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Abstract: Water curtain systems (WCSs) are key components for the operation of underground oil storage caverns (UOSCs) and
their optimization and design are important areas of research. Based on the time series monitoring of the first large-scale under-
ground water-sealed storage cavern project in China, and on finite element analysis, this study explores the optimum design
criteria for WCSs in water-sealed oil caverns. It shows that the optimal hole spacing of the WCS for this underground storage
cavern is 10 m in order to ensure seal effectiveness. When the WCS is designed with a 10-m horizontal hole spacing and a water
curtain pressure (WCP) of 80 kPa, a water curtain hole (WCH) has an influence radius of approximately 25 m. The smaller the
vertical distance is between a WCH and the main cavern, the greater the water inflow into the main cavern. The vertical hydraulic
gradient criterion can be satisfied when this distance is 25 m. It shows that the optimal WCP is 70 kPa, which meets sealing
requirements.
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1 Introduction

Underground oil storage caverns (UOSCs) are
widely used due to their considerable safety benefits,
limited land use, low pollution, low construction
capital investment requirements, and low operation
and maintenance costs compared with traditional
underground oil depots (Ma et al.,, 2017). In the
1930s, the Swedish government transferred its oil
reserves from surface storage to underground caverns,
and with this started the exploration of the use of
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UOSCs. In 1949, a 30 m’ test bank was created in
Stockholm to store 17.6 m® of gasoline. The quality
and volume of gasoline did not change during the test
period, which proved the feasibility of using UOSCs.
Typically, the geological parameters of areas selected
for UOSCs are obtained using triaxial testing and in
situ horizontal stress tests. Based on a multiphase,
multicomponent approach, a cavern thermodynamic
model that can be used in field applications has been
created for this purpose (Rouabhi et al., 2017). Ta-
ble 1 provides a summary of some UOSC projects,
focusing on the comparison of parameters for water
curtain holes (WCHSs) in underground caverns with
horizontal WCHs (Lee and Song, 2003; Levinson et
al., 2004). As shown, the size and design parameters
of the Korean U-2 and Chinese Huangdao oil caverns
are similar, making the U-2 cavern an effective ref-
erence for the Huangdao cavern.
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A hyperbolic shear strength criterion has been
proposed based on a large amount of experimental
data, which can be applied to predict the peak shear
strength of rock joints in a range of samples tested in
the laboratory (Tang et al., 2016). Point load tests and
Schmidt hammer tests can be used to estimate uni-
axial compressive rock strength (Kong and Shang,
2018; Shang et al., 2018). Relevant parameters of
rock blocks and joints needed for calculation can also
be obtained through rock triaxial compression tests
and shear-seepage coupling tests of geological dis-
continuities (Li Y et al., 2017; Ma et al., 2017; Wu et
al., 2019). Rock fractures separate intact rock blocks
with negligible matrix permeability, and a fractal
model has been established to assess the equivalent
permeability of 2D rock fracture networks (Liu et al.,
2015). The genetic programming (GP) method can be
used to predict steady water inflow and the volume
flow rate provided by the WCH, and the water inflow
sensitivity to various WCH parameters is studied
using regression analysis (Ravandi et al., 2018). A 3D
simulation of the seepage field for a UOSC shows that
the three factors essential for improving water-seal
effects are: safety index, hydraulic gradient, and flow
rate (LiY et al., 2017; Ehlers, 2018).

The water sealing and deformation characteris-
tics of UOSC are evaluated based on the fluid-solid
coupling theory of discrete media (Chen et al., 2012;
Li SC et al., 2012; Cornet, 2016; Li Y et al., 2017).
However, the performance of the water curtain sys-
tem (WCS) depends on the design of key parameters,
and the influence of WCS with different parameters
on the water sealing and stability of caverns varies.
Data monitoring can be used to study patterns of
large-scale change in a project. Typically, construction
data are analyzed wusing time series analysis

(autocorrelation and cross-correlation models) to
assess the functional efficiency of WCSs in heavy
rainfall areas (Yan et al., 2017; Shi et al., 2018).

Most of the above studies are focused on the
stability, water sealing, and mechanical properties of
UOSCs. However, little research has been done on
WCSs in low-precipitation areas, and the influence of
key parameters on the effectiveness of the WCSs has
yet to be described. The UOSC sizes, stored medi-
ums, and rock types are also different for different
functions. To a certain extent, the design of WCSs for
UOSCs in China lacks corresponding theoretical
support. Together with the geologic exploration report
and monitoring data from the Huangdao UOSC, this
paper discusses the design criteria of WCSs by using
the finite element method (FEM), and three parame-
ters are analyzed and designed. The results can pro-
vide an important basis for the design of WCSs for
underground water-sealed oil caverns in China.

