Earthquakes and Structures, Vol. 13, No. 4 (2017) 421-427
DOI: https://doi.org/10.12989/eas.2017.13.4.421

Seismic probabilistic risk assessment of weir structures considering the
earthquake hazard in the Korean Peninsula

Jahangir Alam'?, Dookie Kim*' and Byounghan Choi?®

'Civil and Environmental Engineering, Kunsan National University, 568 Daehak-ro, Gunsan-si 54150, Republic of Korea
2Rural Research Institute, 870, Haean-ro Sangnok-gu, Ansan-si Gyeonggi-do, 15634, Republic of Korea

(Received July 8, 2017, Revised December 18, 2017, Accepted December 23, 2017)

Abstract. Seismic safety evaluation of weir structure is significant considering the catastrophic economical consequence of
operational disruption. In recent years, the seismic probabilistic risk assessment (SPRA) has been issued as a key area of
research for the hydraulic system to mitigate and manage the risk. The aim of this paper is to assess the seismic probabilistic risk
of weir structures employing the seismic hazard and the structural fragility in Korea. At the first stage, probabilistic seismic
hazard analysis (PSHA) approach is performed to extract the hazard curve at the weir site using the seismic and geological data.
Thereafter, the seismic fragility that defines the probability of structural collapse is evaluated by using the incremental dynamic
analysis (IDA) method in accordance with the four different design limit states as failure identification criteria. Consequently, by
combining the seismic hazard and fragility results, the seismic risk curves are developed that contain helpful information for risk
management of hydraulic structures. The tensile stress of the mass concrete is found to be more vulnerable than other design
criteria. The hazard deaggregation illustrates that moderate size and far source earthquakes are the most likely scenario for the
site. In addition, the annual loss curves for two different hazard source models corresponding to design limit states are extracted.
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1. Introduction

The weir structures are critical lifeline infrastructure that
usually serves to control the flood, generation of electric
power, water supply, irrigation and recreation purposes. The
seismic risk assessment of weir structure is particularly
important considering the economic losses due to disruption
of its operation and maintenance. Recently, the risk
assessment and disaster management of critical hydraulic
infrastructure have been issued due to the increased
frequency of earthquake and flood for the effect of climate
change in Korea. Many researchers are performing seismic
fragility analysis for risk evaluation of concrete dams and
weir structures. For example, Hariri-Ardebili and Saouma
(2016) provided a methodology for vulnerability assessment
of concrete dam and showed the important factors for
probabilistic assessment of dams. Tekie and Ellingwood
(2003) came up with a framework for developing fragility
of concrete gravity dam to evaluate the seismic
performance. Arefian et al. (2016) analyzed the seismic
vulnerability of a cemented material dam based on the
length and area of the crack created at the base of the dam
as failure criteria. Ju and Jung (2015) evaluated the fragility
of weir structure in Korea considering the limit states as
compressive stress, tensile stress, and displacement. Also,
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the effect of near source and far source ground motion were
considered. In case of seismic structural fragility analysis,
people are using different probabilistic approach. For
example, the building damage functions were developed
considering the quantitative measures of ground shaking for
the loss estimation of the structure (Kircher et al. 1997).
Pagni and Lowes (2006) developed a fragility function to
predict the method of repair required for older reinforced
concrete beam-column joints damaged due to earthquake
loading. Porter et al. (2006) showed the analysis of damage
data to create and test fragility functions for building
components. Alam et al. (2017) showed a way to reduce
uncertainty of seismic fragility using Bayesian inference
with the help of markov chain monte carlo (MCMC)
simulation. The seismic vulnerability analysis of highway
bridges in Nepal was depicted, and the comparison between
the constructed fragility curves with other observational
fragility curves was shown (Gautam 2017).

