
 

1016 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2016, VOL. 18, ISSUE 2. ISSN 1392-8716  

1948. Dynamic response analysis of concrete lining 
structure in high pressure diversion tunnel under 
seismic load 

Jian Deng1, Ming Xiao2 
State Key Laboratory of Water Resources and Hydropower Engineering Science,  
Wuhan University, Wuhan 430072, China 
Key Laboratory of Rock Mechanics in Hydraulic Structural Engineering of Ministry of Education,  
Wuhan University, Wuhan 430072, China 
2Corresponding author 
E-mail: 1xianyudj@126.com, 2mxiao@whu.edu.cn 
(Received 17 August 2015; received in revised form 9 November 2015; accepted 13 December 2015) 

Abstract. Dynamic response of concrete lining structure in high pressure diversion tunnel under 
seismic load is of great importance for engineering design and safety assessment. In light of the 
basic idea of static damage constitutive in strain space, a dynamic damage and cracking model of 
concrete suitable for programming is established. Based on the explicit finite element method for 
analyzing the dynamic response of single-phase solid and fluid medium, combining with the 
boundary conditions at coupling interface, a dynamic explicit finite element solving format 
considering the coupling interaction of lining and inner water is presented. This method can 
directly integrate, solve without simultaneous equations, and greatly simplify the calculation 
process. Moreover, it can be easily used to analyze wave propagation problems with a variety of 
mediums. According to the damage evolution properties of concrete lining under seismic load, a 
calculation method of permeability coefficient considering the effect of damage and cracking is 
put forward, and the inner water exosmosis process with lining cracks is analyzed. The calculation 
results of engineering example can reasonably reflect the seismic response characteristics of 
concrete lining structure in high pressure diversion tunnel, and an effective analysis method is 
provided for the aseismic design of hydraulic tunnel. 
Keywords: diversion tunnel, dynamic damage and cracking, fluid-structure coupling, explicit 
finite element, permeability coefficient, inner water exosmosis. 

1. Introduction 

The spatial distribution of water resources is extremely uneven worldwide, which highlights 
the contradiction between water supply and demand. The development and utilization of water 
resources is gradually turning to the upstream of each watershed. So the long distance basin water 
diversion and power generation become the important developing directions of water conservancy 
and hydropower projects in the long run. The long distance diversion tunnels usually cross high 
earthquake intensity region, facing serious seismic stability problem [1-4]. Moreover, with the 
vigorous development of economic construction, more and more diversion tunnels with high head 
and large diameter appear, and the liquid sloshing with high pressure and great mass brings huge 
challenge to the seismic stability. Therefore, researching the anti-seismic stability of long distance 
water diversion project is of great significance for guaranteeing the safe and steady operation of 
the project. 

The key to seismic stability analysis of high pressure diversion tunnel lies in the seismic 
response of concrete lining structure, so it is particularly important to establish a scientific and 
practical dynamic constitutive model for concrete. The current dynamic constitutive models are 
primarily nonlinear elasticity [5], plasticity [6], viscoplasticity [7, 8] and damage model [9, 10], 
which are usually established on the basis of experimental studies, and cannot be widely applied 
on account of many uncertain parameters, ignoring the fatigue damage characteristics under 
dynamic cyclic loading, iterative calculation which adversely affects the speed and precision. 
Furthermore, it lacks an effective simulation for dynamic damage and cracking process of lining 
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structure. When analyzing the dynamic response of concrete lining structure under earthquake 
excitation, the interaction of inner water and lining should be taken into consideration, which is 
also proposed in aseismic design codes at home and abroad. However, current researches aimed 
at the dynamic interaction between lining structure and water in high pressure diversion tunnel 
under seismic load are very few, and the calculation and evaluation of hydrodynamic pressure are 
not clear. The interaction between inner water and lining structure belongs to the typical 
fluid-structure interface coupling problem [11, 12]. Studies on fluid-structure coupling problem 
have quickly developed in hydraulic, marine and other fields since 1980s, such as the liquid 
sloshing in the liquid reservoir vessel [13, 14], dam reservoir water fluctuation [15, 16] and the 
structure vibration of deep seabed tunnels [17, 18]. However, fluid-structure coupling analysis 
method is rarely applied to the high head and large diameter water conveyance tunnel. The effect 
of inner water is simply considered with the added mass method. The interaction law of lining 
structure and fluid cannot be reflected, and the seismic response characteristics of lining structure 
are not clear as well. 

On the basis of former researches, a new dynamic explicit finite element analysis method 
considering the coupling interaction of fluid and lining is presented. Taking the dynamic damage 
and cracking process of concrete lining structure under seismic load into account, the inner water 
exosmosis process with lining cracks is analyzed. The research results are of important reference 
value in solving aseismic safety problem and enhancing the anti-earthquake designing level of 
hydraulic tunnel. 

