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ABSTRACT The stress state of the built-in corridor in core rock-fill dam on thick overburden is extremely complex,
which may produce cracking and damage. The purpose of this paper was to investigate the effect of thick overburden on
the stress and deformation of the built-in corridor in a rock-fill dam, and ascertain the damage causes of the corridor. The
rationality of the analysis method for corridor with similar structure is another focus. The approach is based on finite-
element method and the calculation result accuracy is verified by the field monitoring data. The improved analysis
method for corridors with similar structure is proposed by comparing various corridor load calculation methods and
concrete constitutive models. Results demonstrate that the damage causes of the corridor are the deformability difference
between the overburden and concrete and the special structural form. And the calculation model considering dam
construction process, contact between concrete and surrounding soil, and concrete damage plasticity can reasonably
reflect the mechanical behavior of the corridor. The research conclusions may have a reference significance for the

analysis of tunnels similar to built-in corridors.
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1 Introduction

Thick overburden refers to loose deposits with a thickness
of more than 30 m accumulated on the riverbed [1],
which is widely distributed in river valleys in southwest
China. In the construction of water conservancy projects,
the method of full excavation of thick overburden is
rarely utilized to clear the foundation due to the huge
amount of work and economic infeasibility. With the
advantage of strong adaptability to foundation deforma-
tion, the earth rock dam can be directly built on thick
overburden.

On this condition, seepage prevention is the crux for
the normal operation of earth rock dams. Generally, the
anti-seepage system of high earth rock dams is composed
of core wall, cement grouting, concrete cut-off wall and
their connection part [2,3]. The amount of grouting for
the cut-off wall of earth rock dam on thick overburden is
large. In order to facilitate the construction, generally the
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grouting corridor is fixed on the top of the cut-off wall to
connect the cut-off wall with the core wall. In this case,
the corridor is deeply buried in the dam body, with its
bottom connected with the cut-off wall. Therefore, the
stress and deformation of the corridor is very complica-
ted, and corridor cracking has occurred in many built
projects [4-7]. It is of great significance to correctly
analyze the cracking causes of the built-in corridor and
put forward a reasonable numerical method for corridor
structure.

At present, the design of section shape and lining
thickness of foundation grouting corridor of earth rock
dam is still carried out by finite element method based on
the calculation of the surrounding pressure for tunnels.
Thus, the determination of the distribution law of
surrounding pressure is the most crucial basis. The
calculation of surrounding pressure abroad is mainly
established by theoretical analysis, which started earlier
and is relatively perfect [8—10]. For example, Terzaghi
formula and Bierbaumer formula comprehensively
consider the influence of buried depth, height and span of
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corridor, internal friction angle and cohesion of
surrounding rock [11,12].

The design of built-in corridor in earth rock dam in
China mostly refers to the relevant design specifications
for tunnels, and the calculation of surrounding pressure is
mainly based on empirical formulas [13-15]. For
example, the specification for design of hydraulic tunnel
(SL279-2012) points out that the support and lining
design for tunnels shall fully consider the self-stability
and bearing capacity of the surrounding rock [14]. The
surrounding pressure is calculated only by considering
the height and span of tunnels, and the influence of
surrounding rock mechanical properties and other factors
are not taken into account. It can be seen that the factors
considered and the scope of application of calculation
formulas for surrounding rock pressure are different, and
these formulas may be not very reasonable in some
specific cases.

On the other hand, because the lining material of
corridors is usually reinforced concrete, it is generally
simulated by linear elastic model. However, the relation-
ship between stress and strain of the built-in corridor in
earth rock dam after cracking no longer follows linearity
[16]. Thus, the effect of concrete plasticity on the
deformation of built-in corridor is necessary to be
considered. Many researchers have used various concrete
constitutive models to analyze the damage and cracking
behavior of tunnels in recent years [17-24].

To sum up, the built-in corridor in actual earth rock
dam engineering is usually designed by the combination
of concrete linear elastic constitutive model and load
calculation formula at present. However, several corridors
designed by this method have cracked, which illustrates
that the rationality of corridor structure analysis based on
traditional surrounding pressure calculation and linear
elastic model is difficult to be guaranteed. Using a core
rock-fill dam with a built-in grouting corridor on thick
overburden in southwest China as the studied case, the
cracking and damage of built-in corridor is numerically
analyzed by finite element method in this paper. In order
to reasonably analyze the damage causes of the built-in
corridor and improve the design method for corridors
with similar structure, a more comprehensive static
analysis finite element model and concrete constitutive
model are adopted in this paper, and the results are
compared with those obtained by traditional methods. By
researching the deformation and stress development of
corridor during dam construction and reservoir storage,
this paper explicates the main causes of corridor damage.
Besides, by comparing various calculation methods of
surrounding pressure and concrete constitutive models, a
reasonable model for structural analysis of the built-in
corridor is put forward. The research conclusion has
extensive reference significance for the design of tunnels
in similar projects in the future.
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2 Description of the studied case
2.1 Project overview

A hydropower station completed in 2012 is located in
southwest China. The average annual flow at damsite is
29.5 m’/s, and the reservoir capacity is 1.327 x 10% m’ at
the normal storage level of 2540.00 m. The engineering
grade is second class large (2) type. The main water
retaining structure of the hydropower station is a gravelly
soil core rock-fill dam, with a crest elevation of
2544.00 m, a crest width of 12.00 m and a total crest
length of 310.14 m. The maximum thickness of the dam
foundation overburden is about 100 m. As a result, a
1.2 m-thick concrete cut-off wall was constructed inside
the overburden. Meanwhile, the cut-off wall connects
with the core wall through a built-in corridor, and embeds
into the bedrock for a certain distance to ensure the forma-
tion of a complete vertical anti-seepage system. Figure 1
shows the typical cross-section of the core rock-fill dam.