2 Study area
2.1 Geology and hydrogeology

The Huangdao UOSC is a project located in
Huangdao District, Qingdao, China. The Huangdao
UOSC project comprises primarily nine main cav-
erns, two construction tunnels, three connecting tun-
nels, and five water curtain tunnels. The main cavern
is designed to be 20 m wide and 30 m high, with a
straight wall and circular arch. The distance between
the main cavern and the adjacent cavern is 30 m, and
that between the connecting tunnel and the adjacent
cavern is 25 m (Li et al., 2014). The designed storage
pressure of the Huangdao UOSC is 100 kPa. The dip
angles of the geological discontinuities are given in

Table 1 Parameters of some UOSC projects

Key parameters for WCS
. . Volume Rock -
UOSC project Stored item 4 3 Hole Hole Vertical . .
(x10" m’) type . . Orientation
spacing (m) length (m) distance (m)

Pyongtaek*, LPG 224 Gneiss 10 100-120 25 Horizontal,
Korea vertical
K-1, Korea Gasoline 23 Granite 12 100-120 15 Horizontal
U-2, Korea Crude oil 4293 Diorite 7,14 110 20 Horizontal
Ningbo, China LPG 50 Tuff 10 100 10 Horizontal
Huangdao, Crude oil 300 Gneiss 10 97-110 25 Horizontal

China

" This is an extension project. LPG represents liquefied petroleum gas
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Table 2. They show that more than half of the geo-

logical discontinuities near the main caverns are steep.

In Fig. la, a group of 135°£66° surface faults are
strongly developed, indicated by a solid line. Figs. 1b
and lc show the engineering geology of the main
caverns. The dashed lines indicate the dip angles of
geological discontinuities.

Fig. 1 Location of surface fault and tunnel faces of main
caverns: (a) schematic of surface fault; (b) tunnel face
0+430 of the No. 1 main cavern; (c) tunnel face 0+137 of
the No. 3 main cavern

Engineering geology and hydrogeological con-
ditions are critical to the design of WCSs for water-
sealed storage caverns. Based on an investigation of
the engineering geology, the main lithology in the
study area is pale red to light green-gray granitic
gneiss, and the main minerals are quartz, plagioclase,

and hornblende (Li et al., 2020). Table 3 gives the
proportion of each rock mass classification present
within the study area (Li et al., 2019). Most of the
surrounding rocks are class II and class III, and the
overall stability is good. Atmospheric precipitation is
the main supplementary source of groundwater. An-
nual average precipitation ranges from 711.2 mm to
798.6 mm, and the average precipitation infiltration
replenishment is 53.8 mm. This survey report speci-
fies the horizontal plane 20 m above the cavern vault
as the zero base level. In the course of this study,
water levels of wells and surface water around the
study area were observed and measured; the water
level depth was 0.00-10.77 m. Water level elevation,
which was basically consistent with the topography,
ranged from 39.00 m to 125.35 m.

Table 2 Dip angles of the geological discontinuities near
the main caverns

Dip (°)  Percentage (%) | Dip(°) Percentage (%)
0-20 1 50-60 10
20-30 3 60-70 21
30-40 6 70-80 21
40-50 14 80-90 24

Table 3 Proportion of each rock mass classification in
the surrounding rocks of caverns

Rock mass classification Percentage (%)

I 8
II 56
m 21
v 8
\% 7

2.2 Geomechanical properties

The in-situ geometrical apertures of joints were
measured on the sidewall of caverns after excavation
using a stainless steel feeler gauge. A total of nine
hydraulic transmissible joints in different places were
measured; to obtain joint roughness coefficients
(JRCs), fresh joint surfaces were mapped using a
simple profiler. Mechanical properties were obtained
using direct shear tests, and rock joints were prepared
via Brazilian splitting of intact rock specimen (Li et
al., 2014; Shang et al., 2016).

Fracture width and spacing ranges were obtained
using extensive sampling and statistics. Core boring
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on site as well as in-room cutting and polishing meant
that processing size was 54 mm in diameter and
100 mm in height. Indoor triaxial tests were carried
out on specimens using a rock rheometer RLW-1000
(Fig. 2). Confining pressures were set at 3 MPa,
6 MPa, and 10 MPa, respectively, while rock me-
chanical parameters such as cohesion, saturated uni-
axial compressive strength, internal friction angle,
and elastic modulus were obtained (Li et al., 2012;
Shang et al., 2017; Aliyu et al., 2019). Poisson’s ratio
was calculated by measuring longitudinal and shear
wave speeds. Results are summarized in Table 4.

Fig. 2 Triaxial rock rheometer RLW-1000

3 Underground water-sealed oil storage
technology

3.1 Principle of water-sealed oil storage

The efficacy of WCSs has been well documented
(Li et al., 2014). When the groundwater is unstable, a
WCS is the best way to ensure effective water-seal
performance. Water sealing is a core technology used
in the construction and operation of UOSCs and must
meet stringent requirements of stability. The water-
seal condition and the rock mass strength are the
primary controlling factors in site selection (Li ZQ et
al., 2017). UOSCs should be built in rock mass at a
certain depth below the stable groundwater level with
good stability. In practical engineering, we can utilize
a natural water seal, an artificial water seal, or a
combination of the two methods. However, the stable
groundwater level in the studied project area is rela-
tively low and groundwater is scarce, and thus, arti-
ficial water curtain sealing was chosen.

