows:

Amax |
N(L=z2)= < j“) @

where Dy is the fractal dimension for pore/capillary areas in infinitesimal
element; Amax is the maximum value of capillary tube diameter.
Afterward, the derivative of Eq. 2 can be achieved:

—dN =Dy 4~ () gz 3

The total number of capillary tubes in infinitesimal element is
calculated by integrating Eq. 3 from Api, (the minimum diameter of
capillary tubes) to Apax:

A\
N(L > anin) = < ﬂ'“?‘> @)

Substituting Eq. 4 into Eq. 3 results in:

_% =02 () da=f(2)dA 5

‘min
t

where f(1) :Dflglfinl’wf 1) is the function of probability density. If

()" =0, f'=fat = [ far =1 (2=)" = 1.

Amax
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Assume the flow path is L;, and that the pressure difference between
the inlet and outlet is AP. The viscosity of fluid is y. According to Pois-
euille equation, the flow rate of an individual capillary tube (q) is given
by:

n(3)'ap Tt AP

T 128ul

nr* AP
1= 8uL ~ 8ulL ©®

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

TA*AP

dg = [=dNI 381

T AP DAY
:__ﬂ/l+D1 D/CM 7
128 pu LT @

The total flow rate (Q) can be obtained by integrating q from Apn to

lmax:

Q:/d/l

e AP DAL
_ o ar max ) +Dr D/M 8
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min
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Due to 1 < Dr < 2,1 <Df< 2and (3 + Dr - 2Df) > 0, then
N L\ 3Dr-Dy . .
(—) ~0,0< (—) < 1. Afterward, Eq. 8 can be simplified to:

Amax Amax

AP Dy L s

- = — 9
2= U 3+Dp— Dy LT ™ ©
e . . ' __ KAAP.
The permeability can be derived using Darcy's law Q = %55
n L L(I;DT 23tDr (10)

k=—
1283+Dr—D, A ™

The tortuosity equals to the ratio of the tortuous length of flow path to
the straight length of flow path [15,44,60,61]. Substituting Eq. 1, the
tortuosity is given by [40]:

[(l) Ll‘ Di—1
= (= 11
=L <2> an
D=1+2% a2)
In 2

Two kinds of 3D microstructure of granular porous media are shown
in Figs. Sla-d. A regular tetrahedron and right square pyramid are
selected from the 3D microstructure of granular porous media as unit
cells. RTM is composed of four solid particles (Fig. S1a), and its bottom is
a regular triangle (Fig. S1b), while RSPM is composed of five solid par-
ticles (Fig. Slc), and its bottom is square (Fig. S1d). For the RTM in
Fig. Sla, the porosity is:

4 3
_ Vi—57R;

v, 13

where V; is the total volume of RTM; R, is the median radius of solid
particles. The total volume of RTM can be obtained from Eq. 13:

4nR3

TI5(1—n) as)

Vi
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Simultaneously, the volume of RTM also can be calculated by the side
length of RTM (Ly):

V2
V,= EL?, (15)
821
L;=R, 16
il S5(1—n) (16)
Consequently, the pore volume in RTM (Vj,) is given by:
4 4nR3n
v,pfvr—EnRﬁi]S(l_n) a7

Approximating the irregular pore as a sphere, we can derive the
diameter of the sphere (14):

4 (Y
3 n
A,] :2RL m (19)

The bottom plane of RTM is a regular triangle composed of three solid
particles, as shown in Fig. S1b. The area of the regular triangle (Ag) and
the area of solid particles (Ags) respectively are:

V3
L
Aps =5 TR, (21
2
Then the area of pore in the bottom regular triangle (Agp) is:
V3, 1
Ay = TLf, -3 R (22)

By approximating the irregular pore in the bottom regular triangle as
a circle, its diameter (Js2) can be calculated:

A =r("2 2 (23)
tbp 2

Ja =2y 2 (24)
T

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

(25)

[ 8v2
AL,,—L,,zR,,—Rv[x Vo 2}

5(1—n)

The average diameter length of the capillary tubes in RTM (4y) is
quantified as:

/1)‘1 + j«r2 + AL:I

Aa= 3

(26)

Simultaneously, the side length of the regular tetrahedron in Fig. Sla
is Ly = 2Ry + ALg. Accordingly, the total volume of the regular tetrahe-
dron in RTM microstructureis V, = \/_Lfl = 12(2R + ALd) , and the inner
pore volume is Vi, = V, — 7R3 = ﬁ(ZRV + ALy — 7R3, As a result,

the porosity of RTM is expressed as:

Ve _BR, + AL — R @7
v, (2R, + AL;)’

Based on Eq. 28, the ratio p; = ALy/R, can be obtained:
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=2 ﬂ_z

5(1—n) @8

1= E
The tortuosity of RTM can be determined based on the ratio p; = ALy/
R, of RTM and the expression of tortuosity 3D microstructure [44]:

T+

5 (29)

2 75 and
sttt [sts] -2[st]
6\/W (3p3+12py +4)arcsin—=2— 3@ = —6(p+2)° arctgim.
8V3(p1+2)
According to the theory of the Sierpinkski gasket (Fig. S2), the
dimensionless pore volume of the regular tetrahedron in RTM micro-
structure (Fig. S1a) is given by:

= (L))"

where L] = Lg/dmin; dmin is the minimum diameter of solid particles.
Solve Eq. 30 and the Dy can be achieved:

where

71 = Ty =

Vzp (30)

_y,

- 1
T T Ly (81)

The dimensionless total volume of the regular tetrahedron in RTM
(V;") is given by:

(32)

. - . . 3
where Vj, is the minimum volume of solid particles, Vg, = %n(me’“)
Gndmm
The dimensionless total volume of the regular tetrahedron in RTM
(V{") can be written as:

V=)= (L) 33)
Afterward, L, is calculated as:
3 1
+__ 3 + — gt
L=V} =d 1/5(17'1) (34)

where d*

18 or 24.
Consequently, the Dy of RTM is derived as:

= EL According to Yu and Cheng [52], the value of d is set as

_ Iy,
TV

_In(V;/n)

TV

Inn
InL}

=3+

Inn

i)

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

=34+ (35)

_V,—§7R

v (36)

where V, is the volume of RSPM. Then the volume of RSPM can be ob-
tained from Eq. 36:

4nR’?
9(1 —n)

V.= 37
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Simultaneously, the volume of RTM can also be calculated by the side
length of RSPM (Ly):

V2
v, :?Lf, (38)
8n
Ly=R, | ————— 39
S VW TE ) 39
Consequently, the pore volume in RSPM is given by:
4 47R3n
V=V, — 7R = v 40
g 9™ T 91 —n) (40)

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

4 (N
V= 375(7) 41)
N n
A1 =2R, /m (42)

The bottom plane of RSPM is square composed of four solid particles
(Fig. S1d). The area of the square (A;») and the area of solid particles
(Anps) respectively are expressed as:

Ap=L} (43)

A =TR? 44

Then, the area of pore in the bottom square of RSPM (A;,) can be
obtained:
App =L — R (45)

By approximating the irregular pore in the bottom square of RSPM as
a circle, its diameter (4,2) can be calculated:

Ao\

Arbp =T 7 (46)
A)‘ p

Ap =24/ (47)

Moreover, the side plane of RSPM is a regular triangle composed of
three solid particles. Similarly, the area of the side plane of RSPM (As)
and the area of solid particles (As) respectively are expressed as:

A :?Lf, (48)

1
Apgs :Ean (49)

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

ﬁ[}] _
4

1
R’

Arsp = B

(50)

By approximating the irregular pore area in the side plane of RSPM,
its diameter (4,3) can be calculated:

A\
Agp=m (7)

Arp

(51)

Aa=2 (52)
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Similarly, the gap length (AL;) between the adjacent particles in
RSPM is given by:
_ 2>

The average diameter length of the capillary tube in RSPM (4,) is
calculated as:

AL, =L, — 2R, =R, ( /3 ( $n (53)

1—n)

j'rl + /1r2 + /1r3 + ALrl

Ar= 1

(54)

Besides, the total volume of the right square pyramid in RSPM
%Lfl = ‘?(ZRV + Aer)3 and the inner pore volume

%(ZRV + AL,1)3 — ‘—g‘nRﬁ. Therefore, the porosity of

microstructure is V, =
is Vi, =V, — 2R3
RSPM is given by:

V,, 2(R,+AL;)’ —inR}

=2 (55)
v, (2R, + AL,)®
The ratio p; = ALy/R, of RSPM is obtained by solving Eq. 56:
AL,,[ T
= =2}— -2 (56)
PR TR )

Afterward, the tortuosity of RSPM can be quantified by Eq. 30.
Similarly, the dimensionless pore volume of the right square pyramid in
RSPM microstructure (Fig. S1c) is given by:

Vo= (L) (57)
where le = Lyj/dunin. Dy is achieved from Eq. 58:
InV,
= In L:? (58)