In the initial design scheme, the built-in corridor is in
city-gate shaped cross-section, with a clearance size of
3.5 m x 4.0 m. Besides, the top elevation of corridor
baseplate is 2410.50 m, and the thickness of side wall,
vault and baseplate is respectively 1.0, 1.0, and 3.65 m.
After being damaged by the earthquake in 2008, the
corridor was further reinforced by adding a new layer of
concrete lining. The structure of the built-in corridor is
illustrated in Fig. 2.

2.2 Safety inspection

2.2.1 Dam deformation monitoring

Currently, the dam of hydropower station has been in
operation for almost ten years. Therefore, several serious
safety problems have occurred, such as severe seepage,
settlement exceeding the expected value and built-in
corridor cracking. Hence, the safety inspection of the dam
is arranged.

According to the dam safety monitoring results, the
dam settlement along the river is small in the middle and
large on both upstream and downstream sides, and the
maximum settlement of the dam crest is 1204.2 mm. In
the horizontal direction, the dam body presents deforma-
tion towards downstream, the higher the elevation, the
greater the deformation, and the maximum horizontal
displacement is 746 mm. The settlement and horizontal
deformation distribution of the typical section are shown
in Fig. 3.

2.2.2 Corridor deformation and cracking

In terms of corridor deformation, based on the safety
inspection, the downstream surface of the side wall and
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Fig.1 Typical cross-section of the core rock-fill dam. (a) 0+150 m cross-section; (b) cross-section at the dam axis.
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Fig. 2 Current situation of foundation grouting corridor.

pressure-shear condition, and water seeps from these
cracks, as shown in Fig. 4. In the subsequent regular

its junction with the vault appears swelling phenomenon.
At the lower part of the downstream, wall cracks present
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Fig. 3 Settlement and horizontal deformation distribution of the typical section.

inspections, it is found that the flow of water seepage, the
width of cracks has a gradual increasing tendency. At
present, the width of the crack is about 3—17 mm and the
depth is about 60—80 cm. The current situation of cracks
is shown in Fig. 2.

The corridor cracking along the dam axis is shown in
Fig. 5. It can be seen from the figure that the cracking
orientation of the built-in corridor is basically parallel to
the dam axis and concentrated at the downstream side
wall. Therefore, the section of the dam body in the middle
of the riverbed is cut to establish a quasi-three-
dimensional local model to analyze the causes of cracks,
and the analyze results are able to represent the actual
causes of corridor damage.

3 Corridor structure analysis based on
surrounding pressure calculation

3.1 Calculation method of surrounding pressure

The Terzaghi formula and the specification for design of
hydraulic tunnel (SL279-2002) are used to calculate the
surrounding rock pressure in this paper. The Terzaghi
formula comprehensively considers the cohesion strength
of surrounding rock (soil), friction angle and geometric
size of corridor, which is as follows [13]:

t

_ a, ()’R—C/Ch) (l_e—KHlamp/m) (1)
Ktangp ’

with

b .
a4 = E+htan(45 —g), ?)

(b)

Fig.4 Deformation and cracking of corridor. (a) Deformation
of corridor; (b) cracks and seepage at the downstream wall.

where b and / are respectively the excavation width and
height of corridor, H is the buried depth of corridor, K is
the horizontal coefficient of lateral earth pressure, ¢ and ¢
are the friction angle and cohesion strength of surroun-
ding rock (soil), respectively, yy is the bulk density of
surrounding rocks and soils.

Based on the specification for design of hydraulic
tunnel (SL279-2012), the loads exerted on the lining of
the built-in corridor in an earth rock dam include self-
weight, surrounding pressure, external water pressure,
etc. The corridor is deeply buried at the bottom of the
core rock-fill dam, and the overlying surrounding soil is
loose. In this case, the value of surrounding pressure can
be appropriately reduced [14]. The vertical and horizontal
components of surrounding rock pressure are indicated as
Egs. (3) and (4):

q, = (0.2 ~0.3)yb, 3)

v = (0.05 ~ 0.10) yxh. @)
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The external water pressure exerted on the concrete
lining is shown as follows:

P. =By H,, ®)

where S, is the reduction coefficient of external water
pressure, 7y, is the bulk density of water, /, is the
elevation difference from water level to the center of
corridor.

In the recent safety monitoring, it is found that there are
many cracks on the downstream side wall of the corridor,
leading to serious water seepage and even water spraying.
It can be seen that the activity of seepage water has a
severe impact on the stability of surrounding soil.
Therefore, the value range of g, is 0.65—1.00.

3.2 Linear elastic model

For the sake of simplifying the calculation and analyzing
the deformation and stress state of the corridor prelimi-
narily, the corridor concrete lining and concrete cut-off
wall are considered as linear elastic model at first. Thus,
only the elastic modulus and Poisson’s ratio are necessary
to be determined. The parameters of linear elastic model
are shown in Table 1.

