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Abstract: The presence of a high concentration of Cl~ in saltwater will erode the structure and
facilities, reducing the stability and service life of the underground oil storage cavern. In order
to reduce the risk of seawater intrusion, this paper studies the risk and prevention technology of
seawater intrusion based on a case study of a coastal and large-span underground oil storage cavern.
A refined three-dimensional hydrogeological model that comprehensively considers permeability
coefficient partitions, faults, and fractured zones are constructed. The seepage fields and seawater
intrusion risks of the reservoir site in its natural state, during construction, and during operation are
examined, respectively. The study quantifies the water inflow and optimizes the seawater intrusion
prevention technology. The results indicate that there is no risk of seawater incursion into the cavern
under natural conditions. The water inflows after excavating the top, middle, and bottom sections
of the main cavern are predicted to be 6797 m3/ day, 6895 m3/ day, and 6767 m3/ day, respectively.
During the excavation period, the water supply from the water curtain system is lower than the water
inflow of the cavern, providing the maximum water curtain injection of 6039 m3/ day. The water
level in the reservoir area decreased obviously in the excavation period, but the water flow direction
is from the cavern to the sea. Additionally, the concentration of C1~ in the cavern area is less than
7 mol/m?3; hereby, there are no seawater intrusion risks. When only the horizontal water curtain
system is deployed, seawater intrusion occurs after 18 years of cavern operation. The concentration of
Cl~ in the southeast of the cavern group exceeds 50 mol/ m3 in 50 years, reaching moderate corrosion
and serious seawater intrusion. In addition to the horizontal curtain above the cavern, a vertical
water curtain system could be added on the southeast side, with a borehole spacing of 10 m and
extending to 30 m below the cavern group. This scheme can effectively reduce seawater intrusion risk
and extend the service life of the cavern. The findings of this research can be applied as guidelines for
underground oil storage caverns in coastal areas to tackle seawater intrusion problems.

Keywords: cavern group; seepage field; solute transport field; water inflow; water curtain system

1. Introduction

Petroleum, as an important strategic resource, is unevenly distributed among different
regions. Up to 70.9% of China’s crude oil depends on imports; therefore, building up large-
scale oil reserves is essential to ensuring national energy security [1]. Because underground
oil storage has advantages such as low cost, high safety and minimal footprint, it has
grown to be an important method for oil storage [2]. The vast majority of underground oil
storage caverns in the world are constructed in freshwater regions with good rock integrity
and far away from the coastline [3,4], but such ideal sites are scarce [5]. The construction
of underground oil storage caverns on islands with favorable geological conditions can
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encourage not only the utilization of island resources but also facilitate the storage of
imported crude oil [6]. When underground oil storage caverns are close to seawater, there
is a problem of seawater intrusion during excavation and operation. Seawater contains
harmful substances such as C1~ with a high concentration that pollutes crude oil, corrodes
underground structural facilities, and reduces the long-term stability and service life of
underground oil storage caverns [7,8]. Therefore, it is necessary to study the seawater
intrusion problems of underground oil storage caverns.

Kim et al. [9] and Jo et al. [10] characterized the degree of seawater intrusion by the
concentration of C1~ and concluded that different levels of seawater intrusion would occur
during the construction and operation of underground oil storage cavern. By taking Yeosu
underground oil storage cavern in South Korea as a case study, Lim et al. [11] analyzed
the risk of seawater intrusion into coastal underground oil storage caverns through frac-
tured bedrocks using hydrogeochemical and isotopic indicators and concluded that site
hydrogeology heterogeneity is the main reason for the difference of seawater intrusion
at different locations in the reservoir area. Lee et al. [12] concluded that storage location,
seepage water flow rate, and fracture zones are important factors affecting the temporal and
spatial variation in CI™ concentration in a coastal underground oil storage cavern through
on-site monitoring and numerical simulation. Park et al. [13] concluded that underground
mining plays a major role in seawater intrusion into fractured bedrock aquifers, which
is affected by the type and hydraulic conductivity of water-conducting fractures through
long-term monitoring, time-dependent analysis, and hydraulic test. Li et al. [14] established
a three-dimensional model of a large underground oil storage cavern using the equivalent
continuum method. The anisotropic permeability tensor of fractured rock mass and field
data are used to predict the underground water level change in different construction
stages. Cui et al. [15] analyzed the seepage characteristics of porous rock mass and fissures
in an underground water-sealed cavern and introduced unsaturated seepage flow char-
acteristics for the calculation of water inflow. The formula of soil and water characteristic
curve was also introduced into finite element calculation to achieve dynamic water inflow
calculation during cavern excavation. Kharroubi et al. [16] analyzed the distribution of
groundwater in southern Tunisia and concluded that groundwater salinization might be
related to the infiltration of seawater through faults. Papadopoulou et al. [17] established
a subsurface flow and contaminant transport model and concluded that the connectivity
of the fractures and the fluid density effects are important factors that drive seawater
intrusion. Despina et al. [18] studied the transient electromagnetic soundings data and
concluded that saline water intrusion might occur along the fractures of the fault zone.
Yan et al. [19] and Wang et al. [20] used Midas software to establish a fault model and
conduct simulation research.

