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External water pressure around tunnels is a main influential factor in relation to the seepage safety of underground chambers and
powerhouses whichmakemanaging external water pressure crucial to water conservation and hydropower projects.The equivalent
continuous mediummodel and the discrete fracture network (DFN)model were, respectively, applied to calculate the seepage field
of the study domain. Calculations were based on the integrity and permeability of rocks, the extent of fracture development, and the
combination of geological and hydrogeological conditions in the Huizhou pump-storage hydropower station.The station generates
electricity from the upper reservoir and stores power by pumping water from the lower to the upper reservoir. In this paper, the
external water pressure around the cavern and variations in pressure with only one operational and one venting powerhouse were
analyzed to build a predictive model. The results showed that the external water pressure was small with the current anti-seepage
and drainage system that normal operation of the reservoir can be guaranteed. The results of external water pressure around the
tunnels provided sound scientific evidence for the future design of antiseepage systems.

1. Introduction

External water pressure is defined as a boundary load where
the groundwater pressure acts on the outer edge of a tunnel
lining [1, 2]. The value of the external water pressure can
be obtained by analyzing the seepage field of the tunnel.
Assuming that the hydraulic head in the contact surface is ℎ,
the external water pressure can be defined as 𝑓𝑤 = 𝛾(ℎ𝑐 − 𝑧𝑐).
There are some common principles that can ensure the safety
of groundwater resources and the environment surrounding
the tunnel lining of large hydraulic mountain tunnels [3–5].
Amethod that combinesmixed blocking and discharging can
be adopted when amethod that uses pure discharging cannot
be used due to special conditions, such as decreasing of the
water table around the tunnel. The water pressure at the site
was studied and based on previous water conservation and
waterpower projects in China. An appropriate design code
was formulated for the project.Themain calculationmethods
of external water pressure in the tunnel linings are described
in the following sections.

The Reduction Coefficient Method. According to the “Hy-
draulic Tunnel Design Code” (SL279 2002), groundwater
pressure is defined as the volume force of groundwater on
the surrounding rocks and linings during the seepage pro-
cess. For tunnels under simple hydrogeological conditions,
groundwater pressure on the outer edge of the lining can
be calculated by measuring the water column height below
the groundwater table along the length of the tunnel and by
using a corresponding reduction coefficient for the tunnels.
The reduction coefficient is defined as the ratio of actual
water pressure to the maximum water pressure and is quoted
as a value ranging from 0 to 1. The external water pressure
is determined by multiplying the hydrostatic pressure from
the groundwater table to the tunnel axis by the reduction
coefficient 𝛽.

Zhang [6, 7] developed a new approach to obtain the
correct coefficient on the basis of the standardizing reduction
coefficient. Some disadvantages of the external water pressure
reduction coefficient include the following: (1) it is difficult
for designers to choose the 𝛽 parameter because of its
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large amplitude, (2) 𝛽 cannot be used in projects that have
extremely small permeability as the reduction coefficient
𝛽 is established based on conditions of a normal concrete
lining in which cracks are present, and (3) the water pressure
of a point in the initial seepage field does not equal the
hydrostatic water pressure on the groundwater table because
of different terrain and geological conditions in actual cases.
It is difficult to determine external water pressure using the
reduction coefficient from a former code, especially when the
groundwater table in question lies along the tunnel or the
state of groundwater is unknown, for example, in unconfined
water, water between layers, or perched water. Furthermore,
the impact of anti-seepage or drainage galleries and drainage
holes on the water level is not considered in this method.

The Analytical Method. The initial stress on the lining can
be regarded as the hydrostatic status if the surrounding rock
is assumed to be comprised of homogeneous and isotropic
elastoplastic media. The pore water pressure on the lining
and grouting area can be derived using Darcy’s Law based
on the surrounding rock model [8–13]. The external water
pressure on the tunnel lining can be calculated using a
theoretical analysis method that assumes the grouting area of
the surrounding rock is homogeneous; however, this method
is not suitable for real projects under complex geological
conditions.