3.3 Mohr strength theory

Since the built-in corridor is mainly subjected to the
pressure of the overlying dam body and the horizontal
shear force of the water pressure, it is preliminarily
judged that the corridor is in the compression-shear stress
state [25]. The failure state of concrete can be estimated
by Mohr strength theory. According to Mohr strength
theory, the strength limit range of concrete can be
determined by its tensile strength and compressive
strength. The condition of shear damage is as:

Obt
01— —03> Oy,
O

(6)
where o, and o; are respectively the major and minor

Table 1 Parameters of linear elastic model

materials ¥ (kN'm ) E (GPa) v

new corridor lining 2400 30 0.167
original corridor lining 2400 24 0.167
concrete cut-off wall 2400 30 0.167

principal stresses, o, and o, are respectively the tensile
and compressive strength of concrete.

4 Analysis of corridor damage during
actual dam construction

4.1 Dam construction and water storage process

In order to conform to the actual situation of dam
construction and water storage, the load is divided
according to the filling process and water storage height,
and the incremental load is applied step by step. The
process of dam construction and water storage is shown
in Fig. 6. In each step of load increment, the average
elastic constant corresponding to the average stress is
used to linearize the nonlinear problem, and the midpoint
increment method is utilized in the calculation of
nonlinear finite element method to improve the iterative
calculation accuracy.

As one of the most common nonlinear constitutive
models describing the mechanical behavior of soil,
Duncan—Chang model can well reflect the stress-strain
relationship of soil and rockfill materials. Therefore, in
this paper, the Duncan—Chang model was used for the
materials of dam body and overburden [26]. The tangent
modulus £, and stress level S are expressed as

E = Kp.(03/p)"(1-R:S )", (7
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Fig. 6 Dam construction and water storage process.
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with
v =p,—Aplg(os/ p.). )

where K is the modulus number, p, is the atmosphere
pressure, R; is the failure ratio, c is the cohesive strength,
¢ is the internal friction angle, ¢, is the initial internal
friction angle, Ag is the increment of internal friction
angle.

The bulk modulus K, is expressed as follows:

K, = Kbpa(ﬁ) .
p

a

(10)

where K is the bulk modulus number, » and m are
exponents.

In case of unloading and reloading, if the deviatoric
stress is less than the historical maximum deviatoric
stress and the stress level is less than the historical
maximum stress level, the elastic modulus E . is
expressed as

E, =Kurpa(5) :

a

(11)

where K. is the modulus number under unloading and
reloading condition, 7, is the test parameter. Parameters
of overburden and dam filling materials are shown in
Table 2.

4.2 Nonlinear contact model

The deformation performance between concrete cut-off
wall and overburden layer, and between concrete corridor
lining and gravel soil core wall is of great difference,
thus, staggered sliding and separation may occur along
the contact interface under loads. In this paper, all contact
surfaces are simulated by Goodman contact element
[27,28].

Goodman contact element has only length but no
thickness, and the contact surfaces are completely
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coincident initially. In the normal direction, a large
stiffness modulus is generally adopted to prevent the
overlap of the contact surface under pressure; in the
tangential direction, the relationship between shear and
shear deformation is described as nonlinear. Assuming
that there is no interaction between the shear stresses in
the two directions, the constitutive relationship of the
contact surface is as

Aty | ks O Ay,

AT2 - 0 k52 AyZ ’
where 7, and 7, are the shear stress in both directions of
2-D contact surface in 3-D model, respectively, v, and y,

are the shear strain in two directions, k,; and kg, are
tangent shear stiffness modulus, which can be expressed

(12)

as follows:
T 2 o n
ky = (1 —Rf—‘) Klyw(—") , (13)
o ,tand Pa
T 2 o n
ko = (1 —Rf—z) Km(—"), (14)
o tand Pa

where R; is the shear failure ratio of contact surface, o, is
the normal stress of contact surface, ¢ is the interface
friction angle of contact surface; K, K,, and n are
nonlinear parameters determined by test, y,, is the bulk
density of water. According to Eqgs. (13) and (14), the
relationship between shear stress and relative shear
displacement of contact surface conforms to hyperbola.
Calculation parameters of contact surface are summarized
in Table 3.

4.3 Concrete damaged plasticity model
The most notable characteristic of concrete material is the

obvious mechanical difference between compressive and
tensile behavior. The concrete damaged plasticity (CDP)

Table 2 Parameters of nonlinear constitutive relation of materials (Duncan-Chang E-v model)

materials y (kN'm ™) K n ¢ (kPa) R; @, (°) G D F K, Ap (°)
rock-fill
1 21.29 1000 0.35 0 0.79 48.5 0.43 4.5 0.25 2000 9.2
11 21.09 1200 0.35 0 0.83 50.0 0.40 4.0 0.20 2400 9.0
1 20.31 1000 0.28 0 0.82 51.5 0.38 5.4 0.19 2000 6.6
v 20.04 1100 0.35 0 0.79 48.5 0.43 4.5 0.25 2200 9.2
core wall 22.34 494 0.4 66 0.82 28.9 0.43 2.8 0.09 988 0.0
contact clay 19.60 150 0.5 22 0.72 28.0 0.36 2.0 0.06 250 0.0
transition layer 20.58 990 0.15 0 0.82 54.1 0.38 2.4 0.22 1980 11.6
inverted filter layer 21.17 850 0.4 0 0.74 47.0 0.40 3.0 0.10 1700 8.5
overburden 23.82 600 0.5 30 0.76 30.0 0.35 3.5 0.03 1400 0.0
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Table 3 Calculation parameters of contact surface

contact surface types R, K K, n K 6C)
0.92 10000 10000 0.5 999000 20
0.92 10000 10000 0.5 999000 20
overburden layer / cut-off wall concrete 0.92 8000 8000 0.5 999000 10

0.6 15000 15000 0.5 50000 41

contact clay / corridor concrete

overburden layer / corridor concrete

residual at the bottom of cut-off wall

model defines the failure mechanism according to the
tensile cracking and compressive crushing of materials.
Based on the isotropic elastic damage theory and
uncorrelated multiple hardening plasticity, CDP model is
suitable for the simulation of irreversible damage of
concrete [29-37].