Although the Korea is known as a low and moderate
earthquake seismicity region (Choi et al. 2005), recently,
more frequent and bigger earthquakes have been observed.
The Gyeongju earthquake was the largest recorded
earthquake on the Korean Peninsula with magnitude 5.8,
and which was occurred on September 12, 2016. In
addition, another recent earthquake was recorded with
magnitude 5.4, called Pohang earthquake, on November 15,
2017. Therefore, the significance of seismic risk evaluation
of critical infrastructures (i.e., dams, weirs, bridges and
others) by considering the site-specific hazard is growing up
for engineers. Zimmaro and Stewart (2017) performed the
site-specific probabilistic seismic hazard analysis for
Calabrian dam site in Southern Italy and compared the prior
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Table 1 Material properties of the weir structure

Structures Modulus of Elasticity (MPa)  Poisson’s ratio Unit weight (Kg/m®)

Weir Body 26637 0.167 2400
Mass Concrete 24579 0.167 2400
Soil Layer 1 2 0.4 1700
Soil layer 2 25 0.4 1900
Soil Layer 3 2000 0.3 2400

uniform hazard spectrum to his study. The probabilistic
seismic hazard analysis (PSHA) approach was performed
for two cities of Iran, and attenuation equation and uniform
hazard spectra (UHA) was developed based on two
customary hazard level (Alireza and Kamali-Asl 2015). A
comprehensive framework for seismic risk and loss
estimation was developed considering the seismic hazard
and fragility, and demonstrated for two cities of Greek and
Turkish (Pitilakis et al. 2011). In addition, the seismic
hazard analysis was performed at the Itoiz dam site, Spain;
and the framework for seismic performance of dam was
provided (Garcia-Mayordomo and Insua-Arevalo 2011).
Gautam et al. (2016) showed the site response analysis and
associated structural damage analysis of five location in
Kathmandu Valley, Nepal. Recently, Choi et al. (2009)
performed PSHA method for nuclear power plant site in
Korea and developed site-specific uniform hazard spectrum.
The seismic source models were proposed by using
historical and instrumental earthquake. However, limited
guidance is available for the seismic risk assessment of
hydraulic structures considering the site-specific hazard
analysis in Korea.

The study examines probabilistic dependence prospect
of earthquake risk of the weir structure by considering the
seismic hazard source data in Korea. The PSHA method is
employed to assess the seismic hazard of the weir site. The
most probable earthquake scenarios of the site are shown by
hazard deaggregation. The 2D finite element model (FEM)
of weir structure together with the soil-structure foundation
is used to perform numerical analysis for developing the
seismic fragility. The evaluation can have important
implications regarding the performance of the structures
and regional impacts. After all, the seismic risk is analyzed
by the convolution of seismic fragility and hazard function.

2. Structural analysis
2.1 Weir structure model

The Gangjeong-Goreyeong weir structure, located on
the Nakdong River in Korea was constructed due to the
irrigation and hydropower generation purposes (Ju and Jung
2015). The overall length of the concrete weir structure is
933.5m consisting of overflow and non-overflow section.
The height of the weir section is 11.03 m and storage
capacity is 92.3 million m>. The weir structure is modeled
considering the three different soil foundations layers (i.e.,
layer 1: sand, layer 2: gravel-sand mixture and layer 3:
rock). Fig. 1 illustrates the details dimension of the weir
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Fig. 1 The geometry of Gangjeong-Goreyeong weir
structure

Fig. 2 2D FE model of Gangjeong-Goreyeong weir
structure

structure. The material properties of weir structure are
shown in Table 1 (Ju and Jung 2015). For numerical
analysis of weir structure, 2D FEM is generated by using
ABAQUS as shown in Fig. 2. The concrete design strength
of weir and mass concrete are 24 MPa and 18 MPa
respectively.

2.2 Load consideration

For structural analysis of weir structure, four different
loadings (hydrostatic pressure, hydrodynamic pressure,
uplift pressure and silt pressure) are considered with
earthquake and self-weight. The hydrostatic pressure
generally varies due to increasing the height of water and
can be calculated by the following equation

By, = pgh (1

where p is the density of water, g is the acceleration of
gravity (9.81m/s?), and h is the depth of water.