Table 4 Geomechanical parameters of surrounding rock
and geological discontinuities

Parameter Description
Category Granitic gneiss
below +20 m

Density (g/cm?) 2.63
Saturated uniaxial compressive 90.74

strength (MPa)
Softening coefficient 0.89
Elastic modulus (GPa) 52.7
Poisson’s ratio 0.19
Fracture width (mm) 0.5-1.0
Fracture spacing (m) 0.64-1.60
Shear strength index

Cohesion (MPa) 10.17

Internal friction angle (°) 71.14
Average geometrical aperture of the joints (mm)

High inclination angle 0.02

Low inclination angle 0.01
JRC of the joints

High inclination angle 5

Low inclination angle 8

The storage function of the UOSC is based on
three basic conditions: (1) the specific gravity of oil is
lower than that of water; (2) oil is insoluble in water
and does not react with water; (3) the pore pressure
around the cavern is greater than the oil pressure
inside the cavern, resulting in an inward pressure
gradient (Wang et al., 2015). When underground
water penetrates into the cavern, this indicates that the
medium storage pressure in the cavern is less than the
underground water pressure around the cavern. Fig. 3
is an operation schematic of a typical UOSC (Xue et
al., 2015).

3.2 Basis for determining water-seal validity

The main approaches for determining water seal
validity states that if the vertical hydraulic gradient /;
is greater than 1, the cavern is sealed (Aberg, 1978). It
is believed that as long as the pressure of all possible
leakage passages is increased, leakage will not occur.
As shown in Fig. 4, the water pressure on the left side
of the chart is greater than the gravity stress, and the
vertical hydraulic gradient is greater than 1, satisfying
sealing requirements.

3.3 Arrangement of WCHs

In practical engineering, several methods are
typically used to arrange WCHs: horizontal
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Fig. 3 Operation schematic of a typical UOSC

arrangements, vertical arrangements, and inclined
arrangements. The arrangement of WCHs should
satisfy several conditions: (1) the direction of a WCH
is perpendicular to the main direction of seepage; (2)
the WCH connects geological discontinuities to the
greatest possible extent, that is, in a direction per-
pendicular to geological discontinuities to ensure
maximum effectiveness (Li et al., 2014; Xu et al.,
2018). In consideration of the engineering geological
conditions of this region, with relatively steeply dip-
ping geological discontinuities, a horizontal hole
arrangement was adopted in this project to maximize
the connections between the WCHs and geological
discontinuities (Fig. 5).

4 Time series monitoring and analysis dur-
ing the operation period

Monitoring is the best method to observe and
evaluate the operational effect of a UOSC, and mon-
itoring data can best reflect the characteristics of the
underground coupling field. A time series analysis is
suitable for a long-time data series containing sea-
sonality, and studying its regularity helps us under-
stand the mechanisms of storage and propose opti-
mization measures. According to specifications, the
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UOSC will be permanently monitored once produc-
tion begins.

4.1 Seepage pressure monitoring

A vibrating wire osmometer was used to monitor
seepage pressure in the water curtain tunnels. Before
operation, monitoring holes were drilled and five to
six osmometers were buried at different elevations,
that is, layered and sectional osmometers were buried.
Fig. 6 shows the location of monitoring points used in
the study and Table 5 shows the seepage pressure of
measurement points PA1 from Jan. 1, 2018 to May 1,
2018. According to the series data, because of the
different elevation, the seepage pressure is different,
and the range of change with time is also different.

(K212 pS21-3 : -
2 B AS21-1
PA1111RAN-8 AS%|2'2,-4 M
£l T g ! Ll LY )
{\ —718aq-h1 %; tl\ll;.nl Iwater curtain
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Fig. 6 Location of monitoring points
AS: oil-gas pressure monitoring points; PA, PB, and PC:
seepage pressure monitoring points

Table 5 Time series seepage pressure of group PA1l
from Jan. 1, 2018 to May 1, 2018

Serial Seepage pressure (kPa)

number  Jan. 1 Feb.1 Mar.1 Apr.1 Mayl
PA1-1 217.55 217.72  217.10 21632 215.79
PAI-2 102.57 102.47 102.38 101.40 100.92
PAI-3 7.18 7.85 8.72 9.51 10.18
PAl1-4 5.53 6.01 6.58 6.87 7.25
PAI-5 166.44 16423 160.65 15477 148.01
PAI-6 34420 327.77 338.72 342.05 347.90
PAL-7 23294 23266 23238 231.45 230.72
PA1-8 110.80 11041 110.51 110.22  109.83
PA1-9 155.18 15434 153.15 153.05 151.93
PAI-10 258.88 254.86 25535 253.69 251.38
PAI-11 32349 314.87 316.72 31424 310.53

The seepage pressure at each monitoring point
conforms to the vertical hydraulic gradient criterion at
the corresponding elevation, indicating that the water-
sealing can meet requirements. However, in many
places the seepage pressure is large, resulting in ex-
cessive water flow. Because of the WCS, the seepage
pressure no longer conforms to p=pgh (where p is the
pore pressure, p is the density of water, g is the ac-
celeration of gravity, and 4 is the depth below the
water level). The overall seepage pressure shows a
decreasing trend, indicating that the seepage pressure
should be replenished through the WCS.