4.3.1 Nonlinear behavior of concrete

The CDP model is based on the concepts of isotropic
damage elasticity, isotropic tensile and compressive
plasticity. Therefore, it is necessary to define the inelastic
behavior of concrete at the beginning. In this study, the
concrete constitutive relation given by Code for design of
concrete structures (GB 50010-2010) is utilized to
describe the compression and tension behavior of
concrete [16]. The compressive stress-strain relationship
is as follows:

o=(-d,)E.e, (15)

where E_ is the elastic modulus of concrete, d_ is the
compressive damage variable, which can be determined
as Eq. (16):

1—%, X< 1,
d={ "T0F (16)
1——°2, x>1,
a(x—1)+x
with
Jer
4 = - 2 17
Pe= e (17)
Ecgc,r (18)
n=———,
Ecgc,r_f;r
x== (19)
Sc‘r

where f_ . is the representative value of concrete uniaxial
compressive strength, ¢ , is the ultimate compressive
strain corresponding to uniaxial compressive strength Jer
a, is the parameter of descending section of compression
stress—strain curve for concrete.

The stress—strain curve of concrete compression is
shown in Fig. 7.
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The concrete tensile
expressed as Eq. (20):

stress—strain  relationship is

o=(1-d)E.s, (20)
1-p(12-02¢),  x<1,
d, = 21
t 1 _ pt — , x> 1, ( )
a(x—1)"+x
with
Jor
t: - £ 22
P T (22)
=2, 23)
Etr

where f; . is the representative value of concrete uniaxial
tensile strength, &, is the ultimate compressive strain
corresponding to uniaxial tensile strength f ., «, is the
parameter of descending section of tensile stress-strain
curve for concrete.

Based on Eq. (20), the concrete tensile stress-strain
curve can be obtained as illustrated in Fig.8.
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432 Flow rule

The flow rule of CDP model is defined by assuming a
non-associated potential plastic formula, which is as
follows [38—40]:

e = AaG—(f), (24)

oo
where & is the plastic strain rate, A is a non-negative
multiplier, o is the effective stress, G is the flow
potential, which follows the Drucker—Prager hyperbolic
function and can be defined as Eq. (25):

G = (ko tanyy)’ +q —ptany,

where « is a parameter of eccentricity that defines the rate
at which the function approaches the asymptote; o, is the
uniaxial tensile stress at failure; p and ¢ are the
hydrostatic stress and the von Mises equivalent effective
stress, respectively; ¢ is the dilation angle measured in
the p — ¢ plane under high confining pressure.

(25)

4.3.3 Yield surface

The evolution of the yield surface is dominated by the
hardening variables, £ and &, Generally, in terms of
effective stresses, the yield function F is defined
according to Eq. (26):

A

(=307 +B (") (T) =¥ (= T)) - (&1

-

1
=0,
(26)

with
_ (Ov0/ Te0) — 1

= —, 0<ax<0.5,
2(0p0/ o) — 1

27)
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ﬁ—w(l—a)—(l+a) (28)
=) |
3(1-K,

where ?max is the maximum principal effective stress, K
is the ratio of the tensile meridian to the compressive
meridian, which is able to determine the shape of the
yield surface, o,j/o, is the ratio of the initial equibiaxial
compressive yield stress to the initial uniaxial compre-
ssive yield stress, o.(¢") and o (sfl) are the effective
compressive and tensile cohesion stress, respectively
[41,42].

The typical yield surface under the deviatoric and
plane-stress conditions is shown in Fig.9. The intercep-
ting points of the yield line on the principal stress axis
specify the uniaxial tensile and compressive capacities.
The tension decrease and the compression increase under
biaxial stress conditions are shown in the graph.

Based on concrete biaxial and triaxial tests and
engineering experience, parameters of the yield surface
and flow rule of CDP model for concrete are obtained
[43,44], and they are summarized in Table 4.