2. Dynamic damage and cracking model for concrete lining 

Since concrete is a heterogeneous material with micro cracks, the macroscopic defects 
gradually produce and accumulate under seismic cyclic loading, resulting in the deterioration of 
material nature. Based on the theoretical research, combining with abundant indoor and outdoor 
tests, a dynamic damage constitutive model for concrete is established according to the basic idea 
of static damage constitutive [19, 20]. In light of damage states of elements, the dynamic cracking 
process is analyzed. 

2.1. Dynamic damage evolution law  

The static damage constitutive relation based on strain space can be expressed as follows: ߪ௦ = ܫ)ߝ௦ܧ − ௦), (1)ܦ

where ܧ௦ is the static initial elastic modulus for concrete; ܦ௦ is the second order static damage 
tensor; ܫ is the unit matrix. 

According to abundant indoor and outdoor tests [21, 22], the static and dynamic constitutive 
curves of concrete are shown in Fig. 1, in which curve 1 is static condition and curve 2 refers to 
dynamic conditon. The two curves are proved to be highly similar on the basis of some 
experimental results, and the geometric relationship is satisfied: ܦܥܤܣ = (2) .ܥܱܣܱ

With reference to the static damage constitutive relation, the constitutive equation for concrete 
under seismic load can be assumed as follows: ߪௗ = ܫ)ߝௗܧ − ௗ), (3)ܦ

where ܧௗ is the dynamic initial elastic modulus for concrete, which could be approximatively 
equal to ܧ௦ with no special experiments; ܦௗ is the second order dynamic damage tensor. 



1948. DYNAMIC RESPONSE ANALYSIS OF CONCRETE LINING STRUCTURE IN HIGH PRESSURE DIVERSION TUNNEL UNDER SEISMIC LOAD.  
JIAN DENG, MING XIAO 

1018 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2016, VOL. 18, ISSUE 2. ISSN 1392-8716  

 
Fig. 1. Static and dynamic constitutive curves of concrete  

According to the similarity relation, we have: 

ሾܫ − ሿ(ௗ௨ߝ)ௗܦ = ఙ݂(ߝሶ)ఌ݂(ߝሶ) ሾܫ − ,ሿ(௦௨ߝ)௦ܦ (4)

where ఙ݂(ߝሶ) = ௗ௨ߪ ⁄௦௨ߪ , ఌ݂(ߝሶ) = ௗ௨ߝ ⁄௦௨ߝ  ௗ௨ are the ultimate stress and strain of dynamicߝ ௗ௨ andߪ ;
damage for concrete; ߪ௦௨ and ߝ௦௨ are the ultimate stress and strain of static damage for concrete. 

In fact, for each pair of corresponding points on the static and dynamic curves, the above 
formula is tenable. But ఙ݂(ߝሶ) and ఌ݂(ߝሶ) are varying along with the change of strain and strain rate, 
which can be written in general form: 

ሾܫ − ሿ(ௗߝ)ௗܦ = ఙ݂(ߝሶ, ,ሶߝ)ఌ݂(ߝ (ߝ ቈܫ − ௦ܦ ቆ ௗߝ
ఌ݂(ߝሶ, .ቇ቉(ߝ (5)

2.2. Dynamic damage constitutive model  

In order to simply and approximately describe the change law of ఙ݂(ߝሶ, ,ሶߝ)and ఌ݂ (ߝ  two ,(ߝ
basic assumptions are introduced. For any corresponding point on the dynamic curve: (1) Stress 
amplification coefficient is the same; (2) Stain amplification coefficient is the same. We have: 

ఙ݂(ߝሶ, (ߝ = ఙ݂(ߝሶ),   ఌ݂(ߝሶ, (ߝ = ఌ݂(ߝሶ). (6)

Based on many statistical results of dynamic loading tests for concrete, the calculation 
formulas for dynamic amplification coefficients of tension, compression stress and strain are 
provided by Euro-International Committee for Concrete (CEB) [23]: 

۔ۖۖەۖۖ
ۓ ఙ݂௟(ߝሶ) = ൬ߝሶௗߝሶ௦ ൰ଵ.଴ଵ଺ఈ ,

ఙ݂௬(ߝሶ) = ൬ߝሶௗߝሶ௦ ൰ଵ.଴ଶ଺ఉ ,
ఌ݂(ߝሶ) = ൬ߝሶௗߝሶ௦ ൰଴.଴ଶ଴ ,

 (7)

where ߝሶ௦ = 3×10-6 s-1 is static strain rate; ߝሶௗ is dynamic strain rate, which is between 3×10-6 s-1 

and 30 s-1; ߙ = (10 + 3 ௖݂ᇱ 5⁄ )ିଵ ߚ , = (5 + 3 ௖݂௨ 4⁄ )ିଵ ; ௖݂ᇱ  and ௖݂௨  are static cylinder and cube 
compressive strength of concrete, respectively. 