A water curtain system is a method to increase the freshwater momentum by injecting
freshwater around the underground cavern to supplement the loss of groundwater caused
by cavern excavation and alleviate the decline of the groundwater level. This is a technique
to prevent seawater intrusion. Huyakorn et al. [21] found that when the water flow in the
underground cavern exceeds the underground fresh supply water quantity from the water
curtain system, the freshwater head drops. Once the freshwater head is lower than the
seawater head, the freshwater—seawater interface will push inland, resulting in seawater
intrusion. Shi et al. [6] analyzed the autocorrelation and cross-correlation among water
inflow, water curtain system injection pressure, and underground water level during the
construction of an underground oil storage cavern. They concluded that the efficiency of
the water curtain system is affected by rainfall and rock quality near the reservoir area.
Liu et al. [22] investigated the interaction between the system parameters of the water
curtain system and the geometrical parameters of the rock fracture. A closed efficiency
evaluation method from the perspective of system parameter optimization is proposed
and applied to a reservoir. Qiu et al. [23] analyzed the field time series data of offshore
underground oil reserves, the long-term and short-term memory models are used to predict
the seepage field in the reservoir area, which provides the reference for the performance
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optimization of the water screen system. Li et al. [24] analyzed the dynamic characteristics
of seawater intrusion in the underground oil storage cavern under a tidal environment
based on the theory of multi-physical field coupling and the finite element method. It was
concluded that the water curtain system plays an important role in inhibiting seawater
intrusion. Wang et al. [25] studied the groundwater response to a water curtain system of
an oil storage cavern through on-site monitoring and statistical analysis and concluded
that the response is related to the facility’s geometric layout and hydrogeology. The water
curtain system injected water and raised the underground water level [26,27]. Dai et al. [28]
and Li et al. [29] studied the seepage characteristics and water inflow of the underground
oil storage cavern and evaluated the design parameters of the water curtain system, such
as width, water pressure, hole spacing, and elevation. The seepage field and water inflow
during the operation were evaluated. Xu et al. [30] studied the variation in water inflow and
seepage field with different water curtain system parameters through numerical simulation
and proposed the concept of minimum water inflow to design a water curtain system.
Xue et al. [31] simulated the seepage characteristics of the water curtain system by the
finite-element model based on the concept of the minimum seepage pressure, and they
found that excessive water curtain pressure causes the groundwater velocity and water
head increase around the reservoir.

Although extensive research has been conducted on seawater intrusion issues, few
literatures are found to be related to seawater intrusion in the underground oil storage
cavern close to the coastline, especially ones with faults and the densely fractured zone
around the reservoir area. In order to fill the gap, this study constructs a fine three-
dimensional hydrogeological model based on a typical coastal and large-span underground
oil storage cavern project. The model comprehensively considers variables such as faults,
dense joint zones, land use types, and permeability variation in different regions. The
evolution rules of the seepage field and Cl~ concentration field are examined in their
natural state, during construction, and during the operation of the reservoir. The water
inflow, supply water amount, and the inhibition of the water curtain system on seawater
intrusion are all analyzed. The findings of the study can be used to resolve saltwater
intrusion problems when developing underground oil storage caverns in coastal locations.

2. Engineering Background
2.1. Project Overview

The studied underground oil storage cavern group is located in the littoral area, with
11 oil storage caverns. The expected service life is 50 years. The cavern spacing is 30.8 m,
and the section size is 22 x 30 m. The top and bottom elevations of the oil storage cavern
are —62 m and —92 m, respectively. The buried depth of the cavern is between 92 and
212 m below the ground surface. A horizontal water curtain system is set 25 m above the
oil storage cavern, with a water curtain hole spacing of 10 m. Moreover, a vertical water
curtain system with a water curtain hole spacing of 10 m extending to 30 m below the
cavern is set around the cavern group.

