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1. Introduction 

 

Earthquake risk assessment became an important affair 

nowadays to give the decision regarding the operational 

condition of any structure. All over the world, the concrete 

gravity dam acts as a vital civil engineering part because it 

has different structural characteristics than other structures. 

In Korea, there are several dams are designed in seismic 

prone areas to resist the unpredictable earthquakes and their 

design life is more than fifty years. Although the dams are 

constructed under the seismic consideration, the 

deterioration in a concrete gravity dam generally occurred 

due to the consequences of operating conditions, 

environmental aspects, and degradation in materials from 

natural causes. 

This paper presents the seismic analysis of the 

Bohyeonsan Dam in Korea. For predicting the present 

operational condition, the Cumulative Absolute Velocity 

(CAV) is an important ground motion intensity 

measurement (IM). Based on predicting CAV standard, Du 

and Wang (2013) developed a model using Next Generation 

Attenuation (NGA) strong database, where the proposed 
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model employs only four parameters and has a simple 

functional form. Kramer and Mitchell (2006) mentioned the 

CAV5, a new measurement standard, which shows the 

excess pore pressure generation in potentially liquefiable 

soils is considerably more closely related to CAV5 than to 

other intensity measures, including peak acceleration and 

arias intensity. Another study about the site’s effects in the 

Taipei areas of Taiwan based on CAV amplification was 

investigated, where more than 1200 strong motions were 

gathered from the database (Wang et al. 2018). The 

analytical results indicated that strong site’s effects should 

exist in western Taipei and in the locations close to the rims 

of the Taipei Basin. Moreover, Reed and Kassawara (1990) 

provided a criterion for a nuclear power plant, and this 

criterion requires exceedance of both response spectrum 

parameter and second damage parameter, referred to the 

CAV. The unfiltered arias intensity and CAV give a good 

correlation with the macroseismic information (Cabanas et 

al. 1997). Safety assessment against the seismic hazard of 

the NPP is a common issue, Katona (2013) established 

criterion in terms of CAV for determination of fatigue 

failure considering the cyclic loading and the degradation. 

Furthermore, in a technical report, Hardy et al. (2006) made 

a CAV model for computation probabilistic seismic hazard 

of NPP based upon the review of CEUS and WUS data with 

considering the functions of uniform duration, magnitude, 

PGA and wave velocity. Campbell and Bozorgnia (2010, 
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Abstract.  The concrete gravity dam is one of the most important parts of the nation’s infrastructure. Besides the benefits, the 

dam also has some potentially catastrophic disasters related to the life of citizens directly. During the lifetime of service, some 

degradations in a dam may occur as consequences of operating conditions, environmental aspects and deterioration in materials 

from natural causes, especially from dynamic loads. Cumulative Absolute Velocity (CAV) plays a key role to assess the 

operational condition of a structure under seismic hazard. In previous researches, CAV is normally used in Nuclear Power Plant 

(NPP) fields, but there are no particular criteria or studies that have been made on dam structure. This paper presents a method to 

calculate the limitation of CAV for the Bohyeonsan Dam in Korea, where the critical Peak Ground Acceleration (PGA) is 

estimated from twelve sets of selected earthquakes based on High Confidence of Low Probability of Failure (HCLPF). HCLPF 

point denotes 5% damage probability with 95% confidence level in the fragility curve, and the corresponding PGA expresses the 

crucial acceleration of this dam. For determining the status of the dam, a 2D finite element model is simulated by ABAQUS. At 

first, the dam’s parameters are optimized by the Minitab tool using the method of Central Composite Design (CCD) for 

increasing model reliability. Then the Response Surface Methodology (RSM) is used for updating the model and the 

optimization is implemented from the selected model parameters. Finally, the recorded response of the concrete gravity dam is 

compared against the results obtained from solving the numerical model for identifying the physical condition of the structure. 
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2011) mentioned an empirical equation of EPRI (1988) by 

using the strong motion database for the horizontal 

component of CAV. Besides that, EPRI (1991) also 

established another equation called standardized CAV for 

giving the criteria to stop or continue the structural 

operation (O’Hara and Jacobson 1991). However, there is 

no strategy has been studied on CAV limitation for the 

concrete gravity dam.  