When considering the time effect, some repre-
sentative monitoring points were selected to analyze
the long-term monitoring data of seepage pressure
around the cavern. Fig. 7 shows the seepage pressures
of the monitoring points in 2018, in which the seepage
pressure data of PA1-6 on Mar. 1 was not measured
due to equipment damage.
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Fig. 7 Seepage pressures of the monitoring points
(a) PA and PC; (b) PB

As can be seen from Fig. 7, the seepage pressure
at the point PA1-6 fluctuated greatly, with a minimum
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value of 327.2 kPa and a maximum value of
357.49 kPa. Consistent with the trend of change at
PA1-6, the difference in seepage pressure at PC2-10
within one year was 31.96 kPa. The monitoring point
of PA2-1 showed a decline, with a cumulative decline
of 16.34 kPa from Jan. 1 to Dec. 1. The range of
change of PA3-3 was small, and the pressure was
largely stable. PB3-3, PB3-4, PB3-8, PB3-9, and
PB3-13 all showed the same downward and fluctu-
ating trends.

Seepage pressure should be maintained regularly.
The seepage pressure monitoring analysis of the
UOSC during the operation period shows that the
WCS design used during construction is not fully
effective. In other words, the economic benefits and
functions of the water curtain are not maximized and
thus the WCS needs to be further optimized.

4.2 QOil-gas pressure monitoring

In addition to oil and water inside the cavern,
there is a small amount of oil-gas. Water inflow
cannot be measured directly, but it can be seen indi-
rectly by monitoring the oil-gas pressure. When there
is too much water in the cavern, the oil-gas pressure
increases and is detected by a barometer buried in the
cavern. The water in the cavern is then pumped out to
reduce the pressure. The oil-gas pressure monitoring
points corresponding to the caverns studied are shown
at the top of Fig. 6.

Fig. 8 compares the characteristics of five pres-
sure series. The values for the five groups show the
same obvious seasonality. In April and May, the
pressure was higher, and surface rainfall caused a
larger water inflow into the cavern. The pressure was
the lowest in November. Special attention should be
paid to cavern No. 4 corresponding to AS22-1, which
has long been under negative pressure and in which
negative pressure has increased significantly, from
—33.15 MPa to —64.09 MPa. The negative pressure
environment indicates that oil steam may leak along a
fracture passage at the vault. This may be due to low
seepage pressure around the cavern. It did not meet
the third storage function condition, i.e. an inward
pressure gradient. This illustrates that the water cur-
tain pressure (WCP) should not be too large (an in-
creased water inflow), nor too small (oil leakage).
The parameters of the water curtain need further
optimization.
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5 Optimum design of the water curtain
parameters

Research on UOSCs involves the combination of
multiple physical fields, such as stress and seepage
(Yang et al., 2014; Ye et al., 2019). This type of
problem can be addressed using Darcy’s law, pro-
posed by French hydrologist Henry Darcy in 1856,
which concerns the seepage of underground water in
porous media such as rock and soil. Using the FEM, a
complex model is simplified to many continuous
subdomains, and then the approximate solution of the
problem is obtained.

Assuming that the seepage of the caverns obeys
Darcy’s law, his formula, expressed by pore pressure,
is as follows:

1A n)
Y o

v =

(M

where k is the medium permeability coefficient; y is
the water unit weight; v is the seepage velocity of
groundwater; z is the vertical coordinate; x is the
distance along the X axis.

Boundary and initial conditions must be con-
sidered when addressing seepage problems in rock
strata. The distribution of the water head can be de-
termined by solving differential equations. According
to the principle of effective stress in porous media, the
basic equation for a seepage field is as follows:

S‘Z_erv.{_iV(p +;/wz)} = Q—ﬂﬁ(v'ﬂ)a 2
‘ y Ot

w

where S is the medium storage coefficient; ¢ is the
time; Q is the volume source; 7 is the rock porosity; u
is the velocity vector of underground water.