The dimensionless total volume of the right square pyramid in RSPM
(V") is given by:

Vr

v,
Vi=—t=1r"1
"V, ¢nd;

‘min

(59

Simultaneously, the dimensionless total volume of the right square
pyramid in RSPM (V;) can be written as:

vi=(L))’ (60)
Afterward, L is calculated as:
1
+_ 3F — gt
L,=y/V=d 1/73(1_@ (61)
Consequently, the Dy of RSPM is derived as:
Vv, In (Vin)
"I L IV
—34 Inn (62)
B InL}
34 Inn

In {Lﬁ 3/—3@‘,")]

The capillary pressure of tortuous capillary tubes (P;) can be quan-
tified based on Yong-Laplace equation [62]:

(63)
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where 1 is the diameter of capillary tube; @ = Focosf; 0 is the contact
angle at the interface between fluid phase and solid phase; o is the surface
tension of fluid; F is the form factor related to capillary tube alignment
and flow direction.

2.2. Sequential Gaussian simulation

SGS is used to generate heterogeneous porosity fields of an idealized
granular aquifer to determine the effects of RTM and RSPM on DNAPL
migration and remediation. Kriging is used to supply the mean and
variance for conditional distributions in SGS when all distributions
follow a normal distribution. SGS transforms observation data into a
Gaussian distribution, after which a simple kriging estimation system is
applied to simulate using the semivariogram model. Previous research
suggests that 50-400 realizations are necessary to achieve a statistically
stable mean realization [63,64]. This study examines the influence of
microstructure on DNAPL behavior by generating 200 porosity fields for
an idealized aquifer comprised of granular porous media.

2.3. Numerical simulation of DNAPL migration and remediation

UTCHEM (University of Texas Chemical Compositional Simulator) is
a multicomponent, multiphase model simulator applied to simulate the
migration and remediation of DNAPL in the idealized heterogeneous
aquifer [65]. There is no limit to the number of chemical components
that can be specified by the user in UTCHEM, including water, organic
contaminants, surface active agents, alcohols, polymers, chloride, cal-
cium, other electrolytes, microbiological species, electron acceptors, etc.
Chemical reactions, dispersion, diffusion, adsorption, capillary pressures,
and mass transfer between phases are all included in UTCHEM. UTCHEM
is particularly useful for environmental applications, such as SEAR.

(a)
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3. Application to a synthetic heterogeneous PCE-contaminated
site

An idealized aquifer consists of different grades of sand, whose
properties are shown in Table S1 from related references. The particles of
sand conform to the microstructural model developed in this study.
Aquifer a, as shown in Fig. 1a, has a rectangle area of 100 m x 51 mand a
depth of 26 m, divided into 25 (X axis) x 17 (Y axis) x 13 (Z axis) girds,
each with dimensions of 4 m x 3 m x 2 m. There are no-flow boundaries
at the top and bottom of the aquifer, while the left and right borders are
constant potential boundaries with groundwater flows from left to right
(hydraulic gradient is 0.005 m/m). Six injection wells and six extraction
wells are installed to remediate the groundwater contaminant by the
SEAR technique (Fig. 1b). The SEAR technique utilizes six injection wells
and six extraction wells to remediate the groundwater contamination. All
injection and extraction wells penetrate the entire depth of the aquifer.

The idealized aquifer has a porosity following a normal distribution
(mean is 0.22, standard deviation is 0.07). The correlation length of 5 m
is set for both the horizontal and vertical directions of the porosity dis-
tribution. As shown in Fig. 2a, one of the 200 realizations of the porosity
field is generated by SGS methods in the GSLIB program, and corre-
sponding statistical analysis is performed (Fig. 2f). According to Fig. 2f,
the frequency distribution of the single realization follows Gaussian
distribution, which is the most popular distribution of variables in nature
[66]. RTM and RSPM permeability distributions are derived by Eq. 11
from the associated parameters D, Dy and the diameter of the capillary
tube (Fig. 2b and c). The porosity field follows a normal distribution
(Fig. 2f), whereas the permeability field follows a lognormal distribution
(Fig. 2g and h). The phenomenon is consistent with previous findings
that aquifer penetration parameters are largely characterized by
lognormal distributions [66,67]. Simultaneously, both RTM and RSPA

