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Based on the theory of damage mechanics, continuum mechanics and thermodynamics, this paper gives the 

concrete tension constitutive equation, then, the selection principle of the relevant parameters of the 

foundation rock is given. Finally, considering the damage evolution of rock foundation in the calculation 

process, this paper describes the real seismic damage characteristics of dam foundation system. The main 

conclusions are as follows: when the foundation rock mass and the dam use damage model, the earthquake 

damage area and damage degree of the dam are reduced, which makes the dam more partial safety. The 

result will be closer to the actual, which has certain reference significance to the guiding project. 

1. Introduction 

80% of China's hydropower resources are mainly concentrated in the southwest strong earthquake region, so 

the major water conservancy projects cannot ignore the issue of earthquake safety. Once the earthquake 

disaster happens to the major water conservancy project, it will cause unbearable secondary disasters to the 

downstream areas, so to make sure that dam break does not occur in the maximum credible earthquake to 

the major water conservancy projects (Chen and Guo, 2012). But so far, "no dam break" is only an uncertain 

fuzzy concept, and there is no quantitative analysis criterion of operability. The key problem lies in the further 

research on the process and mechanism of the seismic damage evolution of major water conservancy 

projects. Under the action of earthquake load, when the dam concrete stress exceeds the yield strength, 

(Zhang and Wang, 2013) the dam is bound to generate local cracks, and the stress in the dam will be 

redistributed, so the stress criterion based on the linear elastic material model cannot meet the requirements 

of the seismic damage analysis of the dam, that is, the introduction of the nonlinear material of the dam will be 

more close to the actual situation (Guo et al., 2013). Taking Koyna gravity dam as an example. Many scholars 

have used many methods to simulate and analyse the earthquake disaster. The results show that the 

extended Koyna dam heel and downstream slope crack evolution process, and near the dam heel appeared 

obvious stress concentration, and the grid division is more intensive, the stress concentration degree is higher 

(Yu et al., 2009). But when the Koyna dam was subjected to seismic load, the core-drilling was found to have 

a good cementation between the dam and the foundation, and the seepage flow rate at the dam foundation 

was not significantly increased, which shows that the interface between the dam and the foundation did not 

produce damage cracks, and it is contradict the research results of many scholars (Li et al., 2011). It puts 

forward new ideas for researchers in the existing model of stress analysis that the high stress of the dam heel 

area may not exist. Therefore, it is considered that the dam foundation cannot be considered as an elastic 

foundation or a rigid foundation, which cannot reflect the actual situation of the dam. 

Based on the existing research of Koyna dam seismic damage, this paper discusses the influence to seismic 

damage characteristics of Koyna dam caused by the nonlinear foundation rock material and comparing the 

dam damage results between different foundation models. 

2. The damage mechanical of concrete  

2.1 Damage constitutive model 

In general, the free energy is divided into the plastic part and the elastic part. Under the condition of isothermal 
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adiabatic (Wang et al., 2016), the damage variable D stands for internal variable𝑉𝑘 , and Eq. (1) can be 

rewritten as 

( , , ) ( , ) ( , )e p e e p pD D D                                                                                                      (1) 

Where, 𝜑𝑒(𝛿𝑒 , 𝐷) represents the elastic free energy, and 𝜑𝑝(𝛿𝑝, 𝐷) is the plastic free energy. 

The damage of concrete can be expressed in a damage variable of the elastic free energy 𝜑𝑒(𝛿𝑒 , 𝐷). 
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The material constitutive equation based on free energy can be deduced as 
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In the process of uniaxial tension, the relationship between the tensile elastic and plastic deformation of 

concrete should be satisfied 

e p

t t t                                                                                                                                             (4) 

In which, δ𝑡 represent under the seismic load (Li et al., 2012), 𝛿𝑡
𝑒 is the tensile elastic deformation, and  𝛿𝑡

𝑝
 

denotes the tensile plastic deformation. 

The uniaxial tensile damage variable Dt is introduced into Eq. (1), and thus the scalars form of elastic free 

energy is acquired 

2

0 0

1
( , ) (1 ) ( ) (1 ) ( )

2

e e e e e

t t t t t tD D D K    


                                                                                      (5) 

In which, K0 indicates the initial slope of concrete under uniaxial tension stress and deformation. 