2.2. Engineering Geology

The surface layer of the reservoir area is mostly quaternary residual slope soil. The
bedrock is mainly consisting of monzogranite invaded by late Yanshanian magma in the
eastern, gabbro invaded by late Yanshanian magma in the center, and predevonian gneisses
granite in the western. The surrounding rock mass of the cavern ground is dominantly
first-grade and second-grade. The faults revealed by geological exploration around the
reservoir include NE-trending faults F1, F2, F3, and F16; NW-trending faults F7 and F18;
NWW-trending faults F8; near EW-trending faults F9, F12, F15, and F17; and NNE-trending
faults F10, F11, F13, and F14. Relevant data of the above 14 faults are from the exploration
results in the feasibility stage of the project. The distribution of seven continuous densely
jointed zones (W]J1-WJ7) and fourteen faults are delineated in Figure 1. Among them, F1 in
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the east and F8 in the south of the cavern has a great influence on the hydrogeology of the
reservoir area. The bandwidths of F1 and F8 are 30 m and 5 m, respectively.
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Figure 1. Faults and densely jointed zones in reservoir area.

2.3. Hydrogeology

The reservoir area connects to land on the south side and faces the sea on the east,
north, and west sides, without obvious water system development around the reservoir
area. The occurrence conditions of groundwater in the reservoir area are mainly fissured
water in weathered or structural fissures of the bedrock, but the water volume is limited.
Groundwater mainly receives vertical recharge from atmospheric precipitation. Groundwa-
ter discharge is mainly by evaporation and lateral runoff. According to the meteorological
station data [32], the average annual precipitation in the region is between 977.5 mm

and 1316.6 mm. The lowest and highest tide levels every 50 years are —3.96 m and
+5.06 m, respectively.



Energies 2023, 16, 339

5of 27

3. Model Construction and Boundary Conditions
3.1. Hydrogeological Model

Based on the lithology, elevation, and geophysical exploration of 49 boreholes in the
project feasibility stage, a refined three-dimensional hydrogeological model of the reservoir
area is constructed using Midas GTS, as shown in Figure 2. The faults, fracture network,
and hydrological and water level monitoring results are also incorporated into the model.
The model domain is meshed by tetrahedral grids, with a total of 2,265,480 zones. Figure 3
shows the meshes of faults and densely jointed zones in the reservoir area. Figure 4 shows
the layout of horizontal and vertical water curtain systems around the cavern. The spacings
between the water injection holes of the system are 10 m. The elevation of the horizontal
water curtain system is —37 m. The vertical water curtain system is 25 m above the main
cavern and 30 m below the main cavern.

Gravel soil

Strongly weathered gneissic granite
Strongly weathered gabbro

Strongly weathered monzogranite
Moderately weathered gneissic granite
Moderately weathered gabbro
Moderately weathered monzogranite
Slightly weathered gneissic granite
Slightly weathered gabbro

Slightly weathered monzogranite
Fault zone

Fractured zone

Cavern group

Scope of the curtain

OO

Figure 2. Hydrogeological model of the reservoir area.

Figure 3. Finite element mesh of faults and joint dense zones.
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Figure 4. Schematic diagram of water curtain system around the cavern group.

3.2. Governing Equation

The research utilizes a finite-element software called PFST, which is developed by
our team independently for numerical studies. The Galerkin finite element method, as
well as Darcy’s and Fick’s laws, are used in the seawater intrusion program. The Picard
method is used to deal with the nonlinear iteration issue, while the semi-implicit method is
applied to the time problem. The convection—dispersion equation of seawater intrusion
consists of two parts: the movement equation of groundwater flow and the solute transport
equation. In the numerical simulation, the two equations are coupled by the multi-physical
field coupling method. For porous rock and soil media, water flow can be described by the
Darcy equation, which can be expressed as:

gi= k(K- (E+2) (1)
i Jj

where g; is the Darcy velocity component in the i-th direction, k- (p) is the relative perme-
ability coefficient (0 < k¢(p) < 1), K is the saturation permeability tensor of the medium,
p is pore water pressure (p > 0 represents the medium is saturated, 0 < p represents the
medium is unsaturated), z is the elevation on the reference plane, and -y is unit weight.