According to the basic assumption Eq. (2), the dynamic damage threshold strain for concrete 
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can be obtained: ߝௗ଴ = ఌ݂(ߝሶ)ߝ௦଴. (8)

It indicates the dynamic damage threshold strain for concrete is proportional to the static 
condition, of which the static damage threshold strain ߝ௦଴ refers to ultimate tensile strain ߝ௧ and 
compression strain ߝ௖ according to the stress states. 

The dynamic damage constitutive equation for concrete can be obtained: 

ቐߪௗ = ,ߝௗܧ ߝ ≤ ௗߪ,ௗ଴ߝ = ߝௗܧ ఙ݂(ߝሶ)ఌ݂(ߝሶ) ൤ܫ − ௦ܦ ൬ ൰൨(ሶߝ)ఌ݂ߝ , ߝ > .ௗ଴ߝ (9)

In order to display the damage state of lining structure in the post-processing, the second-order 
damage tensor is converted to a first-order damage scalar when outputting the damage results, 
which is applied to represent the whole damage state of element, namely ܦ = ඥܦଵଶ + ଶଶܦ +  .ଷଶܦ

The tensile and compressive damage evolution equations for concrete under static condition 
can be expressed as [24]: 

ቐ ௦௟ܦ = 1 − exp ቀ−ܴඥ(ߝ − ߝ)(௧ߝ − ௧)ቁߝ , ߝ > ௦௬ܦ,௧ߝ = 1 − exp ቀ−ܴඥ(ߝ − ߝ)(௖ߝ − ௖)ቁߝ , ߝ > ,௖ߝ (10)

where ܴ is the damage constant of concrete material. 

2.3. Dynamic cracking process simulation 

Without cracks, the concrete could be regarded as a linear-elastic isotropic material. For 
simplification, this paper assumes that the trend of crack growth is perpendicular to the direction 
of maximum principal strain. It should be noticed that since the compressive strength of concrete 
is far more than tensile strength, the damage and cracking mainly refer to tensile crack. In the 
calculation process, if the actual strain of concrete element exceeds the ultimate tensile strain, 
crack will appear in the lining. The schematic of lining cracking is shown in Fig. 2, in which ܺ′ 
refers to the direction of maximum principal strain, and it is perpendicular to the crack interface. 
The maximum principal stress of the cracked element will be released and stress will be 
redistributed. Consequently, the stiffness coefficient along the direction of maximum principal 
strain will be equal to zero, and the constitutive relation of the cracked element will become 
anisotropic, which should be corrected by the damage and cracking state of element. The stress 
matrix of cracked element under local coordinate system can be obtained [25]: 

ሾܪ௘ᇱ ሿ =
ێێۏ
ێێێ
ۍێێ
0 0 0݀ଶଶ − ݀ଵଶଶ݀ଵଵ ݀ଶଷ − ݀ଶଷଶ݀ଵଵ 0݀ଷଷ − ݀ଶଶଶ݀ଵଵ ସସ݀ߟ 0 ݕݎݐ݁݉݉ݕݏ0 ହହ݀ߟ ۑۑے଺଺݀ߟ0

ۑۑۑ
(11) ,ېۑۑ

where: 
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݀ଵଵ = ݀ଶଶ = ݀ଷଷ = ௗ(1ܧ − 1)(ߥ + 1)(ߥ − ,(ߥ2 ݀ଵଶ = ݀ଵଷ = ݀ଶଷ = ௗ(1ܧߥ + 1)(ߥ − ସସ݀,(ߥ2 = ݀ହହ = ݀଺଺ = ௗ2(1ܧ + (ߥ , ߟ = 1 − ,ܦ
and ܧ ,ߥௗ are Poisson’s ratio and elastic modulus of concrete, respectively; ߟ is the residual shear 
coefficient, which is used to describe the residual shear capacity after concrete cracking; ܦ is the 
element damage variable. Through the coordinate transformation, the stress matrix of damage and 
cracked elements in the global coordinate system can be obtained. 

 
Fig. 2. Schematic of lining cracking 

 
Fig. 3. Combined bearing model of lining and steel 

The combined bearing model of lining and steel in high pressure diversion tunnel is shown in 
Fig. 3. When the load is small, lining and steel work together with continuous deformation, 
otherwise, the bond-slip phenomenon occurs, resulting in cracks along the radial direction of 
tunnel. It is well known that the crack width has a close relationship with the thickness of 
protection layer, the spacing and strain of steel. The following formula is often used to estimate 
the crack width [26, 27]: 