The Response Surface Methodology (RSM) is used for 

the system identification (SI) of the Bohyeonsan concrete 

dam, where parameters are selected by using the Central 

Composite Design (CCD) method. Kartal et al. (2011) used 

the RSM for selecting the parameters in a concrete-faced 

rockfill (CFR) dam because of its various uncertainties in 

the body. For solving these uncertainties such as the 

mechanical properties of materials, geometric properties, 

load magnitude, and distribution, etc., RSM is a helpful tool 

(Abu-Odeh and Jones 1998, Chávez-Valencia et al. 2007, 

Lee and Lin 2003). 

Ghanaat et al. (2015) presented a methodology for 

developing seismic fragility of concrete gravity dams, in 

which the lognormal distribution reasonably well, it 

provides the median seismic fragility, including randomness 

and uncertainty for the base sliding and pier failure. In 

addition, Padgett and DesRoches (2008) studied the 

fragility curve for a multi-span continuous concrete girder 

bridge, which indicates the retrofitting dimension according 

to the damage probability. The damage level evaluation of 

real-time and the optimization of the required seismic 

performance level on cost-benefit analysis is explained by 

Ichii (2004). In another study, Lin and Adams (2008) have 

developed a probabilistic method for seismic ranking of 133 

hydropower dams in Canada, where the fragility curves 

were associated to the dam type and the construction period. 

The fragility curve including the spatial variation of the 

angle of friction, reveals a slight effect on the curve for 

vulnerability assessment of the dam and is mainly critical 

during severe damage (Bernier et al. 2015). Beilic et al. 

(2017) have proposed a seismic fragility model for Italian 

RC precast buildings, where the risk assessment was 

compared to two building topologies; these curves were 

derived using both nonlinear static and dynamic analysis. 
Furthermore, Mosleh et al. (2016) determined the 

probabilistic fragility analysis for a bridge would reach or 

exceed the structural capacity by considering PGA and 

Acceleration Spectrum Intensity (ASI). In this research, 

uncertainty analysis for the fragility is estimated by 

determining the High Confidence Low Probability of 

Failure (HCLPF) (Kim et al. 2011). In seismic risk 

assessment for the NPP, the capacity of a secondary system 

is measured in terms of resistance to undesirable response 

or failure, which is characterized by the HCLPF point 

(Huang et al. 2006). Borgonovo et al. (2013) described that 

the HCLPF point is used to determine the seismic risk 

analysis for civil engineers as a conservative estimation of 

components or structure’s capacity. 
The purpose of this study is to assess the operational 

condition of the Bohyeonsan Dam after withstanding the 
Pohang earthquake. According to previous researches, Du 
and Wang (2013) mentioned that the CAV has higher 
predictability than other intensity measures such as PGA.  
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Fig. 1 The Bohyeonsan Dam risk assessment process 

 

 

For estimating the dam’s CAV limitation, a set of twelve 

earthquakes in Korea provided by K-water organization is 

used to develop the fragility curves using the Incremental 

Dynamic Analysis (IDA) method mentioned by Baker 

(2015). A 2D finite element model (FEM) has been adopted 

by using ABAQUS. Hoseini Vaez and Arefzade (2017) used 

4-node quadrilateral elements of plane stress with reduced 

integration is denoted as CPS4R in the numerical model. 

There were two sensors installed on the top and the bottom 

of the dam to record the acceleration response, and the 

section corresponding to the location of the sensors is 

selected for numerical simulation. The Pohang earthquake 

recorded data is applied as the input ground motion in the 

model to evaluate the response surface of the dam. To be 

more understandable, the following flowchart expresses the 

glance of this paper. 

 
 
2. Specification of the Bohyeonsan Dam 

 

The Bohyeonsan Dam is located in the upper stream of 

Gohyeoncheon, which is the second tributary of the Kumho 

river. The total dam crest length is 250 m, whereas the 

maximum height is 57 m. Figs. 2(a) and (b) express the 

location of the sensors to get earthquake measurement data 

and the overview of the structure, respectively. In addition, 

the following Tables 1-2-3 present the specification of this 

dam. Considering the convenience of transportation and  
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Sensor 1

Sensor 2

 
(a) The sensor’s location 

 
(b) The construction site (K-water 2018) 

Fig. 2 The three-dimensional view of the Bohyeonsan Dam 

 

Table 1 Specification of the Bohyeonsan Dam 

 Specification SL Structure name 

 𝐻 = 57 m, 𝐿 = 250 m 6 Sub dam 

 𝐻 = 15.3 m 7 Small hydropower plant 

 17 Passengers 8 Upstream tide 

 𝐵 2.0 ×  𝐻 2.5 m 9 Garbage collection 

m 𝐵 6.0 × 𝐿 9.0 × 𝐻 5.0 m 10 Flow wall 

 