In the field of the hydraulic structure, the Westergaard
equation is commonly accepted for estimating the
hydrodynamic pressure on the rigid reservoir dam (Karaca
and Kiigiikarslan 2012). The governing equation is as
follows

P, = 0.875p,,gkvVH X h 2)

where P_d is the hydrodynamic pressure (MPa), k is the
design seismic coefficient which is two third of the peak
ground acceleration in term of g (i.e., 0.67(PGA/g)), H is
total height of the water, and h is height from water level to
the calculating point.
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Fig. 3 Seismic source maps for probabilistic seismic hazard
analysis

The uplift pressure reduces the effective weight of the
structure, and therefore the restoring force is reduced. The
uplift pressure can be expressed as (Ju and Jung 2015).

U=y, *xCXxXAX[H,+ (H — H,) X 1] 3)

where C is area ratio of contact surface, A is bottom area
of contact pressure, H; is the upstream height of the dam
weir, H, is the downstream height of the weir structure,
and 7 measure the ratio of H; — H, based on cut-off
grouting and drainage curtain.

In addition, the earth pressure, silt pressure is taken into
account in this study. The force of the silt pressure can be
calculated using Rankine formula (Ali et al. 2012).

F = ysubKaH2 4)
where H is the height of the silt deposition, K, means the
coefficient of the active earth pressure of silt, and ygy,
defines the unit weight of silt materials.

3. Seismic hazard analysis

3.1 Seismic source map in Korea

Korea is recognized as a low and moderate seismicity

Table 2 Seismicity parameters of the seismic source maps

Seismicity parameters

. in.
Source model Zone Max. Magnitude Magnitude
a b

RS1 4.28 1.12 6.6
RS2 3.53 0.92 6.9
RS3 2.59 0.69 7.1

Model A RS4 2.34 0.66 6.7 3.8
RS5 3.10 0.87 7.1
RS6 2.12 0.66 6.7
RS7 1.70 0.59 72
RS1 2.93 0.76 6.7

Model B 3.0
RS2 2.53 0.75 6.5

zone because of no strong earthquake record was measured.
Moreover, no active faults were identified in Korea. So, the
Poisson type PSHA approach is exercised in Korea where
all earthquakes are presumed to occur under a stationary
process in the time domain (Choi et al. 2005). Recently, the
seismology expert teams have been introduced the
earthquake hazard source map for the PSHA, based on
historical and instrumental earthquake data without a
distinct seismo-tectonic environment. The seismic source
model was developed by using more than 2000 earthquake
data, in which more than 1800 earthquake data had been
taken from the historical earthquake records (Seo et al.
1999). Seismic source models of Korea are shown in Fig. 3
that is used in this research. The distribution of the
carthquake size was presumed to follow the Gutenberg-
Richter recurrence law (Gutenberg and Richter 1944) and
the hypocenters were assumed to be distributed uniformly
and randomly. Table 2 shows the seismicity parameters for
the seismic source model provided by CRIEPI (2006).

3.2 Probabilistic seismic hazard analysis

The rate of exceedance of a specific value of x of
earthquake intensity measure (IM) can be calculated by
using PSHA method. Generally, PSHA can consider the
aleatory uncertainties of earthquake magnitude (M), source
to site distance (R) and wave attenuation (McGuire,
1976).

Ns Nm Ngr

A(M > x) = Z v; z z P(IM > x|mj, r)P(M;

=1 je1k=1 (5)
=m;))P(R; =1y)

where v; indicates annual rate of earthquake occurrence
which is provided by Gutenberg and Richter (1944).

v, = 109-bmi (6)

where a and b values are known as the Gutenberg-
Richter recurrence parameters. The resulting probability
distribution of magnitude for the Gutenberg-Richter law can
be determined by the ratio between the number of
earthquake in a magnitude range prescribed to the total
number of earthquakes (MacGuire 1976, 1978).
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Pmy <M <m,myg <my,my, < Mypgy)
_ 107b™1 — 107Pm2 (7)
~ 107bmo — 10~ b™Mmax

where m, and m,,,, are the lower threshold magnitude
and maximum magnitude. Therefore, the seismicity
parameters (a, b, my, My,,,) of each source model are
pivotal part for probabilistic seismic hazard analysis (Wang
etal 2013).