୫ܹୟ୶ = ௘, (12)ݐ௦ߝ4

where ୫ܹୟ୶ is the maximal probability crack width; ߝ௦  is the strain of steel; ݐ௘ = 0.725 యܣܾ√ ܣ  , =  .are the thickness of protection layer and spacing of steel respectively ݎ and ܾ ,ݎ2ܾ
The bond of lining and steel is a complex interaction to transfer stress and deformation. The 

damage variable ܦ is used to describe the change of material mechanical characteristic. When ܦ 
is more than zero, the lining will partly lose its force-bearing capacity, and the steel will share 
partial load. When cracks occur in lining, the load will be redistributed, and the strain of steel can 
be described by the maximum principal strain of lining element: 

௦ߝ = (1 − ߩ + ߟ)ߝܦ(ߩ݊ − ߩߟ + (13) ,(ܦߩ݊

where ݊ =  ߝ ;is the reinforcement ratio ߩ ;ௗ is the elasticity modulus ratio of steel to liningܧ/௥ܧ
is the maximum principal strain of lining element. 

According to the Eqs. (12) and (13), the maximal probability crack width of lining elements 
can be estimated as follows: 

୫ܹୟ୶ = 2.9 యܣܾ√ (1 − ߩ + ߟ)ߝܦ(ߩ݊ − ߩߟ + (ܦߩ݊ . (14)
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3. Coupling interaction analysis model of inner water and lining 

3.1. Dynamic explicit finite element method of fluid medium 

In view of the horizontal seismic vibration in this paper, when performing finite element 
analysis aimed at the interaction system of inner water and lining structure, it can be assumed that 
the fluid in the limited computing area is a steady uniform flow, and mainly considering the normal 
interaction between fluid and structure, which almost meet the basic assumptions of fluid element 
based on displacement. The dynamic equation of non-viscous compressible fluid (ideal fluid) is 
obtained: ߩଵݑሷ ଵ௜ = ଵ௝,௜௝, (15)ݑଵܭ

where the subscript 1 is the fluid medium; ߩଵ means the fluid density, ܭଵ means bulk modulus; ݑሷ  
and ݑ  refer to acceleration and displacement, respectively; ݅  and ݆  are Cartesian coordinate 
components. 

When the explicit element method is combined with multi-transmitting artificial boundary, a 
very little damping which is proportional to the stiffness matrix is introduced to eliminate the high 
frequency instability problem [28]. Meanwhile, the explicit finite element discretization equation 
of non-viscous compressible fluid can be written as: ݉ଵݑሷ ଵ + ܿଵݑሶ ଵ + ݇ଵݑଵ = ଵ݂, (16)

where ݉ଵ, ܿଵ and ݇ଵ respectively refer to mass matrix, damping matrix and stiffness matrix of 
fluid medium; ଵ݂  is external load matrix of fluid-lining coupling interface; ݑሷ ଵ ሶݑ , ଵ  and ݑଵ  are 
acceleration, velocity and displacement matrix of fluid medium. 

From the viewpoint of stability and calculation workload, the explicit integration scheme based 
on time domain weighted residuals is adopted. The time domain explicit integral format [29] and 
the node force expression of fluid-lining coupling interface for dynamic analysis of non-viscous 
compressible fluid are obtained: 

ଵ௟௜௡ାଵݑ = ଵ௟௜௡ݑ + Δݑݐሶ ଵ௟௜௡ − 12 Δ݉ݐଵ௟ିଵܿଵ௟௜(2Δݑݐሶ ଵ௡ − ଵ௡ݑ + (ଵ௡ିଵݑ − 12 Δݐଶ݉ଵ௟ିଵ(݇ଵ௟௜ݑଵ௡ − ଵ݂௟௜௡ ሶݑ(17) ,( ଵ௟௜௡ାଵ = 1Δݐ ଵ௟௜௡ାଵݑ) − ଵ௟௜௡ݑ ) − 12 ݉ଵ௟ିଵܿଵ௟௜(ݑଵ௡ାଵ − (ଵ௡ݑ − 12 Δ݉ݐଵ௟ିଵ(݇ଵ௟௜ݑଵ௡ − ଵ݂௟௜௡ାଵ), (18)

ଵ݂௟௜௡ାଵ = 2Δݐ ݉ଵ௟ ൤ݑሶ ଵ௟௜௡ାଵ − 1Δݐ ଵ௟௜௡ାଵݑ) − ଵ௟௜௡ݑ )൨ + 1Δݐ ܿଵ௟௜(ݑଵ௡ାଵ − (ଵ௡ݑ + ݇ଵ௟௜ݑଵ௡ାଵ, (19)

where the subscript ݈ refers to the node number of fluid medium, ݅ is the coordinate direction of 
node. 

3.2. Dynamic explicit finite element method of solid medium 

For lining structure and rocks, in the case of no volume force, a dynamic equation of linear 
elastic solid medium is obtained according to the classic linear elastic dynamics theory: (ߣଶ + ሷݑ(ଶߤ ଶ௝,௜௝ + ଶ௝,௜௝ݑଶߤ = ሷݑଶߩ ଶ௜, (20)

where the subscript 2 refers to lining or rock medium; ߣଶ and ߤଶ are Lame constants; ߩଶ is the 
density of lining or rock. 