Table 2 Design water level 

Division 
Upper water 

level (m) 
Downstream 

level (m) 

Highest water level EL. 240.00 EL. 188.28 

Planning flood level EL. 238.50 EL. 185.11 

Constant water level EL. 236.00 - 

Low water level EL. 208.00 - 

 

 

installation of heavy equipment during the construction, the 

dam floor has two lanes for vehicle traffic as the access to 

the road and security. Therefore, the width of the paraplegic 

parapet and auxiliary pedestrian bridge is 8.5 m, including 

the walkway, and the width of the pedestrian bridge is 7 m 

considering the interference of the waterway. A gallery was 

installed inside the dam so that construction and 

maintenance can be done after completion.  

The Bohyeonsan Dam significantly is used for the 

controlling of reservoir water. The whole storage capacity 

of the reservoir is 22.10×106 m3 and the construction of the 

dam was completed in 2014. Two rows PVC panels were 

installed to prevent lateral shrinkage and leakage of joints 

and leakage. The detailing dimensions of the selected 

overflow section of the Bohyeonsan Dam are determined 

and described in Fig. 3. 

Table 3 Concrete materials properties 

Material properties Inside the dam Outside the dam 

Design criteria of compressive 

strength (MPa) 
12 18 

Young’s modulus (MPa) 13767 16861 

The tensile strength (MPa) 1.3 1.6 

Poisson’s ratio 0.18 0.18 

Density (kg/m3) 2300 2300 

Compressive strength 

estimate coefficient 

a 16.2 16.2 

b 0.82 0.82 

d 1.00 1.00 

 

57.0 m

56.0 m

10.0 m

11.0 m

13.0 m

38.0 m

42.0 m

9.0 m

 

Fig. 3 Detailing dimensions of the selected section 
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Fig. 4 Geometry of the Bohyeonsan concrete dam 

 

 

3. Finite element analysis and model verification  
 

3.1 Finite element model  
 
For system identification to find out the parameters of 

this dam, a 2D finite element model is simulated by 

ABAQUS. The most critical section has been chosen 

according to the acceleration and stress output of the model 

analysis. Fig. 3 describes the selected cross-section with 

dimensions, and Fig. 4 shows the geometry of the 

Bohyeonsan concrete gravity dam. 

From the geometry, it can be seen that this dam is built 

using two kinds of concrete with different elastic modulus. 

The element type CPS4R (4-node bilinear plane stressed 

quadrilateral) is used in the numerical model. Water 

pressure is included in the PohangEQ step, in which the 

height of the equivalent water level is 𝐻𝑤 =  42 m from the 

heel. During the optimization of the model, the free field 

data of the Pohang earthquake is considered as the input 

ground motion. According to Mridha and Maity (2014), the 
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first stage to get the natural frequency is essential for 

structural analysis. 

 
3.2 System identification using Response Surface 

Methodology (RSM) 
 
Many methods have been used for system identification 

in previous studies; it is apparently undeniable that 

Response Spectral (RS) obtained from accelerometers 

reflects exactly the dynamic response of the structure. 

Moreover, to enhance the accuracy of the structural health 

monitoring, multi-objective optimization using RSM is 

applied in this section. Myers et al. (2016) concluded that 

the response surface methodology is a collection of 

mathematical models, which are convenient for analyzing 

and building an empirical model. Depending on the set of 

tests, RSM estimates the relationship between several 

variables (𝑣) and responses (𝑟) of the structure by Eq. 

(1). 

𝑟 =  𝑓(𝑣1, 𝑣2, … 𝑣𝑛)  + 𝑢 (1) 

where 𝑢 describes the error observed (offset term) in the 

response 𝑟 and 𝑓(𝑣1, 𝑣2, … 𝑣𝑘) deputizes the response of 

the structure due to the sets of input variables. By using an 

interesting range of parameters, the optimization of 

response can be obtained from several independent 

variables. First-order and second-order polynomial 

equations are commonly used for RSM, which are 

expressed as Eqs. (2)-(3). 