The Semianalytical Method. The details of the semianalytical
method are as follows: firstly, a hydrogeological conceptual
model of a discharging tunnel was established and water
inflow was predicted using an empirical method [14–16].
Water inflow was substituted into a two-dimensional section
seepagemodel of the surrounding tunnel rock to simulate the
distribution of a seepage field in the surrounding rocks during
draining. Finally, the external water pressure around the
tunnel was calculated using the reduction coefficientmethod.
A numerical method was used to simulate the tunnel seepage
field during draining of the seepage field of the surrounding
rocks.Throughout this process the external water pressure in
the lining was obtained.

The water inflow of a tunnel was determined using the
analytical numerical method, and the tunnel set as a second-
type boundary condition for numerical calculations where
the flux was known in the boundary condition. Some errors
exist when using the analytical method to determine tunnel
water inflow as it is particularly difficult to define the water
level when a tunnel has already been built. In addition, the
effect of the drainage gallery is not considered in themodel. In
this case, the tunnel was regarded as a seepage surface instead
of a constant-head boundary condition where the hydraulic
head was assumed equal to its position height even when
it was higher than the actual position height. The seepage
surface was determined using an iterative method.

TheHydrogeochemical Method. The hydrogeochemical meth-
od considers the relationship between the external water
pressure and the CO2 partial pressure in a groundwater
chemical field. The results from field tests reveal that CO2
partial pressure and groundwater pressure obey a linear law

in the same water body or geological element. Therefore, the
CO2 partial pressure in a borehole under the same hydro-
geological conditions can be measured and the equations
between the CO2 partial pressure and the hydraulic head
can be derived. The water pressure in a seepage area can be
acquired indirectly by measuring CO2 partial pressure on the
tunnel seepage point [17]. This is a new method to calculate
external water pressure.

The Seepage and Stress Coupling Methods. This method
considers the combined effects of surrounding rocks and
linings on groundwater. The effect of groundwater on sur-
rounding rocks and linings was calculated using seepage
theory. The coupling effect of surrounding rocks and linings
can be examined through an analysis of in situ stress and
groundwater penetration during tunnel excavation [18–21].
Since the coupling effect is more important than external
water pressure on linings, it can be applied to analyze the
stress on the tunnel lining structure and the stability of
surrounding rocks.

Investigators havemade considerable progress aftermuch
research on the seepage and stress coupling field coupled
models. Noorishad et al. [22, 23] presented a continuous
porous media seepage and stress field coupling model. Oda
[24] established a model that couples seepage and stress field
in rock masses using a hydraulic conductivity tensor based
on joint statistics. Ohnishi and Ohtsu [25] studied a seepage
and stress coupling method in a discontinuous joint rock
mass. Wu and Zhang [26] proposed a lumped parameter
and fracture network model of rock mass seepage and stress
field coupling. The development of rock hydraulics has been
promoted in a quantitative direction through these models as
the coupled seepage and stress field of linings are not adequate
after tunnel excavation and structure support [27–29].

The seepage and stress coupling analysis method mainly
investigates the effect of groundwater on surrounding rocks
and linings.When the effect on surrounding rocks and linings
from groundwater was calculated using a seepage theory,
the coupling effect on surrounding rocks and linings from
the groundwater penetration force can be analyzed through
in situ stress caused by tunnel excavation. In this method,
surrounding rocks and linings are regarded as a whole that
shares external water pressure, except in regions under high
water pressure conditions where there will be many fractures
or fissures between the surrounding rocks and linings. In
the case of such conditions, external water pressure mainly
occurs on the linings instead of on the rocks and linings
together.

The purpose of this paper was to develop a coupledmodel
to simulate groundwater flow in fractured rocks based on
geological and hydrogeological conditions. External water
pressure of a tunnel was also calculated to evaluate the
seepage stability of a diversion pipeline.

2. Area of Study

2.1. Location of the Study Area. TheHuizhou pumped storage
water power station is located in Boluo county, Huizhou city,
Guangdong province. It is 112 km away from Guangzhou,
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20 km from Huizhou, and 77 km from Shenzhen and has
a total capacity of 2,400MW. The main dams in the upper
and lower reservoirs are roller-compacted concrete gravity
dams. There are two plants, A and B, located behind the
middle of the pipeline in the plant system with a minimum
spacing of 150m to recharge water. The two powerhouses
are both 152m in length, 21.5m wide, and 49.4m high. The
elevation of the powerhouse vault is 169.9m. The diameter
of high pressure tunnel is 8.0m. The middle elevation of it
ranges from 137.87 to 135.62mwith themaximumhydrostatic
head at 630m.When the power station is operating normally,
the water from the upper reservoir flows to the powerhouse
to generate electricity and the tail water flows to the lower
reservoir. This water is then pumped to the upper reservoir
through the waterlines. The diversion tunnel, high pressure
tunnel, high pressure branch pipes, and tailrace tunnel are
made from a reinforced concrete lining except for the steel-
lined high pressure branch pipes and the tailrace pipes for
water diversion in the water power tunnel.