It is obvious that the seepage equation is non-
linear, but it can be regarded as linear in a micro-
segment of pore pressure change:

9, = _(k¢)n' > (3)

where g; is the velocity component of water seepage;
¢ is the pressure potential. Since the density of water
is 1 g/em’, there is

o=L, )
g

q; :_[kﬁj ’ ©)
8

where the permeability coefficient of rock mass is
nonlinear and the relationship between porosity and
the permeability coefficient is satisfied:

k=k, [EJ (©6)
o

where ky is the initial permeability coefficient and 7,
is the initial porosity (Kjerholt and Broch, 1992). In
engineering calculations, the fixed permeability co-
efficient is used instead of the nonlinear value to
simplify the calculation process:

thus,

k=a,-exp(—a,0®), (7

where @ is effective volume stress; ao and a; are
testing constants.

The water content in saturated rock is the sum of
adsorbed water W and free water Wcg, where

- abp " p. ®)
1+bp "
Wew =012 p, 9)
Do

and thus the water content is

ab,
W:WC+WCB:{—1+£prm+77p£]p, (10)
0

where W is the amount of adsorbed water in rock
mass per unit volume; a is the maximum water ad-
sorption in rock mass; b is the adsorption constant of
rock mass; ry, is the weight of rock mass; Wcg is the
amount of free water in rock mass per unit volume; py
is standard air pressure.

When establishing a coordinate system at the
predominant seepage axis, the seepage equation in
saturated rock mass is
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20,2} 2(4, 2,2, 2)
ox\ “ox) oy "oy) oz\ "oz
_ 2_77+ abr,, - abr, a_p
p, (A+bp) 1+bp|ot

(11)

Water-sealed oil storage is affected by the cou-
pling of underground media including solids, liquids,
gases, and geological discontinuities such as faults.
The calculation model adopted in this study is the
equivalent continuum model. It is assumed that the
minimum material substance constituting a fluid is
the fluid particle, which is regarded as continuous. In
numerical simulations, the 3D problem is simplified
as a plane strain problem (Hou and Shu, 2016). To
study WCH spacing and the vertical distance between
the WCHs and main cavern, the Nos. 3-5 caverns
were used as simulation objects. These two sections
focus mainly on the distribution of seepage pressure
in the upper part of the No. 4 cavern. Additionally,
the influences of adjacent caverns (i.e. No. 3 and
No. 5 caverns) were considered. When studying the
WCP, it is necessary to consider the topography. The
topographic conditions and initial pore pressure
of the nine main caverns must be considered
simultaneously.

5.1 WCH spacing

The model applied here simplifies complex ter-
rain into a rectangular region, 340 m in length, 100 m
in width, and 180 m in height. The cavern used for
this analysis is 20 m wide and 30 m high and has an
arched top, while the distance between the left and
right sides as well as the middle cavern are 30 m and
20 m, respectively. A horizontal range of 25 m above
the top of the main cavern was arranged with WCHs;
these have a diameter of 120 mm and are arranged
above caverns in the same direction as these features.
Table 6 presents medium parameters used in this
simulation. Thus, throughout the modeling process, a
series of hypotheses were applied including that, in
the first place, rock mass is considered a homogene-
ous, isotropic equivalent continuum. Secondly, the
deformation of rock mass and caverns conforms to an
elastic-plastic hydrodynamic model but is not en-
compassed in this analysis. Thirdly, groundwater flow
conforms to Darcy’s law. Fourthly, the initial stress of
a rock mass only considers gravity stress and so

structural stress is not considered. In terms of con-
structing saturated granitic gneiss material, we set
density, porosity, and permeability of the calculation
area and then assumed the area of this to be a satu-
rated porous medium. Thus, given the action of
gravity, groundwater flows along pores so that pore
pressure is calculated. The initial pore pressure dis-
tribution of the model is p=pgh. The boundary con-
ditions of the fluid phase are as follows: the left and
right sides are zero-flow boundaries, and the upper
and lower boundaries are pressure boundaries that
allow underground water to freely cross the boundary
surface. During the operation period, the oil pressure
distribution of the main cavern filled with oil is ac-
cording to p,=p.gh, where p, is the oil pressure, and p,
is the density of the oil. The oil-gas pressure at the
cavern top was 0.1 MPa, the diameter of the WCHs
was 120 mm, and the WCP was temporarily set to
80 kPa. According to current specifications, the ver-
tical distance between the bottom of the water curtain
tunnel and the top of a cavern should be no less than
20 m. Therefore, a vertical hydraulic gradient at 20 m
above the top should be considered to ensure the
effectiveness of the water curtain.

Table 6 Medium parameters used in the simulation

Parameter Value
Rock density (g/cm’) 2.63
Porosity 0.05
Permeability coefficient (m/d) 1x107*
Permeability (m?) 1x107"
0il density (kg/m?) 850
0il dynamic viscosity (Pas) 2x1073
Water density (kg/m?) 1000
Water dynamic viscosity (Pa-s) 1.01x107°

Fig. 9 shows the pore pressure distributions and
the fluid velocity vector distributions perpendicular to
the axis direction of the main cavern at different
spacings. This figure shows that the larger the WCH
spacing is, the smaller the range of pressure influence,
but the overall pressure distribution remains ap-
proximately the same. The arrows show the fluid
velocity vector distribution, indicating the water-seal
effect around the cavern under each WCH spacing.
The fluid velocity near the main cavern is directed
toward the cavern, indicating that water flows into the
cavern, thus preventing oil leakage.
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The pore pressure acting perpendicular to the
main cavern at an elevation of 0-25 m (Fig. 10) is
used to create Fig. 11. Table 7 gives specific values of
the pore pressures from Fig. 11. When the WCH
spacing was greater than 10 m, the pressure clearly
increased with decreased spacing. When the WCH
spacing was less than 10 m, the pore pressure in-
creased slowly and tended to be stable.