According to the mass conservation principle, the saturated—unsaturated flow equation
describing porous media can be derived, which can be expressed as:

a0

=" lkr(P)'sz'(%JrZ) =Q 2

i

/]

where Q represents the source term, i,j = 1,..., D refers to the geometric coordinate
subscript, ,i represent the calculation of the partial derivative, and 0 is the volumetric water
content of the medium.

The basic equation of solute transport is:

a(eat 2 (gDiJ'CJ'),i +(gic) = Qs =0 3)
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where c is the concentration of a certain solute of the solution in soil pores, and Qs is the
pollution source. The expression of the dispersion coefficient D; is:
.02

2 2
(% (%
Dy =y + OCTH%‘ Tary g+ D*

D,. — U; v v? D*
yy = “LW JF(XTHW + aTVW +
_ 0 v v *
Dzz—D‘LWZ“FﬂCTHﬁ—FDCTV?'—FD 4)
_ _ Uxy
ny = Dyx = (ap —aTH) [0]
Dyz = Dzx = (a1 — ary) %57
0,0,

where v is the velocity of the fluid in the pore, ay, is the longitudinal dispersion coeffi-
cient, ary is the horizontal transverse dispersion coefficient, aty is the vertical transverse
dispersion coefficient, and D* is the effective molecular diffusion coefficient of the solute.

3.3. Boundary Conditions

In the finite element code, the coupling of the seepage field and solute transport field
is realized by integrating multiple physical fields. The seepage field satisfies Darcy’s law,
and the solute transport field mainly depends on solute convection—dispersion rules. The
seawater intrusion model hereby incorporates both the Darcy seepage field and the solute
transport field. The model includes an inland boundary, a three-side seawater boundary, a
top boundary, a bottom boundary, a cavern boundary, a water curtain boundary, etc. For
the boundary conditions, the southern inland boundary is treated to be impervious. The
top boundary is set as a flow boundary considering rainfall infiltration and evaporation.
According to the annual precipitation data from meteorological stations, the average pre-
cipitation of the top inland boundary is about 1000 mm, and the specific flow value of
the top boundary is determined by combining it with the water level measurements of
drilled boreholes. The impervious bottom boundary is set at an altitude of —400 m. The
seawater boundaries on the east, west, and north sides are set 150 m—250 m away from
the continental shelf, as shown in Figure 5. The water head boundary is set at the top of
the continental shelf, and the water head value is obtained based on the seawater level
(the lowest tide level is —3.96 m per 50 years, and the highest tide level is +5.06 m per
50 pears). In the calculation of the seepage field during cavern excavation and opera-
tion, the boundary of the cavern is set as a possible overflow surface, and the overflow
water level is —100 m. The boundary of the water curtain hole is determined by the
iterative method.

The Cl™ is selected as the representative ion for solute transport field calculation.
The risk of seawater intrusion is analyzed by estimating the change in CI~ concentration.
The CI™ concentrations in the seawater, groundwater, and freshwater of the model are
500 mol/m?3, 3 mol/m?, and 0.0014 mol/m3, respectively. During the actual operation, the
water in the water curtain hole exchanges with the groundwater of the surrounding rock
mass, making it difficult to maintain the initial concentration value of CI~ in the water
curtain hole. As a result, two Cl~ concentration levels in water curtain holes are considered
in modeling: 3 mol/m3 and 0.0014 mol/m?3.
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Three-side boundary

Inland boundary

Figure 5. Partial boundaries of the model.

3.4. Material Parameters

The model includes 17 material types, such as gravel soil, gneiss granite, gabbro,
monzonite, silt, etc. According to pressurized water testing, the permeability coefficient in
the field ranges between 2.54 x 101 m/s and 3.24 x 10~ m/s. On the east boundary,
a high permeability coefficient is found between 1.0 x 1078 m/s and 7.0 x 1077 m/s.
The permeability coefficient around the cavern ranges from 5.0 x 1072 m/s t0 3.0 x 1077
m/s. The seepage parameters of each material are shown in Table 1. The specific yield is
determined by engineering experience, and it is between 0.1 and 0.15 for the quaternary
loose sediment and the fully weathered section. The small faulting zone and the moderately
weathered zone have a specific yield between 0.05 and 0.1, and the specific yield of slightly
weathered rock mass is between 0.005 and 0.05. The unit storage capacity is determined
according to the literature [33]. The values of rock mass dispersion and molecular diffusion
coefficient [34] are shown in Table 2. Freshwater and seawater densities are 1000 kg/ m3
and 1030 kg/m?3, respectively.