5 Damage analysis of built-in corridor

5.1 The finite element model

To analyze the stress state of the built-in corridor,
estimate the reliability of various surrounding pressure
calculation formulas, and explore reasonable design
method for the built-in corridors, three schemes shown in
Table 5 were considered for structural calculation of the
corridor.

crack detection surface

i uniaxial tension
TG~ 305 + ) = >j/,_\<

biaxial tension

surface /

biaxial compression

uniaxial compression -~
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Gl

N

1 _ = S
m(q = 3ap + o)) =0,

m(‘? —3ap) =0,

Fig. 9 Yield surface of the CDP in plane stress.
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Firstly, the stress state of the foundation grouting
corridor was analyzed based on the calculation formula of
surrounding rock pressure, and Fig. 10(a) shows the local
3D finite element mesh of the corridor, with 19140
elements and 21861 nodes in it. The surrounding rock

Table 4 The CDP model parameters for concrete

parameter value
dilation angle 30
eccentricity 0.1
T/ 1.16
K. 0.667
viscosity parameter 1.0x 107

Table 5 Calculation schemes of corridor structure analysis

Front. Struct. Civ. Eng. 2022, 16(6): 762780

pressure applied on the corridor lining was calculated by
Terzaghi formula and empirical formula in the
specification for design of hydraulic tunnel (SL279-
2012), respectively. The external water pressure was also
calculated by the specification for design of hydraulic
tunnel, which corresponds to the normal storage level
situation. The bottom, front and rear surfaces of the
model were set as fixed constraints. Since there are joint
grouting and dowel bars carried out at the binding site
between old and new concrete linings to reinforce their
connection, it is considered that they will not be separated
under stress. Therefore, the two layers of concrete linings
can be regarded as one part.

For the sake of considering the influence of self-wight
and structure of the dam on corridor, a quasi-three-

calculation schemes

constitutive model of concrete

analysis method of corridor loads

scheme 1 linear elasticity
scheme 2 linear elasticity
scheme 3 CDP

calculation formula of surrounding pressure, etc.
considering actual dam construction

considering actual dam construction

new concrete
lining

original concrete
lining

(@)

new concrete

original concrete
lining

gravelly soil
core wall

lining

goodman contact
element

cut-off wall

(b)

(©

Fig. 10 3D finite element mesh of the dam model. (a) Local model of the corridor; (b) detail view of corridor area; (c) the global model.
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dimensional (3D) finite element model of the global dam
was established. The intersection of dam axis, the 0+
150 m cross-section and 2000.00 m elevation line is taken
as the origin of the model coordinate system, where the
X-axis is along the river direction, the Y-axis is along the
dam axis direction, and the Z-axis is vertically upward
with the real elevation as its coordinates. The model
boundaries in the upstream and downstream directions
are respectively 656.00 and 672.00 m away from the dam
axis. Figure 10(b) shows the detail view of the corridor
area. Figure 10(c) displays the 3D finite element model
with 60240 elements and 77570 nodes in it. The elements
were divided into four layers along the thickness direction
of the model, and the grid transition technology was
utilized to locally densify the elements of corridor and
cut-off wall.

According to the calculation parameters of core rock-
fill dam shown in Table 2, the nonlinear static finite
element calculation was conducted. Firstly, the bedrock
mass was loaded, and the overburden was loaded step by
step, including the cut-off wall and contact surfaces. Then
the dam body was loaded by stages, meanwhile, the built-
in corridor, the contact surfaces, and the hydrostatic
pressure were also loaded by stages according to the
actual construction and water storage process illustrated
in Fig. 1. Before loading the dam, the node displacement
was initialized to zero and only the element stress was
retained, so as to obtain the initial stress field of the
foundation. Therefore, the displacements described below
are only caused by the dam loading and water storage
after foundation clearing. The displacement is positive in
the direction along the coordinate axis, otherwise it is
negative, with the unit of mm. The tensile stress is
positive and the compressive stress is negative, with the
unit of kPa.
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5.2 Displacement of the built-in corridor

Summarize the displacement of each node on the
corridor, and the contours of displacement distribution
can be obtained, as shown in Fig. 11, where the
coordinate X = 0 is the corridor centerline.

It is thus clear that the settlement of the downstream
side of the corridor baseplate is larger than that of the
upstream side. The corridor presents the phenomenon of
downstream displacement, and the included angle
between the baseplate and the horizontal plane is about
2.42°. The safety inspection data indicate that the corridor
baseplate has an inclination towards the downstream at
present, so the calculation results basically accord with
the reality.

The relative displacement of contact surface elements
between the corridor and the contact clay are able to
determine whether they are separated. The relative
displacement is positive for separation and negative for
compression. According to the results shown in Fig. 12,
except that the relative displacement of the contact
elements at the corridor vault is small, the relative
displacement of other regions is large. There are
separations between the corridor baseplate and the
overburden, and between the downstream side wall and
the contact clay. Among them, the separation on the
upstream side of the corridor baseplate is the most
obvious.

5.3 Corridor stress and damage

5.3.1 Calculation results of scheme 1

In the case of scheme 1, the finite element static
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Contours of corridor displacement: (a) settlement; (b) displacement along the stream direction.
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Fig. 12 The relative displacement of contact face elements around the corridor.

calculation was completed based on the built-in corridor
local model shown in Fig. 10(a). The stress contours of
the corridor baseplate and lining calculated by Terzaghi
formula and empirical formula in the specification were
respectively drawn, as shown in Figs. 13 and 14.

5.3.2 Calculation results of scheme 2

Under the condition of scheme 2, the calculation of
corridor stress after dam filling and water storage is
completed based on the model shown in Fig. 10(c). The
contours of corridor stress are shown in Fig. 15.

It can be seen from Fig. 15 that the stress value at the
downstream side wall of the corridor is obviously larger
than other parts, which is called as the stress
concentration phenomenon. Therefore, damage may
occur at this location. Select three elements located on the

downstream side wall of the corridor, and the locations of
three elements are shown in Fig.16. The normal stresses
in each direction and the Ist and 3rd principal stress are
summarized in Table 6 (4 is the intersection angle
between the 3rd principal stress plane and the horizontal
plane).