Discretizing the Eq. (20) with the explicit finite element method and introducing the Rayleigh 
damping terms can lead to the following explicit FEM equation of solid medium: 
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݉ଶݑሷ ଶ + ܿଶݑሶ ଶ + ݇ଶݑଶ = ଶ݂ + ܴଶ, (21)

where ݉ଶ, ܿଶ and ݇ଶ respectively refer to mass matrix, damping matrix and stiffness matrix of 
solid medium; ଶ݂ and ܴଶ respectively refer to the external load matrix of fluid-lining coupling 
interface and seismic load matrix of boundary. 

Likewise, the explicit integration scheme based on time domain weighted residuals is adopted. 
The displacement and velocity responses of solid medium and node force of fluid-lining coupling 
interface can be expressed as: 

ଶ௟௜௡ାଵݑ = ଶ௟௜௡ݑ + Δݑݐሶ ଶ௟௜௡ − 12 Δ݉ݐଶ௟ିଵܿଶ௟௜(2Δݑݐሶ ଶ௡ − ଶ௡ݑ + −      (ଶ௡ିଵݑ 12 Δݐଶ݉ଶ௟ିଵ(݇ଶ௟௜ݑଶ௡ − ଶ݂௟௜௡ − ܴଶ௟௜௡ ), (22)

ሶݑ ଶ௟௜௡ାଵ = 1Δݐ ଶ௟௜௡ାଵݑ) − ଶ௟௜௡ݑ ) − 12 ݉ଶ௟ିଵܿଶ௟௜(ݑଶ௡ାଵ − (ଶ௡ݑ − 12 Δ݉ݐଶ௟ିଵ(݇ଶ௟௜ݑଶ௡ − ଶ݂௟௜௡ − ܴଶ௟௜௡ ), (23)

ଶ݂௟௜௡ାଵ = 2Δݐ ݉ଶ௟ ൤ݑሶ ଶ௟௜௡ାଵ − 1Δݐ ଶ௟௜௡ାଵݑ) − ଶ௟௜௡ݑ )൨ + 1Δݐ ܿଶ௟௜(ݑଶ௡ାଵ − (ଶ௡ݑ + ݇ଶ௟௜ݑଶ௡ାଵ − ܴଶ௟௜௡ାଵ. (24)

With regard to fluid and solid medium, the following initial conditions can be introduced: ݑ଴ = ሶݑ ଴ = ሷݑ      ,0 ௟௜଴ = ݉௟ି ଵ( ௟݂௜଴ − ܿ௟௜ݑሶ ଴ − ݇௟௜ݑ଴), ௟௜ିଵݑ(25) = ௟௜଴ݑ − Δݑݐሶ ௟௜଴ + 12 Δݐଶݑሷ ௟௜଴ . (26)

3.3. Boundary conditions of coupling interface and explicit finite element solution 

According to the mechanical properties of structure, the seismic response of diversion tunnel 
can be regarded as the superposition of conditional seismic response process of inner water and 
structure, as shown in Fig. 4. In which Fig. 4(a) is the sketch of seismic response of diversion 
tunnel; Fig. 4(b), 4(c) are respectively sketches of seismic response of structure and inner water; ଵ݂ and ଶ݂ are interaction forces of the fluid-lining coupling interface; ܨ and ܴଶ refer to seismic 
input load. 

The continuity conditions of interface stresses and displacements are satisfied for ideal fluid 
medium and lining medium. The boundary conditions can be expressed as follows.  

1) The normal stress of interface is continuous: 

ଵ݂௦௭ + ଶ݂௦௭ = 0. (27)

2) The tangential stress of interface is zero: 

ଵ݂௦௞ = ଶ݂௦௞ = 0. (28)

3) The normal displacement and velocity of interface are continuous: ݑଵ௦௭ = ሶݑ   ,ଶ௦௭ݑ ଵ௦௭ = ሶݑ ଶ௦௭, (29)

where ݏ is the node number of fluid-lining coupling interface; ݖ and ݇ are normal and tangential 
direction of interface node. 