2.2. Geology Information. The lithology disclosed in the
powerhouse region is granite, mixed rock, and veins. The
medium-fine andmedium-coarse grained granite is from the
fourthHimalayan period and is fleshy red in colorwith strong
permeability owing to high porosity. The minerals in this
region consisted of potassium feldspar (30–50%), plagioclase
(20–35%), quartz (20–35%), and black mica (1–8%). The
geological age of the mixed rock is between the Caledonian
andHimalayan periods.The thickness of this rock is between
35.3 and 46.5m according to data obtained from different
boreholes and its permeability is lower than that of granite.
The spaces of some fractures and faults were intruded diorite
vein, granitic diorite vein, quartz, fluorite, and calcite veins,
which results in weak permeability of fractures and faults.

There are 67 faults disclosed by the exploratory cave in
the powerhouse region in the north-east (NE), north-west
(NW), and north north-west (NNW) directions (Figure 1).
The directions of joints and fractures are the same as those of
the faults in the powerhouse region which are mainly in the
NNE and NW directions. Faults and fractures are classified
into four groups according to their strikes. (1) The NNE
group appears mainly in exploration caves, such as PD01-1,
PD01-2, PD01-3, and PD01-6 in an east-west or nearly east-
west direction (Figure 1). The tendency is N5-20∘E with a
more SE tendency than a NW tendency, and the dip angle is
from almost 60 to 80∘. (2) The NW group appears mainly in
exploration caves PD01, PD01-2, PD01–3, PD01–4, and PD01–
6, and the fissures show a tendency of N35–60∘Wwith amore
SE tendency than a NW tendency, and the dip angle is 60 to
85∘.

2.3. Hydrogeological Conditions

2.3.1. Permeability of the Rock Mass. Field test data com-
prising 392 total pump-in tests from 23 boreholes in the
underground powerhouse region showed conditions of very
low permeability, partial low permeability, and a small por-
tion of medium permeability in mixed rock and granite
(as seen in Figure 2). The very low permeable rock mass,
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Figure 1: Location of the main faults in the powerhouse area.
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Figure 2: Statistical pie chart of rock permeability in the under-
ground powerhouse domain.

lower permeable rock mass, and medium permeable rock
mass were present at 69.9%, 28.5%, and 1.6%, respectively.
There were no highly permeable rocks in the powerhouse
region being found and the permeability rate was greatest
when the borehole was close to the ground surface, but as
depth increased and height decreased, water permeability
was reduced. Additionally, the permeability rate increased
in some test areas because of fault zones and dykes. The
rock permeability of boreholes ZK2002 and ZK2085 changed
with depth and time in the powerhouse area, as shown in
Figure 3.

Permeability of rock can be classified into three cate-
gories: (1) highly permeable zones, which include rock in
completely weathered and strongly weathered zones, fault
f304 fracture zones, fault with water permeability in NE
direction, and fault cut by NW direction rock and f304, (2)
lowpermeability zones, which compriseweakweathered rock
mass, and (3) very low permeable zones which are slightly
weathered zoneswith fresh rockmass and dykes under a good
condition.
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Figure 3: Change of rock permeability with depth changes in the powerhouse domain.
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Figure 4: Conceptual map of the hydrogeological model.

2.3.2. Groundwater Recharge, Runoff, and Discharge Condi-
tions. The recharge sources of underground powerhouses are
precipitation and water from the upper reservoir through
fault f304. Water discharged from the upper reservoir flows
into fault f304 and into underground powerhouses through
a fault in the NW direction, such as f31 and f69 because
f304 is closer to the underground powerhouses (Figure 4).
Based on all things considered, f304 might be the only
approach for water from the upper reservoir to flow into the

powerhouses.The plant area can be divided into two separate
hydrogeological units on both sides of a gully by analyzing
the permeability, hydrogeological structure of rockmass, and
hydrogeological conditions.