Table 1. Material parameters for seepage field calculation.

Permeabilit e Unit Storage

Type of Rock Mass Coefficient (m);s) Specific Yield Capacity (llgm)
Fault zone 8.00 x 1077 0.1 2 x107°
Densely jointed zone 1.00 x 107 0.1 2 %1070
Gravel soil 8.00 x 1077 0.15 2x10°°
Strongly weathered monzogranite 8.00 x 10~7 0.1 2 x 107
Strongly weathered gabbro 8.00 x 107 0.1 2x 1070
Strongly weathered gneissic granite 8.00 x 1077 0.1 2x107°

Moderately weathered gabbro 3.08 x 1077 0.02 1x107°
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Table 1. Cont.

Permeability e s Unit Storage
Type of Rock Mass Coefficient (m/s) Specific Yield Capacity (1/m)
Moderately weathered monzogranite 3.01 x 1077 0.02 1x107°
Moderately weathered gneiss granite 4.52 x 1077 0.02 1x107°
Slightly weathered gabbro 8.21 x 1077 0.002 1x1077
Slightly weathered monzogranite 246 x 1078 0.002 1x1077
Slightly weathered gneissic granite 1.27 x 1078 0.002 1x 1077
Water curtain section (elevation between —30 and —37 m) 4.00 x 10°8 0.002 1x1077
Cavern section (elevation between —62 and 92 m) 1.00 x 108 0.002 1x 1077
Between bottom of water curtain and top of cavern (elevation 200 x 10-8 0.002 1 %107
between —37 and —62 m)
silt 3.89 x 1077 0.0001 1x10°8
Continental shelf 1.00 x 1078 0.05 1x 1077
Fractured zone 3.89 x 1077 0.1 2x107°
Table 2. Solute transport parameters.
Longitudinal Dispersion Transverse Dispersion Molecular Diffusion
Type of Rock Mass Coefficient (m) Coefficient (m) Coefficient (m?/s)
Fault zone and strongly 2 05 2% 107
weathered rock mass
Moderately and slightly 1 01 2 % 10-8

weathered rock mass

4. Results and Discussion
4.1. Seepage Field and Seawater Intrusion in Natural State of Reservoir Site
4.1.1. Natural Seepage Field in Reservoir Area

The groundwater level is measured through 60 drill holes on site, and its contour map
is obtained by the Kriging interpolation method, as shown in Figure 6. The water level in
the northwest of the cavern is much higher than that on other sides, while the water level
in the southeast is the lowest. A reasonable value of permeability coefficient in cavern area
is very important for the estimation of water inflow, supply water quantity of water curtain
system, and seawater intrusion. Therefore, the model is divided with different permeability
coefficients according to the actual condition. The modeled seepage field under the natural
state is obtained inversely by modifying the permeability coefficient of the outer cavern.
The permeability coefficients at elevations from —38 to —20 m, from —62 m to —38 m, and
from —92 m to —62 are shown in Figure 7a—c, respectively. The cavern and its vicinity are
divided into 12 zones with various permeability coefficients, as shown in Table 3. Inputting
the permeability coefficients, the simulated water levels in Figure 8 are basically consistent
with the field water level measurements in Figure 6.

4.1.2. Seawater Intrusion Situation in The Reservoir Area before Construction

The solute transport is analyzed to reflect the seawater intrusion situation in the
natural state before construction. By taking the natural seepage field as the initial model
condition, the unbalanced solute transport is calculated until the solute transport field is
converged. Because the groundwater level corresponding to the high tide condition leads
to higher seawater intrusion risks, the seawater boundary is treated according to the high
tide level in the modeling. A sectional view of C1~ concentration contour crossing the
middle cavern is illustrated in Figure 9. According to the Chinese standard DD2008-03,
7 mol/m?3 Cl~ is the threshold between saltwater and freshwater, which is thus regarded
as the seawater intrusion boundary in this investigation. As the result shows that the
Cl~ concentration around the cavern is less than 7 mol/m?3, the oil storage cavern has no
seawater intrusion risks in the natural state.



Energies 2023, 16, 339

10 of 27

Figure 6. Water level contour measured from boreholes (blue dots).
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Figure 7. Permeability coefficient distribution at different elevations in the model: (a) between
—38 and —20 m; (b) between —62 and —38 m; (c) between —92 and —62 m.
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Table 3. Permeability coefficients corresponding to each zone of cavern.