Ground motion prediction model is generally developed
using statistical regression of observed ground motion
intensities. In this study, predictive model of Cornell et al.
(1979) is used for the mean of log peak ground acceleration
(in units of g).

InPGA = —0.152 + 0.859M — 1.803In(R + 25)  (8)

The seismic hazard deaggregation expresses the mean
annual rate of exceedance for particular ground motion
intensity at any specific site base on the different source and
their magnitudes and distances (Kramer 1996, Baker 2013).

A(IM > x,M =m,R =r) = P(M; = m)P(R;
Ny

= eriP(IM > x|m;, 1) ®)

i=1

4. Seismic fragility analysis

Seismic structural fragility defines as the probability of
failure, that the seismic demand placed on the structure (D)
is greater than the capacity of structure (C) (Tadinada,
2012).

Seismic fragility = P[D = C|IM] = P[C- D < (10)
0|IM]

The lognormal distribution is commonly used to
represent the collapse fragility curve (Bradley and Dhakal
2008, Baker 2015) and is used in this study.

lnIM—lnB)

B

where P(C|IM) denotes the fragility function for ground
motion IM, ¢() denotes the standard normal cumulative
distribution function(CDF), 6 is the median value of the
distribution function, and [ denotes the logarithmic
standard deviation or dispersion of In /M.

There are different methods for estimating the two main
parameters 8 and [ of fragility curve based on lognormal
model. The incremental dynamic analysis (IDA) method
involves scaling each ground motion in a suite until it
causes collapse of the structure (Vamvatsikos and Cornell
2002). The intensity measure of the ground motion is
gradually increased and applied into the structural model
until the collapse is occurred. Fragility parameters can be
estimated from analyses data by taking logarithms of each
ground motion’s IM value associated with onset of collapse,
and computing there mean and standard deviation (Ibarra &
Krawinkler 2005). Let, M be the number of specimen
tested to failure, i is the index of specimen (i =

P = ¢ ( (n

1,2,.....M and IM is the value associated with the
beginning of collapse for the ith ground motion (Ang and

Tang 20006).
L&
0 =exp (MZ lnIMi> (12)
i=

1 M
= = (5" (13)

5. Seismic probabilistic risk assessment

In general, the seismic probabilistic risk assessment
approach is used to quantify the potential damages loss due
to future earthquakes and their probabilities of occurrence
in a given period (Brabhaharan et al. 2005). In this study,
the lognormally distributed loss measure method (Porter,
2016) is used for estimating the risk curve of a single
structure. The risk curve of the weir structure is expressed
as the percentage of probable loss (FEMA 2001, Kalantari
2012, Noroozinejad Farsangi et al. 2014). Seismic risk
curve can be estimated by integrating the seismic hazard
function and seismic fragility function with respect to the
ground motion intensity.

dG(x)
dx

R(y) = f —(1=P(Y < y|IM = x)) dx  (14)
=0

where Y is the uncertain degree of loss, x is a particular
value of the ground motion intensity, R(y) annual
frequency with which loss of degree y is exceeded, G(x) is
the mean annual frequency of shaking exceeding intensity x
and P(Y <y|IM =x) is the cumulative distribution
function of IM evaluated at y for given shaking x. Risk
curve can be estimated by numerically integrating of the n
discrete values of earthquake intensity x (Porter 2016).

n

RG)= (pi_l(y)ai

i=1
Ap;(x)
— a5, Gi_4 (exp(miAsi) (ASL- (15)