In natural conditions, the main recharge source of the
upper reservoir is precipitation and the water from higher
level reservoirs.They were discharged to the gully, the power-
houses, and the lower storage reservoir. Precipitation is also
the main recharge source of the powerhouses and the lower
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storage reservoir. Part of the water in the powerhouses and
the lower storage reservoir flows into the gully, the shallow
water body in earth’s surface, and deeper underground for
discharge, as shown in Figure 4.

3. Calculation Methods of External
Water Pressure

3.1. The Equivalent ContinuumModel. Research results show
that groundwater movement changes with time and space in
fractured rocks complies with the relevant laws of seepage.
In such cases, the hydrogeological model can be assumed
as a continuum of heterogeneous anisotropic media and the
three-dimensional movement of groundwater in rocks based
on the following control equation:

∇ (𝐾∇𝐻) = 𝜇𝑠 𝜕𝐻𝜕𝑡 , (1)

where ∇ is the Hamilton operator, 𝐾 is the permeability
tensor, 𝐻 represents the hydraulic head at any point in the
seepage field, 𝜇𝑠 is the storage rate, and 𝑡 is the time.

The study area Ω was discretized by a hexahedron with
eight nodes.The weighted residual of the governing equation
(1) in the whole study area is zero, and the algebraic equations
of the whole seepage field could be obtained as follows:

[𝐺] {𝐻} + [𝑃] {𝑑𝐻𝑑𝑡 } = {𝐹} , (2)

where [𝐺] is the total seepage matrix (conduction matrix),
{𝐻} is a hydraulic head array at an unknown node, [𝑃] is the
storage matrix, and {𝐹} denotes the known flux boundary. In
this case, 𝑑𝐻/𝑑𝑡 can be replaced by time discretization; that
is,

𝑑𝐻
𝑑𝑡 ≈

𝐻(𝑡+Δ𝑡) − 𝐻(𝑡)
Δ𝑡 , (3)

where Δ𝑡 is the time step.
An implicit difference scheme was applied to (3); we

obtain

[𝐺] {𝐻𝑡+Δ𝑡} + [𝑃] {𝐻(𝑡+Δ𝑡) − 𝐻𝑡Δ𝑡 } = {𝐹} . (4)

Equation (4) can thus be rewritten as follows:

{[𝐺] + 1
Δ𝑡 [𝑃]} [𝐻𝑡+Δ𝑡] =

1
Δ𝑡 [𝑃] {𝐻𝑡} + {𝐹} . (5)

The distribution of the seepage field in the study area can be
solved by using (5).

3.2. The DFN Model. In the fractured network seepage
model, the intersection of fractures can be regarded as nodes
and the fractures between nodes which are seen as elements.
The seepage equations were built to account for either a total
flow rate of zero (steady flow) or a flow change that may
be equal to the storage capacity from each line element to
the shared node (unsteady flow). The mathematical model

i

qj

Figure 5: Schematic diagram of the balanced fracture elements.

of groundwater flow using a fracture network was built by
combining the initial conditions and boundary conditions
[30–32]. A schematic diagram of a rock fracture network was
then obtained and shown in Figure 5, where a dotted-line
circle indicates the balanced domain of the fracture element.

A characterized element domainwas formed at the center
point 𝑖. The domain, including the 𝑖 node and a closed
curve, was formed at the midpoint of each element of a
connecting line. The inflow and outflow from each element
of a connecting line can be defined as 𝑞𝑗 (𝑗 = 1, 2, . . . , 𝑁),
and the vertical recharge from each element of a connecting
line in the characterized element domain denotes 𝑤𝑗 (𝑗 =
1, 2, . . . , 𝑁), and the source-sink term on node 𝑖 is 𝑄𝑖. The
flow differential value of the characterized element domain
per time unit is equal to the amount of water storage changes.