The pressures at elevation of 20 m were 0.58 MPa,
0.52 MPa, 0.49 MPa, 0.42 MPa, 0.38 MPa, and
0.33 MPa in the simulation (for tested WCH spacings
of 5-30 m, respectively). Based on the geological
survey, the gravity stress of the rock at an elevation of
20 m is estimated to be approximately 0.46 MPa.
According to the vertical hydraulic gradient criterion,
when the WCH spacing is 15-30 m, the pore pressure
is less than the gravity stress and water sealing

Hole arrangement area
Vertical

distance Study area
30m 20 m*D
No. 3 main No. 4 main No. 5 main

cavern cavern

Fig. 10 Study area for Fig. 11

cavern

cannot be guaranteed. A WCS is designed to increase
the water supply artificially to ensure that the cavern
has sufficient water inflow, preventing the oil from
leaking (Xu et al., 2018). However, excessive water
inflow will reduce oil storage efficiency and increase
drainage costs. In consideration of costs, 10 m was
chosen as the optimum WCH spacing.
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Fig. 11 Pore pressures at the elevation of 0-25 m at dif-
ferent WCH spacings (the horizontal plane at the top of
the caverns is taken as the zero datum)

Table 7 Specific values of the pore pressures in Fig. 11
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5.2 Vertical distance

Analysis was aimed at determining a reasonable
vertical distance between the WCHs and the main
cavern in the operation period. The WCHs were
placed 20 m, 25 m, 30 m, or 35 m above the caverns.
The WCH spacing was 10 m, the number of holes was
13, and the WCP was 80 kPa. Fig. 12 shows the pore
pressure distributions and the fluid velocity vector
distributions perpendicular to the axis of the main
cavern for different vertical distances tested. The pore
pressure distributions of the four simulations were
generally consistent.

To explore the optimum vertical distance be-
tween WCHSs and the main cavern, the pore pressure
perpendicular to the main cavern at an elevation of
0-35 m (Fig. 10) was used to create Fig. 13. Table 8
shows the specific values of pore pressures shown in
Fig. 13. With an increase in vertical distance, the pore
pressure acting perpendicular to the cavern axis from
0 m to 35 m above the WCH increased correspond-
ingly, and its distribution was regular. Within 5 m
below the WCH, the slope of the break line increased,
which indicates an obvious increase in pore pressure.

The pressures at an elevation of 20 m were
0.76 MPa, 0.49 MPa, 0.42 MPa, and 0.36 MPa in the
simulation (for tested vertical distances of 20-35 m,

Elevation Pore pressure (MPa)
(m) Sm 8m 10m 15m 20m 30m
0.0 0.10 0.10 0.10 0.10 0.10 0.10
3.6 0.21 020 0.19 0.17 0.16 0.15
7.1 0.30 028 026 023 021 0.18
10.7 039 035 033 029 026 0.22
14.3 046 042 039 034 030 025
17.9 054 048 045 039 034 0.29
21.4 0.61 055 051 045 041 036
25.0 077 0.76 076 0.75 0.74 0.73
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Fig. 12 Pore pressure distributions and fluid velocity vector distributions for different vertical distances between the
WCHs and the main cavern: (a) 20 m; (b) 25 m; (c¢) 30 m; (d) 35 m
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respectively), and the gravity stress of the rock was
0.46 MPa. According to the criterion of the vertical
hydraulic gradient, when the vertical distance is 35 m
to 30 m, water sealing cannot be guaranteed. When
the WCH spacing is 10 m and the WCP is 80 kPa, the
WCS has a vertical action range of approximately
25 m. To reduce water inflow, 25 m was chosen as the
most reasonable vertical distance between WCHs and
the main cavern.