Substituting the boundary condition equations from Eqs. (27) to (29) into the displacement and 
velocity Eqs. (17), (18) and (22), (23), the normal displacement and velocity of interface node of 
fluid and lining medium at time step ݊ + 1 can be acquired: 



1948. DYNAMIC RESPONSE ANALYSIS OF CONCRETE LINING STRUCTURE IN HIGH PRESSURE DIVERSION TUNNEL UNDER SEISMIC LOAD.  
JIAN DENG, MING XIAO 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2016, VOL. 18, ISSUE 2. ISSN 1392-8716 1023 

ଵ௦௭௡ାଵݑ = ଵ௦௭௡ݑ + Δݑݐሶ ଵ௦௭௡ − 12 Δݐଶ(݉ଵ௦ + ݉ଶ௦)ିଵ(݇ଵ௦ݑଵ௡ + ݇ଶ௦ݑଶ௡)      − 12 Δݐ(݉ଵ௦ + ݉ଶ௦)ିଵሾܿଵ௦(2Δݑݐሶ ଵ௡ − ଵ௡ݑ + (ଵ௡ିଵݑ + ܿଶ௦(2Δݑݐሶ ଶ௡ − ଶ௡ݑ + ଶ௦௭௡ାଵݑ ,ଶ௡ିଵ)ሿݑ = ଵ௦௭௡ାଵ, (30)ݑ

ሶݑ ଵ௦௭௡ାଵ = 1Δݐ ଵ௦௭௡ାଵݑ) − ଵ௦௭௡ݑ ) − 12 Δݐ(݉ଵ௦ + ݉ଶ௦)ିଵ   (݇ଵ௦ݑଵ௡ାଵ + ݇ଶ௦ݑଶ௡ାଵ)      − 12 Δݐ(݉ଵ௦ + ݉ଶ௦)ିଵሾܿଵ௦(ݑଵ௡ାଵ − (ଵ௡ݑ + ܿଶ௦(ݑଶ௡ାଵ − ሶݑ,ଶ௡)ሿݑ ଶ௦௭௡ାଵ = ሶݑ ଵ௦௭௡ାଵ. (31)

Substituting the normal displacement and velocity expressions of interface node into Eqs. (19) 
and (24), the nodal load of interface at next time step can be solved. Then substituting the nodal 
load expressions into Eqs. (18) and (23), the internal node velocity of fluid and lining medium at 
time step ݊ + 1 can be obtained.  

It should be noted that this paper is just focused on the normal load of fluid-lining coupling 
interaction rather than the tangential load, and the normal load of interface at the initial time is the 
internal water pressure under the static condition. 

a) Diversion tunnel b) Lining and rocks c) Inner water 
Fig. 4. Seismic response analysis model of diversion tunnel 

4. Inner water exosmosis analysis after lining cracks 

Under seismic load, concrete lining structure would enter into the damage evolution stage and 
eventually produce macroscopic cracks, resulting in inner water exosmosis along the cracks [30]. 
Because the formation time of seepage field is far more than seismic duration, studying the 
unsteady seepage problem under seismic load lacks practical significance. This paper just accounts 
for the situation of inner water exosmosis after earthquake.  

It could be known from the results of permeation tests [31] that the permeability of concrete 
material will sharply increase with the formation and development of cracks, and it has a close 
relationship with the crack width. Because of the limitation of experiment condition, the fissure 
seepage rule [32] is based on the precondition that the fissures are smooth, flat and straight. In 
view of the roughness and partial contact of concrete cracks, the permeability along the 
propagation direction of the main crack can be calculated by the modified cubic law [33, 34]: ݇௙ = ܿߤ12ߛ ୫ܹୟ୶ଶ , (32)ܿ = 1 + 8.8 ൬Δ݀൰ଵ.ହ, (33)
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where ߛ and ߤ are the bulk density and dynamic viscosity factor of water respectively; ܿ is the 
roughness modification coefficient of crack; Δ is the average raised height of granule in crack, 
which can be determined by tests; ݀ is the hydraulic diameter of crack, which is twice of the crack 
width. 

The concrete with cracks can be regarded as an anisotropic medium. According to Darcy’s law, 
the basic equation of three-dimension stable seepage can be obtained as follows: ∂∂ܺ ൬݇௫௫ ൰ܺ∂ܪ∂ + ∂∂ܻ ൬݇௬௬ ൰ܻ∂ܪ∂ + ∂∂ܼ ൬݇௓௓ ൰ܼ∂ܪ∂ = ܳ, (34)

where ݇௫௫, ݇௬௬, ݇௓௓ are the main permeability coefficient in direction ݖ ,ݕ ,ݔ; ܳ is the seepage 
quantity of unit volume; ܪ is the hydraulic head. 

Based on the principle of FEM, the node hydraulic heads are interpolated through the 
interpolation principle after the seepage field is discretized. The basic equation of three-dimension 
stable seepage can be described as follows: ሾܭሿሼܪሽ = ሼܨሽ, (35)

where ܭ is the seepage conductive matrix; ܨ is the nodal load matrix which is integrated at the 
seepage boundary. 

Combining with two kinds of boundary conditions for three-dimension stable seepage, the 
inner water exosmosis considering lining cracks after earthquake can be solved. 