The equilibrium equations of the characterized element
domain can be written as

𝑁

∑
𝑗=1

𝑞𝑖𝑗 +
𝑁

∑
𝑗=1

𝑤𝑖𝑗 + 𝑄𝑖 = 𝑑𝑖
Δ𝐻𝑓𝑖
Δ𝑡 , 𝑖 = 1, 2, . . . , 𝑁. (6)

The pressure difference remains conserved in a closed
loop and can be written as

∑
𝑘
𝑐

𝑙𝑗𝐼𝑗 = 0, 𝑐 = 1, 2, . . . , 𝑟, (7)

where 𝐻𝑓𝑖 is the hydraulic head of node 𝑖, 𝑁 is the number
of a line element (the number of pipelines centered at node 𝑖),
and 𝑘𝑐 is the number of fracture sections with formed loops,
that is, the dimensions of loops.

In 𝑑𝑖 = (𝑆𝑖/2)∑𝑁𝑗=1 𝑒𝑗𝑙𝑗, 𝑆𝑖 is the elastic storage (releasing
water) coefficient of a fracture in the characterized element
domain center at note 𝐼, 𝑒𝑗 and 𝑙𝑗 are the width of a fracture
and the length of a line element, and 𝐼𝑗 is the hydraulic
gradient of fracture element.

The matrix form of a seepage equation in a seepage flow
field can be written as

[𝐶] {𝐻𝑓} − [𝐴] {𝑊} + {𝑄} + [𝐷] 𝑑𝐻𝑓𝑑𝑡 = 0, (8)
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where {𝑊} is the vector of vertical recharge on a fractured
line element, {𝐷} is the water storage matrix in the fractures,
and 𝐴 = {𝑎𝑖𝑗} indicates the connection matrix of a fracture
network. All of these terms describe the connection relation-
ship between line elements and nodes in a fracture network
system, where 𝐴 is the matrix element and 𝑎𝑖𝑗 is defined as
follows: 𝑗 is 0, −1, and 1 on three different conditions, there
is no connection between line element 𝑗 and node 𝑖, while
the connection between line element 𝑗 and node 𝑖 points to
opposite directions of node 𝑖, and the connection between
line element 𝑗 and node 𝑖 points to 𝑖 direction, respectively.
𝑑𝐻𝑓/𝑑𝑡 can be defined as 𝑑𝐻𝑓/𝑑𝑡 ≈ (𝐻𝑡+Δ𝑡𝑓 − 𝐻𝑡𝑓)/Δ𝑡 and
can be rewritten as

([𝐶] + 1
Δ𝑡 [𝐷]) {𝐻

𝑡+Δ𝑡
𝑓 }

= [𝐴] {𝑊} + 1
Δ𝑡 [𝐷] {𝐻

𝑡
𝑓} − {𝑄} .

(9)

3.3. Calculation of the Coupling Model. The coupling con-
ditions for an equivalent continuum model and a random
discrete fracture network model are as follows: (1) the water
volume balance between inflow and outflow in a fracture
surface in unit time, that is, conservation of flow in a fracture
intersection, and (2) the continuum of a hydraulic head in
a fracture intersection, that is, 𝐻𝑒𝑖|𝐹𝑖 = 𝐻𝑓𝑗|𝐹𝑗 (𝑖 ̸= 𝑗).
The following iterative methods were employed to solve the
mentioned coupling models just described: (1) the initial
and boundary conditions in the discrete media domain are
substituted into (5) to obtain the hydraulic head 𝐻𝑒 in
the continuum media domain; (2) the flow contribution of
coupling terms can be acquired using 𝐻𝑒, and then 𝐻𝑓 can
be solved for after substituting the contribution into (9); (3)
𝐻𝑒 can be solved by substituting 𝐻𝑓 into (5); and finally, (4)
the above steps are repeated until the accuracy requirement
is satisfied.

3.4. Calculation Region and Boundary Conditions. Point O at
the cross intersection, located in the south-eastern direction
of powerhouse B shown in Figure 6, is set as the origin of
coordinates in the calculation domain. Positive 𝑌 direction
points toward the north, positive 𝑋 points to the east, and
positive 𝑍 is set vertically upward. The calculation domain is
selected along the positive𝑋 direction to the upper reservoir
and the negative𝑋 direction to the lower reservoir, while the
𝑌 direction extends around 1000m from the center of the
powerhouse to the watershed of the station region.