Replacing Eq. (5) and (4) into Eq. (3) can obtain the concrete damage constitutive relation under uniaxial 

tension cases as 

0(1 ) ( )p

t t t tD K                                                                                                                          (6) 

2.2 Damage evolution equation of concrete 

In order to derive the damage evolution law of concrete material, it is necessary firstly to determine the plastic 

free energy expression as 

0
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For a specific material, the total free energy is determined (Ren et al., 2015); hence the deformation variables 

can be used to describe relation function between the elastic free energy and the plastic the free energy, 

which is formulated as follows 

( , )= ( , ) ( , )p p e p e eD F D                                                                                                               (8) 

Assume that after peak stress, concrete start to occur plastic deformation, peak deformation is 𝛿𝑝𝑘 = 𝛿𝑡0
𝑒 . The 

expression of the energy release rate of the tensile damage is written as 
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In which, kt is material parameters. 

The damage energy release rate and damage variable of the material can also be expressed as follows 
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In which, at and bt are material parameters. Yt0 denotes initial energy release rate of tensile concrete.  
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3. Mechanical parameters of dam foundation 

In the high dam engineering, we put forward the rock mass shear resistance parameter friction angle and the 

proposed value of adhesion (Pal et al., 2017). Finally, the uniaxial tension and compressive strength were 

obtained by Mohr-Coulomb criterion. 

2 cos

1 sin
t

c
f










, 2 cos

1 sin
c

c
f










                       (11) 

The tensile damage model of foundation rock is analysed by the concrete damage model, and the damage 

curve of foundation rock mass is determined by the method of discount of concrete damage curve. 

4. General situations of Koyna gravity dam 

In December 11, 1967, the earthquake with magnitude as 6.5 attacked the India Koyna gravity dam, and 

caused many horizontal cracks in the dam, mainly focused on the slope of 629 m elevation, as shown in 

Figure 1. 

The height of Koyna dam is 103 m, the length is 850 m. When the earthquake occurred the water level in the 

front of the dam is 91.75 m. The focal depth of earthquake is 27 km, and the epicentre distance is 13 km. The 

epicentre intensity is Ⅷ-Ⅸ degrees. When the design reference period is 100 years, and the probability of 

exceeding the probability is 2%, the peak ground acceleration (PGA) is 3.99 m/s2. When the vertical and 

horizontal earthquake ground motions are inputted to the finite element analysis model, the peak of vertical 

acceleration time histories is the 2/3 of that of the horizontal acceleration time histories, as shown in Figure 2. 

 

 

Figure 1: Seismic damage of Koyna dam (size unit: m) 

 

Figure 2: Acceleration time histories of vertical and horizontal earthquake ground motions 

 

Figure 3: The concrete damage evolution curve 

When the dam model is calculated and analysed, the water level of the dam is normal. The hydrodynamic 

pressure of reservoir water is simulated by Westergaard additive mass method, which ignores the 

compressibility of reservoir water (Alam et al., 2016). The Raleigh damping ratio C is taken as 𝐶 = 𝛼𝑀 + 𝛽𝐾, 

M is the mass matrix, and K is the stiffness matrix. Because the damping force is changed with the closing 

and opening of the crack, thus 𝛼=0 s-1, 𝛽=0.0032 s. The dam material parameters are listed as follows, the 
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elastic modulus is 3.1×104 MPa, the density is 2643 kg/m³, the Poisson ratio is 0.15, the tensile strength is 

1.90MPa, the compressive strength is 24.1MPa, the fracture energy is 200 N/m, the compressive yield stress 

is 13 MPa. The damage evolution curve of concrete is shown in Figure 3. 

The material parameters of the foundation rock are as follows, the elastic modulus is 20 GPa, the density is 

2400 kg/m³, the Poisson ratio is 0.2, the fracture energy is 88.4 N/m, the cohesion is 2 MPa, the friction angle 

is 54.46°, the dilation angle is 36.31°. In the absence of tests on the foundation, the cohesive force and the 

friction angle of the foundation rock are substituted into the formula (11), and the tensile strength of the 

foundation rock is 1.28 MPa (Zhang et al., 2015). Finally, the damage curves of the foundation rock are 

determined by the method of discounting the strength of concrete damage curve, as shown in Figure 4. 

 

 

Figure 4: The foundation damage evolution curve 

5. The analysis results 

Figure 5 is the maximum principal stress distribution of dam-foundation system under earthquake action. As 

can be seen from Figure 6, for the dam body, the maximum principal stress at the dam heel is 6.44 MPa, the 

maximum principal stress at the dam toe is 4.23 MPa, the maximum principal stress at the downstream slope 

is 3.16 MPa, and the maximum principal stress at the upper and middle reaches is 6.36 MPa. For the 

foundation rock mass, the maximum principal stress of the foundation connected with the dam toe is 1.92 

MPa, and the maximum principal stress of foundation connected with dam heel is 2.56 MPa. The stress 

values in these areas are much greater than the tensile strength of concrete and foundation rock mass, 

therefore, the seismic performance of these areas is relatively weak, and there may be damage. 