PCE Source No flow top boundary
Y . ‘ I
X / : i *
51m : ®
A.'"'/ ‘ Constant
z 0 . @~ pressure
‘ i R boundary
€
Constant & G et fomdiech
pressure ‘ roundwatrer flow direction
boundary Y
<——————————— 100m N
No flow bottom boundary
Bl @ Injection well
WO1® @ Wo4 © Extraction well
@® PCE Source
W07 W10
€ E S) g
= =| wo2® wosd @ W11 @ Wo5
> o ]
W09 W12
wos® ® Woe
100 m g
X (m)

Fig. 1. Idealized aquifer composed of granular porous media and boundary conditions (a); set of injection and extraction wells used for contamination remedia-

tion (b).
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Fig. 2. Individual porosity field (a), permeability fields of RTM (b) and RSPM
(c), entry pressure fields of RTM (d) and RSPM (e), and corresponding statistical
analysis results (f—j).

exhibit some differences in their permeability fields. The mean values of
individual permeability realizations of RTM and RSPM are
5.430 x 107! m? and 2.493 x 1071% m?, respectively. Furthermore, the
mean values of 200 permeability realizations of RTM and RSPM are
8.360 x 107!! m? and 2.643 x 107!° m? which indicates the perme-
ability of RSPM is larger than that of RTM.

According to Egs. 27 and 55 for RTM and RSPM, their median pore
diameters are determined. Using Eq. 63, entry pressures for RTM and
RSPM can be calculated. In detail, the individual realization of entry
pressure for RTM is illustrated in Fig. 2d, and the corresponding fre-
quency is illustrated in Fig. 2i. Simultaneously, the individual realization
of entry pressure and associated frequency for RSPM is shown in Fig. 2e
and j, respectively. Lognormal distributions are observed for both entry
pressure distributions of RTM and RSPM. RTM and RSPM have average
entry pressures of 1.313 kPa and 1.449 kPa for the single realization,
indicating RSPM has a slightly higher entry pressure. RTM and RSTM
have no apparent difference in the frequency of entry pressure distribu-
tion (Fig. 2i and j), but RSTM and RSPM have quite different permeability
frequencies (Fig. 2g and h). Therefore, microstructure has a significant
impact on aquifer characteristics, which will ultimately affect associated
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water and contaminant transfer. The microstructure of porous media
plays a significant role in permeability, while entry pressure is only
slightly affected.

As a result of a contamination spill event, the underground storage
tank at the top of the granular aquifer leaks PCE into the subsurface
environment. To clean up PCE contamination, SEAR is applied after PCE
migrates freely for a long time. There are four stages in the entire
migration and remediation of PCE systems. Firstly, the underground
storage tank at the center grid block of the top layer spills 300 m® of PCE
into the aquifer every day at a rate of 10.00 m>/day. The PCE spill period
lasts 30 days, after which the underground storage tank does not releases
any PCE into the aquifer during day 30 to day 100. Afterward, six in-
jection wells are injected with 4% surface active agent solution at a rate
of 43.00 m®/day for t = 100-150 days. Simultaneously, the extraction
rate of six extraction wells is also 43.00 m>/day. The relative perme-
ability of both oil (DNAPL) and water phases increases in the presence of
surfactant, while viscosity and capillary pressure are reduced by surfac-
tant. This is a result of the surfactant lowering the interfacial tension,
resulting in lower residual oil saturation and bound water saturation [9,
65,68]. Therefore, surface active agents can solubilize and mobilize
DNAPL in groundwater systems, after which DNAPL is extracted through
an extraction well from the aquifer. The contaminated aquifer is then
flushed with water for 150 days to sufficiently remove the DNAPL. The
PCE migration and remediation can be generalized to a
three-dimensional, unsteady, multiphase flow problem in the heteroge-
neous aquifer, which is simulated by UTCHEM [65] to investigate the
influence of the microstructure of porous media on macroscopic PCE
transport and SEAR efficiency. The parameters related to numerical
simulation are illustrated in Fig. 2a—e and Table S2.

4. Results and discussion
4.1. Single realization

3D visualizations of the PCE plume and 2D visualizations in the
vertical section plane during the entire migration and SEAR periods are
shown in Fig. 3. Since PCE has a greater density than groundwater, it
migrates through the aquifer from the upper to the lower layers and
expands the contamination plume (Fig. 3a and b). As the migration
progressed, PCE plume is slightly inclined in the direction of horizontal
groundwater flow (Fig. 3c). Due to heterogeneity in porosity, perme-
ability, and entry pressure, PCE spreads irregularly in aquifers and is
entrapped in zones with high permeability and low entry pressure.
Therefore, residual ganglia and globules are formed in the aquifer with
RTM. There is a no-flow boundary at the bottom of the aquifer, which
causes PCE to accumulate at the bottom and form a large pool after long-
term migration (Fig. 3c).