Boundary conditions in the upper reservoir were set
as first boundary conditions with a normal storage water
level of 762m and a dead water level of 740m. Boundary
conditions in the lower reservoir were also set as first
boundary conditions with a normal storage water level of
231m and a dead water level of 205m. Other boundaries can
be regarded as streamlined boundaries as they were located at
the position of the watershed.The study domain was meshed
by two types of grids as equivalent continuum media and
coupled discrete media model were employed to simulate the
distribution of a seepage field in the power station region.

Low
reservoir

Upper
reservoir

Powerhouse

A
B

Coordinate origin
0

Water lines

Inlet and outlet
A2

A1

A3
A4 B3

B1

B2

Figure 6: Layout of the Huizhou pumped storage power station.

(a) Equivalent continuum media model

(b) Discrete network model

Figure 7: The discrete model of the study domain.

The study domainwasmeshed into 42,765 elements including
47,216 nodes when using the equivalent continuum media
model, as shown in Figure 7(a). The study indicated that
40 fracture surfaces and 2362 fracture network intersections
were formed using a coupled discrete media model, as shown
in Figure 7(b).

4. Data Analysis

4.1. Determination of Hydrogeological Parameters. A series of
water pressure tests could be conducted in the study area and
the hydraulic conductivity was calculated through analyzing
the outcomes of pump-in tests. This can be written as

𝐾 = 1.67 × 10−3 ⋅ (1 + ln (𝐿/2𝑟0))
2𝜋 ⋅ 𝜔, (10)

where𝐾 is the hydraulic conductivity of a fractured rockmass
(cm/s), 𝜔 is the water unit-absorption rate (l/min⋅m⋅m), 𝐿 is
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Table 1: Hydraulic conductivity in each plant zone.

Division of water permeability Strongly weathered zone Weak weathered zone Slightly weathered zone Lining
Permeability coefficient (cm/s) 0.729 0.041 0.012 0.00864

Table 2: Geometrical parameters of the fractures.

Probability parameters Geometrical parameters
Strike angle (∘) Dip direction angle (∘) Dip angle (∘) Distance (m) Broken zone (m)

Mean value
NE 50.4 140.4 69.6 123.9 1.03
NW 313.3 223.3 75.2 145.4 1.27

Standard deviation
NE 11.92 11.92 7.45 67.83 0.9
NW 9.76 9.76 8.63 84.12 1.07

Distribution form
NE Normal distribution Normal distribution Normal distribution Negative exponent Negative exponent
NW Normal distribution Normal distribution Normal distribution Negative exponent Negative exponent

the length of a test segment (m), and 𝑟0 represents the radius
of a borehole (m).

The rock mass can be classified into three zones which
include a strongly weathered zone, a weak weathered zone,
and a slightly weathered zone in a vertical direction based
on the properties of the rock mass structure and various
characteristics of the rock properties. Based on the unit
water absorption rate and results from tests in each zone,
the hydraulic conductivity in each calculating zone can be
defined using (10), where the length of the test segment is
𝐿 = 6m and the radius of the borehole is 𝑟0 = 0.0375m.
The hydraulic conductivity results in each zone are listed in
Table 1.

Two faults with NW and NE strikes were developed in
the plant area. They are the main water control structures in
the powerhouse domain. These two faults were considered
when establishing the three-dimensional fracture network
models. The geometric parameters, such as strike angle, dip
direction angle, dip angle, space distance, and width of a
broken area, were determined by statistical analysis. The
probability distribution of these parameters was defined by
analyzing the results of statistics from the foundation for
a Monte-Carlo simulation. As listed in Table 2, fracture
surfaces were randomly generated in the powerhouse domain
using the mean value, variance, and distribution of fracture
geometry parameters. These fracture surfaces developed a
three-dimensional fractured network by crossing each other
and reaching the boundary.