First-order: 

𝑟 =  𝛽0 + ∑ 𝛽𝑖𝑣𝑖 + ∑ 𝛽𝑖𝑗

𝑛

𝑖,𝑗=1

𝑛

𝑖=1

𝑣𝑖𝑣𝑗 + 𝑢 (2) 

Second-order: 

𝑟 =  𝛽0 + ∑ 𝛽𝑖𝑣𝑖 + ∑ 𝛽𝑖𝑣𝑖
2

𝑛

𝑖=1

+ ∑ 𝛽𝑖𝑗

𝑛

𝑖,𝑗=1

𝑛

𝑖=1

𝑣𝑖𝑣𝑗 + 𝑢 (3) 

where 𝑟 is the predicted response and 𝛽 is the estimated 

partial regression coefficient of noise; 𝑣𝑖  is the coded 

factor (𝑖, 𝑗 =  1,2,3 … , 𝑛)  and 𝑢  is the offset term. 

Although the polynomial Eq. (3) can be used with greater 

order, it is sufficient for solving the engineering problems 

with the second order. In this study, the CCD method is 

used for identifying the structural parameters. 

 
Central Composite Design (CCD) 
 
For the optimization of responses (output variables), the 

CCD is a design experiment tool (Sadhukhan et al. 2016). 

The CCD is effective to predict the output by using an 

equation based on central and axial points with factorial 

design. The total number of experiments is calculated by the 

following equation 

𝑆 = 2𝑛 + 2𝑛 + 𝑐𝑝 (4) 

where 𝑛 is the number of factor and 𝑐𝑝 is the number of 

center-point. In this study, two factors are used as the 

proportion of Young’s modulus and density, while the  

Table 4 Experimental region of material parameters 

Factors 
Interest region 

Low Center High 

Proportion of Young’s modulus () 0.66364 1 1.33636 

Density (tone/m3) 2.20000 2.325 2.45000 

 

Table 5 The analysis points and corresponding structural 

responses 

Run order 
Analysis point Structural responses 

E ()  F1 F2 

1 0.66364 2.32500 18.0 0.23795 

2 1.00000 2.32500 14.5 0.18989 

3 1.20000 2.45000 14.5 0.17441 

4 0.80000 2.45000 18.0 0.20087 

5 0.80000 2.20000 14.0 0.21748 

6 1.00000 2.11478 14.5 0.21106 

7 1.33636 2.32500 14.0 0.17920 

8 1.00000 2.53522 14.0 0.17622 

9 1.20000 2.20000 14.0 0.19784 

 

Table 6 Equations for predicting frequency and peak 

acceleration values 

Cases Object function Prediction equations 

1 𝑃𝐴𝐹 
0.926 − 0.248𝛼 − 0.413𝜌 + 0.1655𝛼2 

+0.086𝜌2 − 0.068𝛼 × 𝜌 

2 𝐹𝐴𝐹 
−92 + 50.4𝛼 + 69𝜌 + 12.9𝛼2 

−6.7𝜌2 − 35𝛼 × 𝜌 

 

 

acceleration at the top of the dam under the Pohang 

earthquake is inspected as the structural response. The top 

acceleration and frequency response values have been 

considered as objective functions and the Eqs. (5)-(6) 

explain their meaning 

𝐹1 = (𝐹𝐴𝐹) (5) 

𝐹2 = (𝑃𝐴𝐹) (6) 

where (𝑃𝐴𝐹) (𝐹 =  1, 2, … , 𝑘)  is the peak value of 

acceleration on the frequency domain and (𝐹𝐴𝐹) (𝐹 =
 1, 2, … , 𝑘) is the value of frequency corresponding to the 

peak acceleration. Using Eq. (4), CCD creates a total of 9 

experimental points, including 4 factorial points, 4 axial 

points and 1 center point, which are generated randomly 

from the interest region of the proportion of Young’s 

modulus () and density () (Hussan et al. 2018). The 

interest region is shown in Table 4. 

In order to carry out the structural optimization, the 

acceleration amplitude and frequency values are chosen as 

objective functions to minimize the difference between the 

numerical model and the real structure. All of the 

optimization cases are designed by using Minitab (2018) 

tools. Table 5 enumerates the analysis cases of the 

Bohyeonsan Dam under the Pohang earthquake, and Table 6 

shows the equations for predicting the frequency value and 

peak acceleration. 