5.3 WCP

In this section, the optimum WCP during the
operation period is analyzed. The model body width
was much longer than the width of a single cavern,
and so the 3D problem was again simplified to a plane
strain problem. The 2D model was reconstructed due
to the influence of terrain factors. Nine caverns were

0.9
-=0=:20m

Pressure (MPa)
o
o

©
w

0 7 14 21 28 35
Elevation (m)
Fig. 13 Pore pressures at the elevation of 0-35 m for dif-
ferent vertical distances (the horizontal plane at the top of
the caverns is taken as the zero datum)

arranged from west to east. The study scope is a
600-m extension of the left and right caverns (i.e. No.
1 and No. 9 caverns) to ensure that the boundary
effects are sufficiently accounted for. Additionally,
the rock mass extends up to the surface and down to
400 m from the cavern floor. The spacing between
caverns reflects the actual spacing. The WCH spacing
is 10 m, the vertical distance between the WCH and
caverns is 25 m, and the number of holes is 55. The
solid phase boundary conditions are as follows: the
horizontal displacements of the left and right model
sides are zero, the upper surface is a free displacement
boundary, the lateral and longitudinal displacements
of the lower boundary are zero, and the cavern wall
has a zero-displacement boundary condition follow-
ing excavation. The fluid phase boundary conditions
are as follows: the left and right sides are zero-flow
boundaries, and the upper and lower boundaries are
pressure boundaries, allowing groundwater to flow
freely across the boundary surface. The 2D model is
established and meshed: the triangular mesh is di-
vided freely, the maximum element size is 37.2 m, the
minimum element size is 0.139 m, the curvature
factor is 0.25, the maximum element growth rate is
1.2, and the analyzing degree in the narrow zone is 1.

Based on the fluid-solid coupling theory, the
water-seal of UOSC was evaluated. When the WCP
was less than 50 kPa, the water-seal requirements
were not met. When the WCP was greater than
100 kPa, the patterns of change in pore pressure
around the caverns were similar and tended to be
stable (Li et al., 2014). Fig. 14a shows the initial pore
pressure distribution, which was not uniform hori-
zontally. The calculated pore pressure distributions

Table 8 Specific values of the pore pressure in Fig. 13 for different vertical distances

35m 30 m 25 m 20 m
Elevation Pressure Elevation Pressure Elevation Pressure Elevation Pressure

(m) (MPa) (m) (MPa) (m) (MPa) (m) (MPa)

0.0 0.10 0.0 0.10 0.0 0.10 0.0 0.10

39 0.17 3.8 0.18 3.6 0.19 33 0.20

7.8 0.22 7.5 0.24 7.1 0.26 6.7 0.29
11.7 0.27 11.3 0.30 10.7 0.33 10.0 0.36
15.6 0.31 15.0 0.35 14.3 0.39 13.3 0.43
19.4 0.36 18.8 0.40 17.9 0.45 16.7 0.51
23.3 0.40 22.5 0.45 21.4 0.51 20.0 0.76
27.2 0.44 26.3 0.51 25.0 0.76 — -
31.1 0.49 30.0 0.75 - - - -

35.0 0.75 - -
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Fig. 14 Pore pressure distributions and fluid velocity
vector distributions: (a) initial pore pressure distribution;
(b) WCP=60 kPa; (c) WCP=70 kPa; (d) WCP=80 kPa; (e)
WCP=90 kPa

and fluid velocity vector distributions under four
conditions of WCP are shown in Figs. 14b—14e.

The WCP in this part of the study was tested at
60 kPa, 70 kPa, 80 kPa, and 90 kPa. Fig. 15 shows the
pore pressures at the elevation of 0-25 m under dif-
ferent WCPs. Table 9 shows the specific values of the
pore pressures shown in Fig. 15. With the increase of
WCP, the pressure above the caverns clearly in-
creased. The pressures in the simulation at an eleva-
tion of 20 m were 0.45 MPa, 0.52 MPa, 0.59 MPa,
and 0.66 MPa (for tested WCPs of 60-90 kPa, re-
spectively). A WCP of 60 kPa cannot meet the water-
seal requirements.

1.00
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-=0=- 70kPa S
4
—— 80kPa g
© 070 ==0=:90kPa
o
=
[0}
5
7]
%]
4
o 0401
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Elevation (m)

Fig. 15 Pore pressures at the elevation of 0—25 m under
different WCPs

Table 9 Specific values of the pore pressures in Fig. 15

. Pore pressure (MPa)
Elevation

(m) WCP= WCP= WCP= WCP=
60 kPa 70 kPa 80 kPa 90 kPa

0.10 0.10 0.10 0.10

5 0.22 0.24 0.26 0.28

10 0.31 0.34 0.38 0.42

15 0.38 0.44 0.49 0.54

20 0.45 0.52 0.59 0.66

25 0.60 0.70 0.80 0.90

The pressures at elevations of 0 m, 10 m, and
20 m (Fig. 16) under four different WCPs were se-
lected for comparative analysis, and the results are
shown in Fig. 17. The distributions of pore pressures
at elevations of 0 m, 10 m, and 20 m were irregular.
The variation in horizontal pressure was more irreg-
ular close to the top of the caverns and more stable
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away from the caverns. Since the elevation of 20 m is
close to the WCHs, the difference in horizontal pore
pressure was small. As the WCP is positively corre-
lated with the water inflow into the cavern, it is finite
(Li et al., 2009; Xu et al., 2018). The pressure dif-
ference between elevations of 0 m and 20 m increased
with increasing WCP, which may have caused an
increase in water inflow. Taking the pressure at a
model body width of 100 m as an example, the pres-
sure difference between elevations of 20 m and 0 m
was approximately 0.43 MPa when the WCP was