Partition Zone Permeability Coefficient
(m/s)
A 4x1077
Elevation between —38 and B 5% 108
—20 m (water curtain section) C 5x 1077
D 1x107Y
-7
Elevation between —62 and E 3 x 10_8
. F 3 x 10
—38 m (between water curtain G 6 % 10-°
and cavern top) . 9
H 1x10
I 6 x 1077
Elevation between —92 and ] 2 x 1077
—62 m (cavern section) K 5x 1078
L 7 x107°

Groundwater
lewel (m)

a0

75
70
a5

2000

1000 =

1500 2000 2500
X (m)

Figure 8. Isolines of modeled natural groundwater level in the reservoir area under high tide conditions.



Energies 2023, 16, 339

13 of 27

CI- concentration

3
(mol/m?) .

—407

—1357
\

coastline
0 v
) @
-200

Elevation(m)

coastline —1307

=\ Middle 06? =

cavern -

— 257

— 207

-400 ‘
-1500

T I I I
-1000 -500 0 500 1000
Y’ (m)

— 157

— 107

Figure 9. A sectional view of CI™ concentration contour crossing the middle cavern.

4.2. Unsteady Seepage Field and Seawater Intrusion Risk during the Cavern Construction
4.2.1. Unsteady Seepage Field

During cavern excavation, both grouting and water curtain systems are applied. The
supplementing water pressure from water curtain holes is 0.47 MPa. Under the designed
high tide condition, the groundwater level contour at the end of the excavation is shown in
Figure 10. Compared with the natural condition, the groundwater level in the reservoir area
decreases significantly, but not the case in the vicinity of the cavern. The cavern construction
reduces the water head around the cavern, weakening the convection of freshwater to
seawater and increasing the risk of seawater intrusion. Figure 11 shows the contour and
gradient vector map of the water head in Section 2 (see Figure 12) after cavern excavation.
As can be seen from Figure 11a, the water head in the reservoir area decreased significantly
due to the excavation. The water head value on the southeast side is smaller than that in
other areas, but it is still higher than the seawater level. Additionally, Figure 11b reveals
the flow direction on the southeast side is from inland to the sea, meaning low seawater
intrusion risk.

Figure 13 shows the variation in cavern water inflow and water supply volumes from
the water curtain system during the excavation of the main cavern. After excavating the
top, middle, and bottom layers of the main cavern, the water inflows are 6797 m3/ day,
6895 m3/day, and 6767 m3/day, respectively. During the same period, the supplied water
quantity from the water curtain system is lower than the cavern inflow, with a maximum
water supply of 6039 m3/day. Two curves in Figure 13 demonstrate consistent changes
with time. They increase rapidly when the top of the cavern is excavated before turning
stable when the middle and bottom of the cavern are excavated. From Day 150 to Day 240,
the water inflow of the cavern increases greatly due to a higher permeability coefficient on
the southeast side of the cavern than on the northwest side. After the excavation, the water
inflow in the cavern before oil storage is 6690 m3/day, and the supplied water quantity
from the curtain system is 6061 m3/day.
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Figure 11. Water head condition after cavern bottom excavation: (a) water head contour; (b) water

head gradient vector diagram.
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Elevation (m)

4.2.2. Seawater Intrusion Risk during Construction

During the cavern excavation and drainage process, the water pressure around the
cavern falls accordingly, increasing the possibility of seawater invasion. Under the high tide
water level condition, the C1~ concentration contour on Section 2 after cavern construction is
shown in Figure 14. The C1~ concentration of the cavern area is less than 7 mol/m?3, showing
minimal seawater intrusion risk during the excavation period. The CI™ concentration at
—80 m elevation on a plane view cutting the cavern group is shown in Figure 15. It shows
Cl~ concentration is greater than 7 mol/m3 around the southeast corner of the cavern. This
could be attributed to the broken rock mass structure in the southeast area of the reservoir
with the presence of faults and densely jointed zones. The corresponding permeability
coefficients in this area are up to 6 x 1077 m/s, showing strong water conductivity.

CI- concentration

3
(mol/m?) .

——407

—357
\

coastline

coastline —307

—257

—207

T T T T
-1000 -500 0 500 1000

157
Y’ (m)

— 107

—7
Figure 14. CI~ concentration contour map of Section 2 at the end of cavern construction.

The dispersion of seawater to freshwater will be enhanced with the groundwater level
drop due to excavation. Consequently, the analysis and monitoring of seawater intrusion
should focus on the southeast area during the long-term operation of the underground oil
storage cavern.