5. Engineering application 

5.1. Engineering background 

Some hydropower station located in western Yunnan province of China is the fifth cascade 
hydropower plant of upper reaches of Lancang River. The diversion tunnel of the hydropower 
station spans 7126 m, which goes across different geological tectonic zones. The tunnel section 
from 2+500.00 to 2+680.00 located in the middle of water diversion system is chosen for analysis 
in this paper, of which the seismic intensity is up to VII. The tunnel section is designed in circular 
structure, with the excavation diameter 10.2 m, inner diameter 9.0 m after secondary lining, center 
elevation of tunnel 32.00 m, buried depth of tunnel 241.67 m and maximum inner head 135.24 m. 
The reinforced concrete structure is applied in the tunnel with C25 concrete, and the lining 
thickness is 0.6 m.  

 
Fig. 5. Complete finite element model 

 
Fig. 6. Local finite element model and monitoring points 

Three-dimensional finite element model of diversion tunnel including fluid, lining structure 
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and surrounding rocks is established, which consists of 63307 nodes and 59584 hexahedron 
elements, and the lining and fluid element numbers are 2688 and 5264 respectively. Besides that, 
there is FSI of inner water and lining structure, of which the node number is 696. The model ranges 
along ܺ, ܻ, and ܼ-axes are 180.0 m, 180.0 m, and 321.67 m respectively. The complete finite 
element model of diversion tunnel is shown in Fig. 5, and the local finite element model and layout 
of monitoring points are shown in Fig. 6. The plane ܻ = 90.0 m is chosen as the monitoring 
section, and point A on the vault, point B on the haunch, and point C on the inverted arch of the 
lining structure of monitoring section are selected as monitoring points to acquire the quantitative 
dynamic responses under seismic load. 

It should be noted that static calculation of three-dimensional finite element should be 
conducted firstly to simulate the excavation and lining support of diversion tunnel in order to 
provide the seismic analysis with initial stress and displacement conditions. The mechanical 
parameters of the rock mass and lining material are shown in Table 1. 

Table 1. Mechanical parameters of materials 

Material Deformation 
modulus (GPa) 

Cohesion 
(MPa) 

Friction 
angle (°) 

Tensile strength 
(MPa) 

Permeability coefficient 
(cm∙s-1) 

Rock 10 0.8 45 1.2 5×10-6 
Lining 28 1.8 40 1.27 1×10-7 
Fluid 2.1 – – – – 

5.2. Calculation conditions 

Free field boundary condition is applied to absorb the reflection waves along the two vertical 
boundaries which are perpendicular to ܺ-axes, and Viscoelastic artificial boundary condition is 
used to absorb the incident waves from the bottom of the model [35]. 

In this study, the acceleration time history curve of the wave of the 1940 EI Centro earthquake 
(north-south, magnitude ܯ = 6.7, and maximum acceleration = 2.49 m/s2) is adopted. According 
to the existing codes, the peak value is adjusted to 0.17݃ (݃ is gravity acceleration), which is 
equivalent to the seven degree fortification criterion, and duration time is 20 s. The horizontal 
(direction of ܺ -axes) vibration is considered in this paper, and after pretreatment, the ܺ-acceleration time history curve which is inputted from the bottom of the limited area is shown 
in Fig. 7. 

 
Fig. 7. ܺ-acceleration time history curve of input seismic wave  

5.3. Calculation results and analysis 

5.3.1. Displacement-time history analysis of lining structure ܺ-displacement time curves of monitoring points of lining structure are shown in Fig. 8. The 
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conclusions can be obtained: (1) The displacement time curve of the vault, haunch and inverted 
arch almost coincide; (2) ܺ-displacement reaches the maximum 7.12 cm at ݐ = 2.66 s, and reaches 
the minimum –6.78 cm at ݐ = 4.08 s; (3) The displacement reaches the wave peak or trough at the 
same time, indicating that various locations are in a synchronous vibration state. 

By comparing with the displacement time curves of monitoring points, it can be known that 
the displacement of haunch is less than the vault and inverted arch when considering the 
hydrodynamic pressure, and the maximal differential displacement exceeds 10 mm, which seems 
small, but the relative deformation of 10 mm can make great influence on the mechanical 
properties of lining structure. 

These conclusions indicate that the haunch of tunnel structure is significantly affected by the 
hydrodynamic pressure, which impedes the deformation of lining structure. 

    
Fig. 8. Displacement-time curves of monitoring points 

 
Fig. 9. Maximum principal stress-time curves of monitoring points  

5.3.2. Principal stress-time history analysis of lining structure 

Since the compressive strength of concrete is far more than the tensile strength, the damage 
and failure modes of lining structure under seismic load mainly refer to tensile failure. This paper 
is focused on the change laws of maximum principal stresses of monitoring points. The maximum 
principal stress-time curves of monitoring points of lining structure are shown in Fig. 9, which 
indicate the following: (1) The maximum principal stress of lining structure is up to 0.8-0.9 MPa 
under the initial hydrostatic pressure and seismic load; (2) The maximum principal stress quickly 
increases, and gradually exceeds the tensile strength of concrete, in which the haunch of lining 
structure is remarkably influenced, leading to great stress increment; (3) The hydrodynamic 
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pressure has a significant influence on the stress state of lining structure, and it is of great 
importance in the anti-earthquake design of tunnel to consider the coupling interaction of inner 
water and lining structure under seismic load. 