Water curtain holes Elevation of 20 m
e e oo

Elevation of 10 m

D D E D D Q‘ Q D DEIevationome

Main caverns

Fig. 16 Study area for Fig. 17
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Fig. 17 Pore pressures in the study area at elevations of
0 m (a), 10 m (b), and 20 m (c) (the horizontal plane at the
top of the caverns is taken as the zero datum)

90 kPa. However, when the WCP was 70 kPa, the
pressure difference between the two elevations was
approximately 0.25 MPa. Excessive WCP will cause
a surge in pore pressure above the caverns. To sim-
ultaneously ensure water sealing and minimize water
inflow, 70 kPa is a reasonable target for optimal WCP.

Finally, six sections were selected (Fig. 18a) to
explore the pore pressure distribution between cav-
erns in an operation period when the WCP was 70 kPa.
The distance between the No. 5 and No. 6 caverns is
the largest, and the pressure difference between sec-
tion 1 and section 3 was small, which indicates that
the longitudinal pressure distribution between two
adjacent caverns increases with the distance between
the caverns. The pressure curves of sections 4, 5, and

(a) Water curtain holes Section 2 Sechon 3
.................. 'S'e'c'tlbh'f'"”””""””""””
ectiol
Section 4
Maln caverns Section 5
0.7
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Fig. 18 Pore pressures in the study area: (a) section loca-
tions in the study area; (b) vertical sections 1-3; (c) hori-
zontal sections 4-6 (the horizontal plane of the WCH is
taken as the zero datum)
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6 are approximately symmetrical and have parabolic
shapes, which indicates that the pore pressure de-
creased toward the cavern sidewalls, and that the
maximum pore pressure was reached halfway be-
tween the two caverns.

6 Discussion

For numerical simulations of UOSCs, a discrete
element method (DEM) model can be used. A discrete
fracture network (DFN) model was selected to con-
sider the influence of different fracture locations,
lengths, and directions on the research results (Wang
etal., 2018). The spherical discontinuous deformation
analysis (SDDA) method is a recently developed
DEM with high calculation speed (Wang et al., 2017).
The FEM/DEM model (Wu et al., 2018) combines the
advantages of both methods and divides the study
body into a porous medium and a fissured medium to
incorporate the influence of joint fissures and other
geological discontinuities, considering the rock mass
as a porous medium rather than a continuous medium.

The design of WCS is complicated by the di-
versity of its key parameters. This study uses the
concept of control variables when dealing with
three-factor combination problems, which may lead
to the neglect of many other preferred combinations.
In the future, a more reasonable design scheme
of WCSs will be proposed using an orthogonal
experiment.

There are two approximately east-west trending
faults that crosscut the caverns at the project location.
The faults have a significant impact on the pore
pressure around many caverns (particularly No. 1, No.
4, and No. 9 caverns), and the pore pressure around
the faults decreases significantly. The influence of
faults has not been accounted for in this numerical
simulation. The next step in this work will be to fur-
ther simulate the fault-induced changes in permea-
bility around the surrounding rock and considering
their impact on the project and the corresponding
mitigation measures. Further, because the numerical
simulation used in this study is a simplified 2D model,
the influences of complex topography, including ge-
ological discontinuities such as joints, construction
tunnels, and water curtain tunnel excavation on the
project were also not fully accounted for.

7 Conclusions

In this paper, three key parameter design
schemes for the WCSs for Huangdao UOSCs are
given. The interaction between the surrounding rock,
underground water, and liquid oil were considered in
a numerical simulation, and it is suggested that the
optimal WCH spacing for these UOSCs is 10 m. The
water-seal effect is shown to be ineffective when the
WCH spacing is larger than 10 m. The water-seal
effect enhances with the decreasing of WCH spacing
(i.e. smaller than 10 m); however, the enhancement is
not effective when considering the economic cost
(construction, operation, and drainage costs). Pore
pressure decreases rapidly in the range of 5 m around
a WCH and decreases slowly outside this range. The
long-term stability of the surrounding rock in this
range was also closely scrutinized. When the vertical
distance between the WCHs and the main cavern is 30
or 35 m, the water-seal is ineffective. A reasonable
optimal vertical distance is 25 m. Thus, the vertical
influence range of the WCS is currently 25 m. The
pore pressure around the main cavern is significantly
different due to topographic factors. The vertical
pressure distribution between two adjacent caverns
increases with increased spacing. When the WCP is
60 kPa, the vertical hydraulic gradient is less than 1.
Excessive WCP will cause a sharp increase of pore
pressure above the caverns, and the water inflow will
also increase. Therefore, 70 kPa is an optimal WCP.
For a greater WCP, an increase in water inflow is
inevitable.
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