In practical terms, the strength envelope of the material
can be determined according to its tensile strength o, and
compressive strength o.. Then the stress circle of an
element was drawn by its principal stresses, and whether
compression shear failure occurs at this element are able
to be estimated through the relative position between the
stress circle and the envelope.

According to the theory of material mechanics, under
the action of 3-D stress, the development direction of
element crack is generally parallel to the direction of the
first principal stress surface (the tensile stress is positive
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Fig. 16 Location illustrations of elements on the downstream
side wall.

and the compressive stress is negative). The stress circle
and estimated crack development direction of element I
are illustrated in Fig. 17.

As is shown in Fig.17, the stress circle of element I
have exceeded the strength envelope. For the same
reason, the stress of element II and III are also beyond the
ultimate stress. So it can be determined that the
downstream side wall has been damaged, and the crack
development direction (aka 1st principal stress direction)
of each element is consistent with the actual cracking
situation as shown in Fig. 2.

5.3.3 Calculation results of scheme 3

In scheme 2, the constitutive model of concrete was based
on linear elastic model, so the stress in some regions of
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the built-in corridor is too large. In fact, the local stress
will be reduced after the concrete enters the plastic state
or is damaged. Therefore, the previous analysis of
corridor stress can only be used to deduce concrete

Table 6 Stress of elements on the downstream side wall
number O xx Oz Ozx [ea] o3 A(°)
1 -803.81 -20077.24 3304.30 -253.05 -20628.00 9.5
11 —780.90 —17142.48 2467.20 -41696 -17506.42 8.5
11T -582.32 -15649.19 1461.28 44190 -15789.61 5.7
strength envelope .
0=
A 4
A
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cracking or compression shear failure. In order to
calculate more accurately, the CDP model was used to
analyze the stress of corridor combined with the actual
construction process. The corridor stress calculation
results in scheme 3 are shown in Fig. 18.

The compressive damage variable d, is adopted to
indicate damage degree of concrete. When d, is less than
0.1, the concrete is hardly damaged, when d, is greater
than 0.8, it implies that the concrete is seriously damaged.
The compressive damage of corridor after dam filling and
water storage is shown in Fig. 19.

(b)

Fig. 17 The stress circle and crack development direction of element I. (a) The stress circle and strength envelope; (b) crack development

direction.
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Fig. 18 Contours of corridor stress in scheme 3. (a) 1st principal stress; (b) 3rd principal stress; (c¢) vertical normal stress.
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Fig. 19 Compressive damage of the built-in corridor. (a) After the completion of dam filling; (b) after the reservoir was filled to the

normal water level.
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In Fig. 19, it is clearly that the compressive damage of
corridor mainly occurs in the downstream side wall, and
the damage range gradually expands to the downstream
side during the process of water storage, which conforms
to the actual cracking phenomenon.

5.4 Results comparisons

5.4.1 Comparison between scheme 1 and scheme 2

The stress extremes of the built-in corridor obtained from
three schemes are summarized and shown in Table 7. The
concrete was regarded as linear elastic model in scheme 1
and scheme 2 to compare the rationality of different
corridor load analysis methods. The surrounding rock
pressure obtained by Terzaghi formula is greater than that
obtained by empirical formula in specification for design
of hydraulic tunnel. According to Table 7, under the
condition of equal water pressure, the greater the surroun-
ding rock pressure, the greater the maximum compressive
stress and the smaller the maximum tensile stress.

The tensile and compressive stress obtained by scheme
1 are respectively higher and lower compared to scheme
2, which implies the surrounding soil pressure obtained
by calculation formula is far less than the actual vertical
earth pressure exerted on the built-in corridor. Therefore,
for the built-in corridor of core rock-fill dam on thick
overburden, its surrounding pressure cannot be calculated
by general empirical formula, but needs to be specifically
analyzed based on the actual construction situation of the
dam and the structural characteristics of the corridor.

In addition, due to the different calculation models,
there are also great differences in the corridor stress
contour obtained in scheme 1 and scheme 2. The reasons
for the differences are as follows: the bottom constraint of
the corridor is not the fixed constraint shown in scheme 1
because of the separation between the overburden and the
corridor baseplate; and in scheme 1 the water pressure is
directly applied on the outside wall of the corridor in
accordance with the normal storage level, without
considering the anti-seepage effect of the core wall; last
but not least, the frictional resistance caused by the
relative displacement between contact clay, overburden
and corridor is not taken into account. To sum up, the
structural analysis of the corridor based on the
surrounding pressure calculation and local model is not
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appropriate.

5.4.2 Comparison between scheme 2 and scheme 3

According to the calculation results of scheme 2, there is
large compressive stress exerted on the downstream side
wall of the built-in corridor, so the CDP model is used to
further reveal the stress and damage behavior of the
corridor in scheme 3. As shown in Figs. 15 and 18, the
stress distribution and location of extreme value of the
corridor are relatively similar, but there are great
differences in the vault and baseplate in the case of the
two schemes. Moreover, the extreme value of principal
stress calculated by CDP model is significantly less than
that calculated by linear elastic model. Furthermore, the
calculation results of schemes 2 and 3 show that the
compression damage of the corridor mainly occurs at the
downstream side wall, but the results obtained by the
linear elastic model can only be used to roughly evaluate
the cracking state, and the calculation based on CDP
model are able to reflect the compression damage
distribution more intuitively, as shown in Fig. 19.