In comparison with the simulated results of RTM (Fig. 3a—c), the PCE
transport phenomenon in aquifers with RSPM is similar (Fig. 4a—c).
Nevertheless, the transport of PCE in porous media is evidently affected
by the difference in microstructures. Based on the results in Fig. 2, it
appears that porous media with RSPM have much higher permeability
(average permeability is 2.493 x 107'° m?) than that of RTM (average
permeability is 5.430 x 10”' m?) under the same conditions. Simulta-
neously, both RTM and RSTM exhibit similar frequencies of entry pres-
sure distribution. Therefore, PCE spreads more quickly in the aquifer
with RSPM due to its greater mobility. The bottom PCE pool for RSPM
has a greater maximum lateral extent than that of RTM (Figs. 3f-h and
4f-h). Additionally, PCE plume in aquifers with RSPM is also inclined
with a larger inclination angle along the groundwater flow direction
(Figs. 3 and 4).

After PCE migrates in groundwater over 100 days, SEAR is used to
remove it. Simulation results of SEAR of single realizations for RTM
during t = 100-300 days are shown in Fig. 3c—e and h-j. The remediation
effect is not apparent during the first t = 100-150 days, possibly because
most PCE is in the pool state during this period (Fig. 3d). Afterward, PCE
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remediation by SEAR is promoted by the formation of more residual
ganglia and globules. During the water-flooding period, the PCE volume
is significantly reduced, which indicates that PCE has been effectively
removed from the contaminated aquifer (Fig. 3e and j). A total of
236.335 m> PCE is removed at t = 300 days, resulting in a remediation
efficiency of 78.939%.

Fig. 4c—e presents the simulation results of SEAR for a single reali-
zation of RSPM. When t = 150 days, 162.3538 m° of PCE were removed,
and remediation efficiency was 54.216% (Fig. 4d). The long-term
remediation resulted in the removal of nearly 257.921 m® PCE and a
remediation efficiency of 86.129%. Compared to RTM, PCE is easier to
clean up in aquifers with RSPM, and less PCE remains in the groundwater
system, resulting in a lower residual PCE volume (Fig. 4d and e). Simu-
lation results show a clear correlation between microstructure and
macroscopic PCE remediation. It is difficult to remove PCE from the
aquifer with RTM using SEAR, whereas PCE can be removed more effi-
ciently from the aquifer with RSPM.

4.2. Numerous SGS realizations

RTM and RSPM simulations are also performed for 200 realizations
generated by the SGS method. PCE volumes in the aquifer increase lin-
early with time during the first t = 0-30 days (Fig. 5a). The remaining
PCE volumes after long-term SEAR for RTM and RSPM are
23.305-101.434 m® with a mean of 46.900 m> and 15.644-89.411 m®
with a mean of 32.570 m®, respectively. Besides, PCE infiltrates in
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aquifers with RSPM at a faster rate along the vertical direction (Fig. 4g).
Compared to the residual PCE volumes in aquifers of RSPM, PCE reme-
diation is difficult in the aquifer with RTM. When surface active agents
are injected into the aquifer to remove PCE from porous media at t = 100
days and end at t = 150 days, the value of ganglia-to-pool ratio (GTP)
shows an obvious variation (Fig. 5b). This phenomenon indicates that
surface active agent is capable of influencing GTP values of PCE plume. A
decrease in GTP is followed by an increase in GTP during the water-
flushing period, which suggests the architecture of the PCE plume
changes during the water-flushing processes. At t = 300 days, GTP values
are 0.183-1.365 (average value is 0.873) and 0.227-1.229 (average
value is 0.898) for RTM and RSPM, respectively. The relationship be-
tween cumulative PCE removal rate and remediation time is presented in
Fig. 5¢ and the relationship between GTP value and cumulative PCE
removal rate is presented in Fig. 5d.

After the surface active agent injection period, there is still some PCE
remaining in the aquifer. The residual PCE in groundwater is then
cleaned up by following water-flushing process (Fig. 5¢). At t = 300 days,
the cumulative PCE removal volumes of RTM and RSPM reach
198.037-276.002 m> (mean value is 252.292 m® and
210.117-283.666 m°® (mean value is 266.852 m3), corresponding to
remediation efficiency of 66.129%-92.214% (mean values is 84.324%)
and 70.149%-94.773% (mean value is 89.122%), respectively. In com-
parison with RTM, SEAR has a higher remediation efficiency for aquifers
with RSPM, suggesting it is easier to clean up contaminated aquifers with
RSPM. Fig. 5d shows that GTP values are relatively low before 50% PCE
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is removed from the aquifer. After 50% of PCE is removed from the
aquifer, the GTP value increases as more PCE are transformed from pool
to ganglia state. After most of the PCE is cleaned up, GTP continuously
increases again due to the small pool of PCE remaining at the bottom of
the aquifer.