4.3. Seawater Intrusion Risk and Control during the Cavern Operation
4.3.1. Seepage Field and Seawater Intrusion Risk with Horizontal Water Curtain System

(1) Steady seepage field during operation

The water pressure of the water curtain holes is set as 47 m water head in the calcula-
tion model. The cavern boundary is treated as the known pressure boundary in the case of
oil storage in the cavern. The absolute pressure in the main cavern during the operation
period is 0.12 ~ 0.28 MPa. Considering that the oil density is about 900 kg/m3, a 20 m water
head is applied to the cavern’s inner boundary. Figure 16 shows the water head contours at
the top and bottom of the cavern group, respectively. The water head changes differently
around the reservoir area. The water head value is relatively higher on the northwest side
affected by fault F14 and higher on the southeast side due to F1 and F8 faults and densely
jointed zones close to the sea.
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Figure 15. C1~ concentration contour at —80 m elevation at the end of construction.

(2) Seawater intrusion risk

Figure 17 depicts the C1~ concentration contour at —80 m elevation in the reservoir
region after 50 years of cavern operation using the horizontal water curtain system, with
the groundwater injected into the water curtain hole. It can be observed that the CI™
concentration on the southeast side exceeds 7 mol/m3, which means seawater has invaded
the southeast side of the cavern group. Figure 18 illustrates the CI~ concentration at the
cavern bottom (—92 m elevation) after 50 years of operation with groundwater or freshwa-
ter injected into curtain holes. It is seen that the migration of C1™ in groundwater is not
uniformly diffused and is affected by geology, rock weathering, and other factors. In addi-
tion, the C1~ concentration on the southeast side of the cavern group exceeds 50 mol/m?,
suggesting the highest risk of seawater intrusion. This might be caused by the seawater
intrusion along the fault zone and the densely jointed zone with high permeability. The
northwest and northeast sides have no seawater intrusion risk. According to the Chinese
standard GB50021-2009, the groundwater corrosion rating on the southeast side could
reach moderate corrosion (Table 4). The main reason for the seawater intrusion could be
the excavation-induced groundwater level drop, which decreases freshwater hydraulic
gradient and weakens freshwater convection to seawater, so the diffusion between seawa-
ter and freshwater is gradually strengthened. Figure 17 demonstrates that the seawater
intrusion risk at the bottom of the cavern is much greater than at the top. Because seawater
has a higher density than freshwater, it will infiltrate the cavern from the bottom. Figure 19
depicts the change in C1™ concentration on the southeast side of the bottom of Cavern #2
over time. After 18 years of operation, the cavern is at risk of saltwater intrusion when just
the horizontal water curtain is used, regardless of whether groundwater or freshwater is
injected into the water curtain.
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Figure 17. C1™ concentration contour at —80 m elevation with groundwater injection in the curtain
system after 50 years operation.

4.3.2. Seepage Field and Seawater Intrusion Risk with Horizontal and Vertical Water
Curtain Systems

The above analysis shows that the seawater intrusion risk at the bottom of the cavern
is the highest; thus, the bottom seepage and solute transport fields need to be focused
on. Figure 20 shows the water head contour at the cavern bottom when horizontal and
vertical water curtain systems are applied. Compared to the results without the vertical
water curtain system in Figure 16, the water head in the southeast of the cavern group rises
obviously. This finding is consistent with the conclusion of Wang et al. [26] that the water
curtain system plays an essential role in water replenishment for groundwater level lift.

Figure 21 shows the C1™ concentration at the cavern bottom after 50 years of operation.
The CI™ concentration is significantly lower than when only using a horizontal water
curtain system. This conclusion is in line with the results of Li et al. [25] that the water
curtain system can effectively inhibit seawater intrusion. When injecting groundwater in the
water curtain system, the C1~ concentration on the southeast side of the cavern decreases
from 52.3 mol/m3 to 5.1 mol/m? in Figure 21a, and it drops further to 3.01 mol/m?
if freshwater is injected in the system in Figure 21b. Regardless of using groundwater
or freshwater, the Cl~ concentration around the cavern is less than 7 mol/m?3 during
50 years of operation. This shows that the addition of a vertical water curtain increases the
water level of freshwater near the reservoir area, effectively inhibiting seawater intrusion.
Figure 22 shows the CI~ concentration on the bottom of Cavern #2 during the operation
period. The groundwater is injected into the water curtain holes, and the C1~ concentration
in the cavern increases gradually over time, especially in the southeast of the reservoir area.
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Figure 18. Cl~ concentration at the cavern bottom (—92 m elevation) after 50 years operation:
(a) groundwater injection in water curtain system; (b) freshwater injection in water curtain system.
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Table 4. Reinforcement steel corrosion rating.
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Figure 19. C1~ concentration on the southeast side of the bottom of Cavern #2 with time.
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Figure 20. Water head contour at the cavern bottom after 50 years of operation.
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Figure 21. C1~ concentration on the bottom of the cavern after 50 years of operation: (a) groundwater