The extreme value of stress at each stage is collected
and shown in Fig. 20. Before phase 20, the development
trend of maximum stress based on the two constitutive
models is relatively consistent. After phase 20, the
maximum value of the 1st principal stress obtained in
scheme 2 continues to increase, while the result of
scheme 3 shows that the maximum value will be
approximately stable to the uniaxial tensile strength of
concrete. Similarly, unlike the continuous development of
the minimum value of the 3rd principal stress in the case
of linear elastic model, this value is nearly maintained at
the uniaxial compressive strength after phase 22 under the
condition of CDP model.

This phenomenon indicates that the extreme stress of
the corridor has not reached the peak value of concrete
strength before the dam was filled to 2500.00 m and the
reservoir was stored to 2490.00 m. After that, with the
subsequent construction and water storage, some areas of
the corridor gradually enter the stage of compression or
tensile damage. At this time, the distribution of stress will
be locally adjusted according to the plastic behavior of
concrete. So it is known that the CDP model can illustrate
the stiffness degradation and stress redistribution of
concrete more accurately, and then better describe the

Table 7 Summary of the stress extremes of the built-in corridor (unit: MPa)

Ist principal stress

3rd principal stress vertical normal stress

calculation schemes

Max Min Max Min Max Min
scheme 1
Terzaghi formula 5.23 —2.23 0.94 -11.53 4.71 —6.90
empirical formula 5.78 —2.22 1.06 —-10.97 4.85 —6.65
scheme 2 3.36 —-1.49 -0.20 —20.63 —0.16 -12.93
scheme 3 1.69 —2.24 0.07 -17.26 0.33 -17.02
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mechanical behavior of corridor damage compared with
the linear elastic model.

At present, no cracking has been found in other areas of
the corridor in the safety inspection, and the tensile stress
area is small, as shown in Fig. 18. Besides, in the actual
construction, the built-in corridor is reinforced by steel
bars, which can effectively prevent the large-scale tensile
cracking of the corridor side wall. Therefore, this paper
mainly discusses the compression damage behavior of the
corridor. In the future the role of reinforcement in the
corridor can be investigated to study its influence on the
stress and damage behavior of the corridor.

6 Discussion

6.1 Model rationality analysis and verification

For the sake of ensuring that the load imposed on the
corridor in the numerical calculation conforms to the
actual situation, the inverse analysis was firstly carried
out according to the field settlement monitoring data of
the downstream dam body. The material parameters of
the dam were adjusted by finite element static calculation
and Duncan—Chang model. After calculation, the
displacement distribution of dam body under normal
storage level is illustrated in Fig. 21. As shown in
Fig. 21(a), the maximum settlement of the dam body
appears in the upstream transition layer, with the value of
2470 mm, accounting for about 1.03% of the maximum
dam height (including 95 m overburden); and the
settlement of the core wall near the corridor is small.
Thus, the dam settlement presents an uneven

(b)

Fig. 20 Contours of displacement under normal storage level: (a) settlement; (b) displacement along the stream direction.
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phenomenon of low in the middle and high on both sides.
As shown in Fig. 21(b), both the dam crest and
downstream slope present a trend of displacement to the
downstream, with the maximum value of 1719 mm.

The stress distribution of dam body under normal
storage level is shown in Fig. 22. The maximum stress of
the dam body appears at the joint between the corridor
and the bottom of the core wall, with the maximum 1st
principal stress of 2.20 MPa and the maximum 3rd
principal stress of 1.10 MPa. According to the stress
distribution, there is stress concentration in the local area
around the corridor.

As shown in Fig. 21, the calculation results of dam
displacement are approximately consistent with the actual
monitoring results illustrated in Fig. 3. In order to reflect
the authenticity of the calculation results more intuitively,
the comparison of monitoring and calculated values of the
settlement at three different elevations on the downstream
side of the dam body are summarized and shown in
Fig. 23.

Besides, the location and development direction of
corridor cracking also correspond to the actual situation,
as shown in Fig. 2. Therefore, it is considered that both
the FEM model and the calculation method are very
reasonable. At the same time, the accuracy of the load
borne by the built-in corridor has also been verified in
this case.

6.2 Effect of thick overburden on rock-fill dam and its
built-in corridor

In this study case, because the overburden is mainly
composed of sand gravel and silty soil, the dam
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Fig. 21 Contours of stress under normal storage level. (a) 1st principal stress; (b) 3rd principal stress.
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Fig. 23 Comparison of the monitoring values and calculated results of settlement at three different elevations on the downstream side of
the dam. (a) 2420.00 m; (b) 2460.00 m; (c) 2500.00 m.

foundation material has the characteristics of high
porosity, low strength and high permeability. Therefore,

the concrete cut-off wall must be poured to a certain
depth embedded in the bedrock to cut off the foundation
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seepage. Meanwhile, since the thickness of the
overburden is close to 100 m, the grouting amount is
huge during the construction of the cut-off wall.
Therefore, a grouting corridor must be set at the bottom
of the core wall to ensure the convenience of construction
and synchronization with the dam filling. As a result, the
upstream of the cut-off wall and the bottom of the built-in
corridor bear huge horizontal water pressure and uplift
pressure, respectively.