To make it more understandable, the surface plot 

function is conducted to show the three-dimensional view  
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Table 7 Similarity comparison of RS 

  Before optimizing After optimizing 

Similar (%) 
Acceleration 92.8 97.3 

Frequency 93.3 96.7 

 

 

of response due to changing the factors. Fig. 5 portrays the 

structural response, which is plotted along with the two 

factors of concrete material. Besides that, the structural 

optimization using the response optimizer function based on 

RSM is applied herein. For optimization cases of dam’s 

parameters, the peak acceleration and frequency obtained 

from sensors are considered as target objects. Fig. 6 

expresses the response of the structure, which mainly based 

on the target value set up to find out the enrich results. The 

optimum proportion of Young’s modulus (𝛼) and density 

(𝜌)  after optimizing is 0.787 and 2.32 (tone/m3), 

respectively. 

Figs. 6 (a) and (b) show the response spectrum at the top 

of the dam before and after optimizing, the difference 

between the peak acceleration and frequency is decreased 

when compared with the recorded data. The percentage of 

similarities of Response Spectrums (RS) are shown in Table 

7 for better understanding. 

From the above analysis, it indicates that that the 

response of the dam after using RSM is not exactly matched 

because of many uncertain factors, but from Fig. 6(b) and 

from the percentage value after optimizing we can say that 

these results are acceptable. 

 
 
4. Fragility analysis 

 

A fragility curve expresses the probability of failure of a 

structure corresponding to the input motion intensity 

measure, such as the PGA (Tran et al. 2019). Fragility 
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(b) After optimizing 

Fig. 6 Response spectrum on the top of the dam 

 

 

curves also become very popular for assessing the seismic 

vulnerability of civil engineering structures and it is one of 

the best current practices. Vamvatsikos and Cornell (2002) 

studied about IDA, which involves a series of structural 

dynamic analyses under a set of ground motion records.  

 
A

c
ce

le
ra

ti
o
n
 (

g
)

 

F
re

q
u

en
cy

 (
H

z)

 

 

 (a) Acceleration response surface plot (b) Frequency response surface plot  
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 (c) Acceleration response contour plot (d) Frequency response contour plot  

Fig. 5 Response plot function 
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Fig. 7 Fragility curves of the Bohyeonsan Dam 

 

 

Each recorded data is scaled into several intensity levels to 

cover the whole range from elastic to collapse of the 

structure. Particularly, the goal of the analysis is to record 

the damage state of the dam, which is measured by an 

engineering demand parameter. In this study, the tensile 

strength of concrete material is considered as the limit-

states of a structure. According to Ibarra and Krawinkler 

(2005), the fragility curve is calculated from data sets by 

taking logarithms of each ground motion’s IM value 

corresponding to the onset of collapse, the mean and 

standard deviation values are calculated by Eqs. (7)-(8). 

lnθ =
1

𝑛
∑ 𝑙𝑛𝐼𝑀𝑖

𝑛

𝑖=𝑖

 (7) 

β = √
1

𝑛 − 1
∑(𝑙𝑛(𝐼𝑀𝑖/𝜃))

2
𝑛

𝑖=1

 (8) 

The exceedance in the PGA and the probability of 

failure are analyzed by applying twelve sets of earthquakes 

in Korea as input ground motions with various IM levels. 

After carrying out the fragility analysis, the fragility curves 

of the dam are shown in Fig. 7, which reflects the 

vulnerability of the structure. A new idea is proposed 

throughout this study is the estimation of CAVlimit for dam 

structure based on PGA value, which comes from the 

HCLPF point. Reed and Kennedy (1994) described the 

HCLPF capacity is defined to be the 95% confidence of a 

5% probability of exceedance. Sen (2018) mentioned that 

the 5% probability of failure is common in all civil 

engineering structures to check the safety against 

earthquakes.  

Fig. 7 indicates that the HCLPF point for the 

Bohyeonsan Dam is defined from the 95% confidence 

fragility curve with a 5% probability of failure. The failure 

starts from 5% corresponding to PGA of 0.31 g and leads to 

the total collapse of the dam at the level of more than 2.5 g. 

The major purpose of developing fragility curve for the 

structural model is to reflect the vulnerability of structural 

behavior. From the acceleration value of the HCLPF point, 

the cumulative absolute velocity analysis is conducted. 

Firstly, all of the selected earthquakes are scaled so that the 

peak ground acceleration is 0.31 g. Then, the capacity of 

CAVlimit is calculated and chosen conservatively for 

checking the operational condition of the structure. The 

detailed process is explained clearly in the next sections. 