 

Figure 5: The maximum principal stress distribution of dam-foundation system 

Figure 6 shows the damage area of the foundation-dam system at different times when the damage model is 

adopted, Figure 7 shows the damage area of dam-foundation system with different calculation models, Figure 

8 shows the damage dissipation curve when foundation using different models. It can be seen from Figure 6 

that the damage of the foundation-dam system starts from the junction of the dam's heel and the foundation, 

and the downstream slope of the dam. Along with the continuous seismic load, the damage at the dam heel 

and foundation junction extends along the depth of foundation; the damage length is about 13 m, damage 

depth of about 15 m. The damage at dam site extends along the depth of foundation, the damage depth is 

about 14 m, and the damage length in the upstream direction is about 17.5 m. In the downstream, the damage 

is developed along the dam to the upstream direction, and finally the penetrating damage is formed. There is 

no damage in the dam heel. The above analysis results are closer to the actual earthquake disaster. 

In Figure 7a, the damage at the downstream slope of the dam develops from downstream to upstream and 

runs through the dam; the damage occurs at the upstream dam heel, approximately 7 m; the damage occurs 

in the middle and lower reaches of the upstream, approximately 4 m; and the damage occurs at the 

downstream dam site, approximately 12 m. Compared with Figure 6d, it is found that there is damage 
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penetration at the dam slope, and the dam heel is damaged due to the stress concentration at the dam heel. 

The analysis result is in contradiction with the actual earthquake disaster. 

As can be seen from Figure 7b, the damage at the dam site extends up to about 14 m along the upstream of 

the dam foundation interface, and the damage at the dam heel extends up to about 12 m along the 

downstream of the dam foundation interface, which makes the bond between the dam and the foundation 

damage. The analysis results are not consistent with the actual earthquake disaster of the dam. 

 
a. 0.5 s                             b. 2.5 s                             c. 4.5 s                             d.10 s 

Figure 6: Damage area of foundation-dam system at different time of foundation using damage model 

              
a. Elastic model of foundation       b. D-P model of foundation 

Figure 7: The damage area of the dam-foundation system with different models 

 
a. the dam-foundation system                                                                b. the dam 

Figure 8: The damage dissipation energy curve when foundation using different models 

It can be seen from Figure 8a that when the damage model is adopted in the foundation, the dam-foundation 

system will be damaged when the earthquake occurs; when the D-P plastic model is used for the foundation, 

the system will be damaged only 0.5 s after the earthquake; when the elastic model is used for the foundation, 

the system will be damaged only 2.5 s after the earthquake. The damage dissipation energy calculated by the 

damage model is much larger than that of the D-P model and the elastic model, which is caused by the 

foundation and the dam at the same time produce damage. The foundation adopts the elasticity model, the 

foundation does not have the damage, only the dam body produces the damage; the D-P model is based on 

the plastic microscopic phenomenon, D-P model is based on the plastic micro-phenomenon, cannot reflect the 

rock material due to crack opening and closing caused by changes in intensity, therefore, the damage 

dissipation due to foundation damage is smaller than that of the ground nonlinear model. 

It can be seen from Figure 8b that the damage dissipation energy of the dam is less than that of the other two 

cases when the damage model is adopted on the foundation, which shows that the damage scope of the dam 

body is relatively small and the dam is safer. 
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From the above analysis, it can be seen that the elastic model and D-P plastic model of the foundation cannot 

truly reflect the damage failure mode of the dam-foundation system during the dynamic response analysis of 

the dam-foundation system during the earthquake. Therefore, it is necessary to consider the damage 

nonlinearity of foundation and dam at the same time, so as to describe the damage failure process of dam-

foundation system more truly. 

6. Conclusions 

Based on damage mechanics, continuum mechanics theory and thermodynamics, the constitutive equation of 

concrete is established. Then the principle of selection of relevant parameters of foundation rock mass is 

given. Finally, a more complete nonlinear dynamic model of dam-foundation system is established. So that the 

seismic damage characteristics of the system are described more realistically. The main conclusions are as 

follows, when the damage model is adopted for foundation rock mass and dam body, the damage area and 

the damage degree of the dam are reduced, which makes the dam body safer, the analysis result is closer to 

the actual earthquake disaster. 
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