4.2. Calculation and Prediction of External Water Pressure
4.2.1. The Change of Internal Water Leakage Quantity after
Water Filling in a Waterway System. During normal opera-
tion periods, water leakage occurs in the waterway through
the steel concrete lining after water filling occurs in the
waterway system where seepage goes from the inner to
the outer waterway. The quantity of inner water leakage is
related to the location of the waterway and time. Several
key feature points along the waterway were selected to study

the changing rule of inner water leakage (Figure 6). The
water levels of the upper and lower reservoirs were 762m
and 205m, respectively, under normal conditions.The upper,
middle, and lower stories of the galleries in powerhouses A
and B discharge water. Waterproof curtains were set at both
intersections and branches of high water pressure and water
discharging galleries were built in a pilot tunnel at a height of
246m. Four feature points, A1, A2, A3, and A4, were selected
from the water diversion tunnel to the high water pressure
tunnel in the underground waterway system for powerhouse
A. Points A1, A2, A3, andA4were located at the upper tunnel,
middle inclined shaft, lower inclined shaft, and lower tunnel
with heights of 590m, 458m, 146m, and 135m, respectively.
Points B1, B2, and B3 were selected as three feature points in
the underground waterway system for powerhouse B from
the water diversion tunnel to a high water pressure tunnel.
They were located in the upper tunnel, middle inclined shaft,
and lower tunnel with heights of 590m, 458m, and 135m,
respectively.

Figure 8 shows the changing relationship of internal water
leakage over time in a waterway system. The flow quantity
at time 0 represents the leakage at the beginning and was
calculated at a water level of 762m in the waterway and a
natural water level near the waterway.

The water table is predicted to rise because of inner water
leakage, but the leakage quantity will be reduced after water
fills into the waterway system for an entire workday. The
amount of leakage is higher in this situation than leakage
in natural conditions due to water discharge in high water
pressure branch pipes and powerhouses. This results in a rise
of the water table below the natural water level, although
inner water leakage exists in the waterway system. Thus, the
water level along the waterway rises gradually, the hydraulic
head pressure difference was reduced, and the amount of
leakage decreased. At one point it even decreased to 0 over
time in the waterway system.

Different amounts of inner water leakage exist at varying
points in the waterway systems.The amount of water leakage
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Figure 8: Change of inner water leakage in the waterway system with time.

progressively increases as the groundwater table decreases
from the water diversion tunnel to a high water pressure
tunnel in natural conditions. As the groundwater level
remained high in the upper tunnel and the middle inclined
shaft, the hydraulic head differences became smaller and the
groundwater level remained low in the lower tunnel and
lower inclined shaft. The hydraulic head difference became
larger after water filled the waterway system, at which point
the inner water leakage amplitude of variation decreased
in the upper tunnel and the middle inclined shaft, while it
increased in the lower tunnel and lower inclined shaft.

4.2.2. Influence of Internal Water Leakage on External Water
Pressure of the Steel Branch Pipes. Inner water leakage not
only increased the amount of water discharge in the pow-
erhouse and high pressure branch pipes, but also raised
the external water pressure of the steel branch pipes. The
inner water pressure decreased to 0 when the waterway was
vented in a short time because of external water pressure.The
hydraulic head in the waterway system acted on the surface
of the steel branch pipes directly.Thismay lead to the damage
of the steel branch pipes if the pressure at the hydraulic head
exceeded the tolerable pressure of the steel branch pipes, and
the routine water drainage system is used to reduce external
water pressure on the steel branch pipes. A cross-section
taken approximately vertical to the steel branch pipes before
the drainage hole and after the high water pressure was used
to calculate external water pressure (Figure 9), with the unit
of contour value as MPa.

The water pressure was calculated after cracking of the
reinforced concrete lining. The external water pressure on
the steel branch pipes decreased to almost 0 owing to the
anti-seepage and drainage in the high pressure branch pipes.
The maximum external water pressure is 1.2MPa, which
satisfies the design value (i.e., it was below 1.8MPa). Ensuring
the normal operation of reinforced concrete is important
as the external water pressure can reach 1.6MPa when the
reinforced concrete is destroyed and this amount exceeds the
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Figure 9: Contour map of external water pressures.

designed value. In addition, external water pressures in these
parts are almost 0 because the water discharge in the 246m
high gallery and external water pressure were also reduced
above the height of 246m.