 
 
5. Cumulative absolute velocity (CAV) and 
standardized CAV 

 

Based on the CAV threshold value, the dam operators 

can give the decision whether a dam must be shut down 

after an earthquake event or not. According to Campbell 

and Bozorgnia (2011), CAV is defined as the integral of the 

absolute acceleration values in the time domain, which is 

represented mathematically by the Eq. (9) 

𝐶𝐴𝑉 = ∫ |𝑎(𝑡)|𝑑𝑡
𝑡𝑚𝑎𝑥

0

 (9) 

where 𝑎(𝑡) is acceleration value, 𝑡 is time, and 𝑡max is 

the total duration of the time series. Fig. 8 illustrates the 

acceleration response in the time domain and the 

corresponding value of CAV (Campbell and Bozorgnia 

2010). In this figure, CAV is the summation of the hatched 

areas. Obviously, the value of CAV increases with time until 

reaching the maximum value at 𝑡max. Therefore, it is not 

skeptical to say that CAV includes total effects of the whole 

ground motion, and the Electrical Power Research Institute 

(EPRI 1988) detected that it is the best ground motion 

parameter. As reported by Hardy et al. (2006), EPRI 

introduced a standardized version of 𝐶𝐴𝑉𝑆𝑇𝐷, which rejects 

the contribution of low-amplitude and non-damaging 

ground motions from contributing to probabilistic seismic 

hazard analysis. The mathematical explanation of 𝐶𝐴𝑉𝑆𝑇𝐷 

is described in Eqs. (10)-(11). 

𝐶𝐴𝑉𝑆𝑇𝐷 = ∑ (𝐻(𝑃𝐺𝐴𝑖 − �̈�𝑚𝑖𝑛) ∫ |𝑎(𝑡)|𝑑𝑡
𝑖

𝑖+1

)

𝑁

𝑖=1

 (10) 

𝐻(𝛿) = {
0     𝛿 < 0
1     𝛿 ≥ 0

 (11) 

where 𝑁 is the number of non-overlapping for one-second 

time intervals, 𝑃𝐺𝐴𝑖 is the peak ground acceleration (g) in 

𝑖th  time step,  �̈�min  is an acceleration threshold (user-

defined, but usually taken as 0.025 g) to neglect low-

amplitude motions contributing to the summation, 𝐻(𝛿) is 

the Heaviside step function. 

The small-amplitude accelerations usually do not cause 

significant consequences on structural damages, so several 

versions of CAV are suggested to exclude these small-

amplitude values. For instance, the version of the 

standardized CAV method (CAVSTD) only calculates for the 

1-sec time interval range, which has at least one peak 

acceleration value greater than the threshold value of 0.025 

g. Kramer and Mitchell (2006) mentioned another variant 

CAV namely CAV5, which includes the acceleration values 

greater than the threshold value of 5 cm/sec2. However, the 

exclusion of low-amplitude acceleration, especially values 

near the acceleration threshold leads to declining stability in 

predicting these intensity measures (Campbell and 

Bozorgnia 2010). Collaborate with this reason and almost  
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Fig. 8 Illustration of the CAV definition 

 

0.2

0

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 5 10 15 20 25 30 35

Time (sec)

C
A

V
 (

g
-s

ec
)

CAV = 0.25

CAV-1AD

CAV-2BJ
CAV-3BS

CAV-4CG

CAV-5DA

CAV-6DB

CAV-7EP

CAV-8GC
CAV-9GN

CAV-10RD

CAV-11YD

CAV-12Y0

 
(a) North-South direction 
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(b) East-West direction 

Fig. 9 CAV calculation corresponding to 12 selected 

earthquakes in Korea 

 

 

the acceleration values of the Pohang earthquake data are 

smaller than the acceleration threshold (0.025 g), thus, the 

only CAV method is used in this paper to increase the 

reliability. 

 
 
6. Calculating CAV limitation and checking the 
operational condition of the dam 

Table 8 CAV values of earthquake data sets in Korea 

Earthquake 1AD 2BJ 3BS 4CG 5DA 6DB 7EP 8GC 9GN 10RD 11YD 12Y0 

CAV-N 0.44 1.20 0.60 0.46 0.69 0.25 0.50 0.93 1.50 0.54 0.74 0.83 

CAV-E 0.64 0.69 0.79 0.26 0.61 0.33 0.63 1.05 1.30 0.47 0.88 0.46 

 

 

The CAV concept is the best single parameter for 

specifying the damage threshold of earthquake impacts. Fig. 