injected into the water curtain system; (b) freshwater injected into the water curtain system.
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Figure 22. C1~ concentration on the bottom of Cavern #2 during the operation period.

The southeast side of the cavern group is the riskiest area for seawater intrusion. By
considering the construction and operation cost of the water curtain, the seawater intrusion
risk is analyzed when a vertical water curtain system extending to 30 m below the cavern
with 10 m hole spacing is only applied in the southeast of the cavern group. The distribution
of CI™ concentration at the cavern bottom after 50 years of operation is shown in Figure 23.
Compared with the vertical water curtain system surrounding the whole cavern group, the
maximum value of C1~ on the southeast side of the cavern increases from 5.10 mol/m? to
5.13 mol/m> when injecting groundwater into the water curtain system, and it increases
from 3.01 mol/m? to 3.02 mol/m? when injecting freshwater. This shows that adding
a vertical water curtain on the southeast side of the cavern group can prevent seawater
intrusion as effectively as arranging a vertical water curtain around the cavern group.

The variation in C1~ concentration along the central axis of Cavern #2 bottom when
the vertical water curtain holes extend 10 m, 20 m, and 30 m below the cavern are shown in
Figure 24. The maximum CI™ concentration is 12.4 mol/ m?3, 8.4 mol/m?, and 4.7 mol/m?3,
when the holes extend 10 m, 20 m, and 30 m below the cavern, respectively. Therefore, the
vertical water curtain system is suggested to extend 30 m from the cavern bottom to meet
the requirements for a safe oil storage cavern for 50 years.
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Figure 23. CI™ concentration at the cavern bottom after 50 years when vertical water curtain is only
applied at the southeast of the cavern group: (a) groundwater injected into the water curtain system:
(b) freshwater injected into the water curtain system.
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Figure 24. C1~ concentration along the central axis of the Cavern #2 bottom with different vertical
water curtain depths.

5. Conclusions

Seawater intrusion is one of the important issues to address when developing an
underground oil storage cavern in a littoral environment. Cl~ in seawater can corrode
structures and facilities, reducing the service life of the cavern. A sophisticated three-
dimensional hydrogeological model is built in this work based on a littoral underground
oil storage cavern project to estimate seepage field and saltwater intrusion risk in a natural
state and in construction and operation periods. Numerical simulation is utilized to study
the water inflow law and seawater intrusion prevention technology using a water curtain
system. The major findings are summarized below.

(1) The measured water level on the northwest side of the top of the cave is the highest,
while it is significantly lower on the southeast side. Based on the inversion of the
measurement data, the modeled natural seepage field is obtained as the initial seepage
field prior to excavation. There is no threat of saltwater intrusion under natural
conditions since the C1~ concentration in the cavern region is less than 7 mol/m?3.

(2) The water inflows after excavating the top, middle, and bottom levels of the main
cavern are 6797 m?3/day, 6895 m3/day, and 6767 m3/day, respectively, under real-
istic permeability coefficient zoning and high tide conditions. The highest water
supply from the water curtain during excavation is 6039 m3/day, which is less than
the cavern’s water inflow. Although the flow direction close to the cavern is still
from inland to the sea, the water level in the reservoir region reduced noticeably
throughout the excavation phase, leading to the enhancement of dispersion from
seawater to freshwater. This suggests minimal seawater intrusion risk during the
excavation period.

(3) The southeast of the reservoir area has the highest seawater invasion risk. When the
horizontal curtain system is deployed solely, the C1~ concentration on the southeast
side of the cavern group exceeds 7 mol/m? after 18 years of operation, and moderate
corrosion occurs in 50 years. If an additional vertical curtain system is implemented
on the southeast side of the cavern group, the seawater intrusion can be effectively
prevented to extend the cavern’s service life.
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