5.3.3. Damage and cracking analysis of lining structure 

The dynamic damage and cracking model of concrete lining structure proposed in this paper 
is applied to simulate the damage and cracking process under seismic loading, and damage 
coefficient and maximal crack width distribution of lining structure at the monitoring section are 
shown in Fig. 10 and Fig. 11 (unit: mm). 

It could be seen from Fig. 10 that under the earthquake and hydrodynamic pressure, the 
maximum principal stress of lining structure gradually exceeds the tensile strength of concrete, 
and damage and cracking of lining structure occur and develop gradually from the haunch to each 
side. Since lining structure mainly refers to elastic deformation under seismic load, hydrodynamic 
pressure becomes the key factor to cause the damage and cracking. Because the haunch of tunnel 
structure is remarkably influenced by earthquake and hydrodynamic pressure, causing serious 
damage, which gradually expands to both sides. In addition, the damage state of inner lining is 
much more serious than the outer layer, which indicates the parts with direct contact to inner water 
suffer more serious damage. 

We can come to the conclusions from Fig. 11 that with the lining structure entering into 
damage evolution stage, cracking failure produces accordingly, and the maximal crack width 
distribution law is consistent with the damage coefficient. The maximal crack width at the 
monitoring section is up to 0.25-0.5 mm, in which the haunch has the maximal crack width, up to 
0.5 mm, and expanding to the vault and inverted arch. By comparing the crack width of inner and 
outer lining structure, it can be seen that inner lining is significantly greater than the outer for the 
serious influence of hydrodynamic pressure, which reveals that the direct interaction with inner 
water would make great influence on lining structure, and it is the weak link of seismic design for 
diversion tunnel.  

 
Fig. 10. Damage coefficient distribution of lining 

 
Fig. 11. Maximal crack width distribution of lining 

5.3.4. Inner water exosmosis analysis after lining cracks 

According to the three-dimensional seepage field analysis, the distribution of pressure head 
isolines of lining structure at the monitoring section is shown in Fig. 12. The isolines are 
distributed densely in the lining, and the value decreases quickly from the inner layer to the outer. 
Meanwhile, the distribution of the isolines in the inner layer is sparser than the outer layer, which 
implies that the crack width of the inner layer is bigger. Consequently, the hydraulic gradient 
increases from the inner layer to the outer in the lining. Since the lining structure of haunch and 
inverted arch suffers serious damage, leading to great increment of permeability coefficient, and 
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resulting in the decrease of hydraulic gradient and sparser distribution of pressure head isolines 
than any other parts. 

Furthermore, because of the damage and cracking of lining structure, inner water exosmosis 
makes the surrounding rocks bear more water pressure. It can be seen from Fig. 12 that the 
pressure head borne directly by surrounding rocks is up to 63.54 m, which accounts for about 47 % 
of inner head, and would greatly affect the stability of surrounding rocks. 

 
Fig. 12. Distribution of pressure head isolines of lining structure at the monitoring section 

6. Conclusions 

Based on the seismic response mechanism of concrete lining structure in high pressure 
diversion tunnel, a dynamic explicit finite element numerical simulation method considering the 
coupling interaction of lining and inner water is presented. Taking the dynamic damage and 
cracking process of concrete lining structure under seismic load into account, the inner water 
exosmosis process with lining cracks is analyzed. A diversion tunnel of some hydropower station 
is chosen as an engineering project to analyze the seismic response. We can reach the following 
conclusions. 

1) The displacement time curves of monitoring points are consistent with the input wave, and 
various parts of diversion tunnel are in a synchronous vibration state. The displacement of haunch 
is obviously less than the vault and inverted arch due to the influence of hydrodynamic pressure. 

2) Under seismic load and hydrodynamic pressure, the maximum principal stress quickly 
increases, and gradually exceeds the tensile strength of concrete, in which the haunch of lining 
structure is remarkably influenced, leading to great stress increment and serious damage. 

3) The lining structure mainly enters into the stage of damage and cracking, in which the 
haunch is greatly affected, resulting in greater damage coefficient and crack width, and gradually 
extension to each side. The inner lining directly interacting with fluid is the weak link of seismic 
design for diversion tunnel. 

4) Inner water exosmosis occurs after lining cracks. Affected by the distribution of crack  
width, hydraulic gradient is smaller and the distribution of pressure head isolines is sparser on the 
haunch. Inner water exosmosis makes the surrounding rocks bear more water pressure, and it 
would affect the stability of surrounding rocks. 
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