7 presents the boundary of fragility curves and from the 

curve of 95% confidence level, the PGA 0.31 g of HCLPF 

point presents 5% probability of failure. In order to 

calculate the limitation of CAV for the dam, all of the 

earthquakes in data sets are scaled, analyzed with this PGA, 

and these results are presented in Fig. 9. From this figure, 

the capacity of CAVlimit is estimated by comparing the 

analysis of twelve earthquakes with two horizontal 

components. According to Hardy et al. (2006), the CAV 

values are defined for each free-field record and selected 

conservatively. In this study, Eq. (9) is applied for each 

earthquake in data sets and the effective duration of the time 

interval between 5% and 75% of arias intensity is used. The 

limitation is chosen as the lowest CAV value from CAV 

analysis. Result in, the minimum CAV value of 0.25 g is 

obtained from earthquake 6DB in the North-South 

direction. The summary of CAV values corresponding with 

each earthquake is enumerated in Table 8.  

In the North-South (N-S) direction, the minimum CAV 

value is 0.25 g-sec from earthquake 6DB, whereas, in the 

East-West (E-W) direction, the obtained minimum CAV 

value is 0.26 g-sec for earthquake 4CG. Therefore, it can be 

said that the value of the CAVlimit of the Bohyeonsan Dam is 

0.25 g-sec. The CAV check for any earthquake is exceeded 

if any one of the two horizontal components from the free-

field ground motion is greater than 0.25 g-sec. Campbell 

and Bozorgnia (2010) explained that in the case of 

exceeding CAVlimit value, the Operating Basis Earthquake 

(OBE) is surpassed and plant shutdown is required. 

After getting the CAVlimit value of the Bohyeonsan Dam, 

the cumulative absolute velocity inspection is conducted for 

free-field data sets of the Pohang earthquake. The high 

predictability of the CAV insures for using a simple 

functional form in checking the uncertainty in seismic 

hazard analysis. Besides that, this simplified method would 

have a significant advantage in situations where the ground-

motion parameters for a sophisticated model are unknown 

or highly ambiguous. 

The CAV calculation for the Pohang earthquake in two 

horizontal components is shown in Figs. 10-11, in which the 

maximum CAV value of 0.063g-sec is obtained from the 

East-West direction. Comparing with the dam capacity of 

CAVlimit (0.25g-sec), it can be said that the operational 

condition of the Bohyeonsan Dam is not affected after 

withstanding the Pohang earthquake. 

 
 
7. Conclusions 

 

Conducting the post-earthquake inspection of the 

structure becomes a financial burden for the governments. 

Therefore, proposing a time-saving and cost-effective  
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Fig. 10 CAV diagram in the N-S direction of the Pohang 

earthquake 

 

 

method for making the preliminary evaluation by using the 

recorded data from sensors is the motivation of this study. 

The applicability of this method is the most important 

feature, based on the seismic risk assessment process for the 

Bohyeonsan Dam, the operators can apply for various 

structures in Korea. In addition, the user can alter flexibly 

the methods in each step to increase the accuracy. 

During the lifetime of service, the characteristic of the 

structural material may be degradative by the impacts of 

uncertain issues such as seismic effects, chemo-mechanical 

phenomenon, etc. Predicting accurately the physical 

condition of the structure is a significant role in structural 

health monitoring. In order to improve the reliability of the 

numerical model, RSM is used to calibrate the acceleration 

output data. As the effects of the surrounding environmental 

condition of the dam, Young’s modulus of elasticity is 

decreased by 21% whereas the density is increased by 

0.87% more than the initial values. This phenomenon can 

be explained because the concrete continuously interacts 

with water during the service time, thus, the material 

properties are attenuate due to calcium leaching, mechanical 

damage, absorb water, etc. From the results of cumulative 

absolute velocity and fragility analysis, this study concludes 

that the operational condition of the Bohyeonsan Dam is not 

affected after withstanding the Pohang earthquake. 

For the future research of this study, the inspection and 

prediction for the seismic vulnerability of dam structures in 

Korea at a specific coordinate should be considered. In 

addition, the soil-structure interaction (SSI) and fluid effects 

can be applied to improve the accuracy of the numerical 

model. 
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Fig. 11 CAV diagram in the E-W direction of the Pohang 

earthquake 
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