As shown in Fig. 5e-h, the first and second moments of the PCE plume
are obtained through moment analysis. For RTM and RSPM, the PCE
plume centers are very close to each other along a horizontal direction
(Fig. 5e). According to Fig. 2, the permeability of porous media obtained
by RSPM is higher than that of RTM. As a result, the PCE plume expands
more easily and contaminates the aquifer more extensively in the aquifer
with RSPM. Furthermore, PCE can be more easily removed from the
aquifer with RSPM using SEAR. During t = 0-100 days (migration
period), PCE plumes in aquifers with RSPM have a smaller second
moment in the horizontal direction than that in aquifers with RTM,
which may be caused by the larger transport capacity of PCE in the
aquifer with RSPM. During t = 100-300 days (SEAR period), the reme-
diation efficiency obtained by RSPM is higher than that obtained by RTM
because PCE is easier to remove in the aquifer with RSPM. Consequently,
the second moments along the horizontal direction for RTM and RSPM
are 10.896-145.660 m> (mean value is 51.825 rn2) and
17.598-108.000 m? (mean value is 49.195 m?) at t = 300 days, which
indicates RTM has slightly larger values of the second moments along the
horizontal direction (Fig. 5g). At t = 300 days, PCE plume centers are
similar along the vertical direction for RTM and RSPM, while the plume
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extent obtained by RTM is larger than that obtained by RSPM (Fig. 5f).
What's more, second moments along vertical direction for 200 re-
alizations of RTM and RSPM are 18.837-153.170 m? (mean value is
65.766 m?) and 27.344-133.040 m? (mean value is 69.529 m?),
respectively (Fig. 5h). Combining the second moments along horizontal
and vertical directions, PCE plume area in aquifer with RSPM is larger
than that of RTM, implying RSPM can cause a wider contamination
plume.

Significantly, PCE is a typical DNAPL contaminant with a larger
density compared with water, so the conclusions of this study are
applicable to other similar DNAPL contaminants. However, other pol-
lutants, such as light non-aqueous phase liquid (LNAPL) contaminants,
have smaller densities compared with DNAPL and water. If other LNAPL
contaminants are selected, the migration and remediation will be
changed. The effects of 3D microstructure on the transport and remedi-
ation of other different contaminants in heterogeneous porous media are
beyond this study and will be explored in our future research.

5. Conclusions

To investigate the influence of the microstructure of granular porous
media on macroscopic contaminant migration and remediation, the
fractal models are developed to quantify the macroscopic parameters
(such as porosity, permeability, and entry pressure) for two 3D micro-
structures of porous media-RTM and RSPM. Using the SGS method, 200
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realizations of an idealized aquifer composed of different grades of sand
are generated. The long-term PCE transport and SEAR process is simu-
lated by UTCHEM using distributions of porosity, permeability, and entry
pressure derived from the fractal models of RTM and RSPM. Results
suggest the mobility of PCE plume in aquifers with RTM is less than that
in aquifers with RSPM. Simultaneously, PCE contamination is difficult to
remove from aquifers with RTM by SEAR. After long-time SEAR reme-
diation, the cumulative PCE removal rates are 66.129%-92.214% (mean
value is 84.324%) for 200 realizations of RTM, and 70.149%-94.773%
(mean value is 89.122%) for 200 realizations of RSPM, respectively.
Moreover, The GTP of the PCE plume obtained by RSPM is mostly higher
than that obtained by RTM. Findings from this work suggest that the
microstructure of granular porous media is fundamental to understand-
ing aquifer characteristics and contaminant migration as well as reme-
diation effects. Furthermore, the migration behavior of DNAPL and other
organic pollutants (such as chlorobenzene, light non-aqueous phase
liquid) in groundwater under different conditions (simulation factors are
permeability coefficient and pressure), DNAPL remediation by other
materials (such as oxidation agents and adsorption agents), and verifi-
cation of 3D microstructure models of porous media by experiments and
actual site research will be explored in our future research to provide
recommendations for prediction and management of PCE migration.
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