On the other hand, the elastic modulus of the built-in
corridor and cut-off wall made by concrete is much larger
than that of the overburden. In this case, the settlement of
the overburden was large under the weight of the dam and
upstream water pressure, while the settlement of the
corridor was small due to the supporting effect of the
concrete cut-off wall and the lifting effect of uplift
pressure. Additionally, because of the support of the cut-
off wall and the built-in corridor, the settlement of the
core wall at the dam axis is much smaller than that at the
upstream and downstream sides of the dam. Therefore,
the rock-fill dam presented the phenomenon of uneven
settlement, as shown in Fig. 21(a). With the filling of the
dam, because the compressibility of concrete cut-off wall
is significantly lower than that of the overburden, the
settlement difference between the overburden and the cut-
off wall under the corridor baseplate was becoming larger
and larger, resulting in the loss of support and eventual
damage of the corridor.

In brief, the deformation difference between overbur-
den and concrete under pressure is the fundamental
reason for the abnormal deformation of rock-fill dam and
the cracking damage of the built-in corridor.

6.3 Analysis on causes for damage of the corridor

As the result of the uneven settlement of dam foundation,
the bottom of the built-in corridor separated from the
overburden. Besides, the core wall and the corridor are
compacted by the upstream water pressure and produce
horizontal displacement toward downstream, as shown in
Fig. 21(b). After separation from the overburden, the
built-in corridor only had support at the connection
between its bottom and the cut-off wall. Under the
horizontal pressure of upstream water, the corridor tended
to rotate around the top of the cut-off wall, which means
the corridor baseplate tilted to the downstream side. Thus,
the relative displacement of the corridor baseplate on the
upstream side is greater than that on the downstream side.
At the same time, the tilt of the corridor also led to the
separation between the contact clay and the downstream
side wall, as shown in Fig. 12.

The mechanical behavior of the built-in corridor mainly
depends on the horizontal and vertical loads it bears.
Assuming that the anti-seepage performance of the core
wall is normal, the water pressure is exerted on the
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surfaces of the core wall. So the horizontal load on the
corridor is mainly the lateral earth pressure on the side of
the core wall transmitted by water pressure. With the rise
of water level in the process of water storage, the lateral
earth pressure difference on the upstream and
downstream surfaces of the corridor is becoming larger
and larger. The vertical loads borne by the corridor
include the vertical earth pressure, the self-weight of the
wall and the friction from the contact clay.

With the filling of the dam, because the compressibility
of concrete is significantly lower than that of clay, there
was an enormous settlement difference between the
corridor and the contact clay under vertical loads. Then
the settlement difference caused large friction on both
sides of the corridor, and the friction direction is vertical
and downward. Affected by the earth pressure and the
vertical friction, the vertical stress of the side walls on
both sides of the corridor is mainly compressive, as
shown in Fig. 18(c).

With the rise of water level and the tilt of the corridor,
the downstream side wall was gradually separated from
the contact clay and lost its support. As a consequence,
the downstream side wall presents a compression-shear
state. On the other hand, the downstream side wall was in
eccentric compression state and bent to the downstream
side owing to the vertical pressure and friction. Thus, the
outside compressive stress of the downstream side wall
gradually decreased and changed into tensile stress. The
inside compressive stress increased and caused
compression damage, and the compression damage area
gradually expands outward, as shown in Fig. 19.

7 Conclusions

Based on the dam safety inspection and numerical
analysis, the damage behavior of built-in corridor in core
rock-fill dam on thick overburden is analyzed in this
paper. Two analysis methods based on the calculation of
surrounding pressure and the actual dam construction
process are considered. At the same time, the concrete
constitutive model is also described as linear elastic
model and CDP model, respectively. By comparing
results of different calculation schemes, the damage
causes of the corridor are discussed, and a reasonable
corridor structure analysis method is put forward.
According to the case study, the conclusions are as
follows.

1) The damage of built-in corridor in earth rock dam is
mainly determined by its upper load and structural
characteristic. In this studied case, the upper load is
mainly the self-weight of the dam body, and the
uniqueness of the corridor structure is reflected in the
different deformation performance of the overburden and
the concrete cut-off wall. The composite action of the
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self-weight of the dam and the uneven settlement of the
foundation is the critical cause for the excessive
compressive stress damage of the corridor.

2) The load of built-in corridor in earth rock dam on
thick overburden cannot be estimated by conventional
surrounding pressure calculation formula or empirical
formula. The soil of the upper core wall of the corridor
cannot form a stable collapse arch because of the uneven
settlement, and the calculation results of conventional
surrounding pressure are too small. And the mechanical
behavior of the corridor can be described more
reasonably by comprehensively considering dam filling,
reservoir storage, contact between concrete and
surrounding soil, and CDP model. The corridor load of
such projects is related to factors including overburden
thickness, mechanical properties of materials, dam height,
and so on. The load shall be analyzed in combination
with specific situations.

3) The elastoplastic model that can reflect plastic
deformation and damage should be adopted for the
numerical calculation of the built-in corridor. In this case,
the CDP model can explain the stress redistribution and
compression damage of concrete more reasonably
compared with the linear elastic model.

4) Similar to the built-in corridor in earth rock dam, the
traditional calculation formula for surrounding pressure is
no longer applicable to tunnels with large buried depth,
special geological conditions and complex structural
forms in underground engineering. The calculation
method used in this paper (scheme 3) may have good
application value in the design and structure analysis of
tunnels similar to built-in corridors.
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