4.2.3. Change in the External Water Pressure of the Waterway
System on Venting Conditions. The water level inside the
waterway decreased at a rate of 20m per hour when the
waterway system was venting, while the water level outside
the waterway decreased at a very low speed because of
the antiseepage effect of the concrete lining. The difference
between the inner and outer water pressure resulted in an
external water pressure. Water in the waterway system was
vented over 38 hours, as shown in Figures 10 and 11, to reveal
the external water pressure changes over time in powerhouses
A and B during waterway system venting. Figure 10 shows the
change in external water pressure when cracking occurred in
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Figure 10: External water pressure changes with time when the waterway system was vented after the cracking of reinforced concrete.
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Figure 11: External water pressure changes with time when the waterway system was vented with normal reinforced concrete.

the concrete lining. Figure 11 shows the outcome when the
concrete lining remained effective. As illustrated in Figure 10,
external water pressures in A1 and B1 were 0.63∼1.40MPa
and 0.51∼1.28MPa, respectively. The maximum value and
amplitude of variation were both small and external water
pressure was insufficient to damage the waterway system
because the elevation in these places was 590m. For A4
and B3, the elevation was 135m and the external water
pressure was large near the steel branch pipes. However,
with the venting of the waterway system, external water
pressure gradually decreased. The tensile and compressive
strengths of the surrounding rock in the waterway system
were high, especially for complete granite. Therefore, since
the minimum value of the tensile and compressive strengths
of the surrounding rock was greater than 7MPa, external
water pressure caused by waterway system venting will not
damage the waterway system.

External water pressure in Figure 11 was smaller when
compared with Figure 10. It increased slightly due to the

antiseepage effect of the concrete lining when the waterway
system was filling with water, and a small increase in external
water pressure occurred when the waterway system was
vented. The maximum external water pressure was below
2.7MPa, as shown in Figure 11.

4.2.4. Change in External Water Pressure When Only One
Powerhouse Was Operating. Powerhouse A was operated
while the waterway system was filling with water and the
waterway system in powerhouse B was venting. Water in the
waterway system of powerhouse A seeped from the inner to
an outer tunnel. Under these conditions, the external water
pressure caused by venting water in the waterway system
of powerhouse B was calculated. The results showed that
the external water pressure on the water diversion tunnel
in powerhouse B was 0.3∼1.34MPa, and the external water
pressure on the high pressure tunnel in powerhouse B was
0.8∼1.63MPa. Through the rock material of the tunnel and
the powerhouse, the rock mass along the two sides of the
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waterway system in powerhouse B was relatively intact, even
in the absence of any concrete lining. The surrounding rock
was stable, and themain formation lithology was granite with
high compressive and tensile strength.Therefore, the external
water pressure would not destroy the waterway system when
water is vented from the waterway in powerhouse B. For
water venting in the waterway system of powerhouse B, the
waterway will be subject to external water pressure and water
will seep from the outer to the inner tunnel opposite to
powerhouse A.

When the waterway system in powerhouse B was oper-
ated and the waterway system in powerhouse A was vented,
the external water pressure and quantity of external water
infiltration were analyzed. The external water pressure in the
water diversion tunnel of powerhouse A was 0.31∼1.34MPa,
and the external water pressure in the high pressure tunnel of
powerhouse A was 0.91∼2.17MPa. Although external water
pressure in the high pressure tunnel of powerhouse A was
relatively greater than those of other cases, it was below
the compressive strength of the surrounding rocks in the
waterway system. Most importantly, external water pressure
caused by water venting around the waterway system of
powerhouse A will not destroy the waterway system.

5. Conclusions

Groundwater movement in fractured rocks was simulated
and calculated using a coupled model to determine the
external water pressure in the powerhouse and high pressure
branch pipes under normal conditions.The results show that
the external water pressure of the waterline ranged from
0.2 to 2.12MPa during normal operation of the reservoir.
The values were lower than the compressive strength of
the surrounding rock and reinforced concrete at 2.3MPa.
In addition, the external water pressure of the powerhouse
and steel branch pipes ranged from 1.4 to 1.72MPa, which
was also smaller than the designed external water pressure
of 1.80MPa. Therefore, the external water pressure will not
destroy the waterline, powerhouse, and steel branch pipes
and seepage failure will not occur in these parts. However,
if the concrete lining was cracking, the increased amplitude
of the external water pressure will be increased from 18.4
to 121.2%. This pressure on the steel branch pipes was over
2.0MPa which is higher than the designed value and may
damage the steel branch pipes. External water pressure was
higher when operating two powerhouses than the case that
only one powerhouse was operated; therefore, the external
water pressure while emptying the waterway was lower than
the strength of the waterway system itself and the vented
waterway will not be destroyed by external water pressure.
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