)

where
a; = Gi—1(1 — exp(m;4s;)) (16)
G
In=—
G;_ , 17
m; = ?ilforl=1,2, ...... n ( )

o)\ o
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Table 3 Limit state of weir structure

Limit States Details Design Criteria
LS-1 Compressive stress at weir body 0.25f,, = 6MPa
LS-2 Tensile stress at weir body 0.42,/f = 2.058MPa
LS-3 Compressive stress at mass concrete 0.25f,;, = 4.5MPa
LS-4 Tensile stress at mass concrete 0.42,/fo = 1.782MPa

Probability of failure

PGA

Fig. 4 Seismic fragility curve of weir structure for the
different limit state

6. Results and discussion

The 2D simple linear elastic plain strain EFM of weir
structure is generated including three different soil layer to
evaluate the seismic risk. For failure identification of the
structure, four different limit state are considered based on
design criteria of compressive stress and tensile stress of
weir body and mass concrete (see Table 3). Thereafter,
thirty-time history analyses are performed to assess the
seismic fragility of the structure. From the numerical
analysis results, fragility parameters are calculated by using
IDA method for four different limit states. In case of IDA,
fragility parameters are accounted by taking logarithms of
each ground motion associated with the onset of collapse
(Baker, 2015). From analyses results, the fragility
parameters (6,) are estimated (0.90, 0.28), (0.81, 0.16),
(0.79, 0.24) and (0.50, 0.30) for LS-1, LS-2, LS-3 and LS-4
respectively. Fig. 4 shows the seismic fragility curve of weir
structure for four different limit state. From Fig. 4, we can
see that the fragility curve for LS-2 are intersected with LS-
1 and LS-3. It is because of the logarithmic standard
deviation (f) value are less for LS-2. It means the slope of
the lognormal fragility curve is very steep which indicates
that the failure probability of structure change rapidly
within a small interval of PGA value. The results illustrate
that the failure probability of tensile stress of mass concrete
(LS-4) is significantly greater than other failure criteria.

Using the seismic source maps as shown in Fig. 3, the
probabilistic seismic hazard analyses are performed on the
Gangjeong-Goreyeong weir structure site. Fig. 5 illustrates
the PGA seismic hazard curve for the weir structure site. As
shown in this figure, the PGA hazard curves from two
different source models show a large variation of hazard.
For example, the PGA values for the 10% exceedance
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Fig. 5 PGA seismic hazard curve for the weir structure site
located at 35.8439N and 128.465%
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Fig. 6 Hazard deaggregation for weir structure site at two
customary hazard levels: (a) 10% exceedance probability in
50 years and (b) 2% exceedance probability in 50 years

probabilities within 50 years for seismic source model A
and B are 0.10 g and 0.13 g respectively.

Hazard deaggregation is a part of PSHA for analyzing
the percentage of hazard contribution from certain size and
location of the earthquake. 10% and 2% exceedance
probabilities within in 50 years are two customary hazard
levels recommended by Kramer (1996). Fig. 6 shows the
respective PGA hazard deaggregation at the two hazard
levels for source model A. As can be seen in the figure, 95%
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Fig. 7 Seismic risk curve of Gangjeong-Goreyeong weir

structure: (a) for source model A, and (b) for source model
B

of hazard are contributed by magnitudes (5.5-7.0M,,) and
occurring between 50 to 200 km from site.

Eventually, the seismic risk of weir structure is assessed
by integrating the seismic hazard probability and fragility
function corresponding to the similar intensities. Fig. 7
shows the seismic risk curves of weir structure
corresponding four different limit state for 2 seismic source
model. As shown in this figure, the probable loss
corresponding exceedance rate of weir structure for tensile
stress of mass concrete (LS-4) is larger for both models.
Moreover, the annual economic loss due to disruption of
weir structure can be calculated from this figure.

7. Conclusions

This research quantified the risk of weir structures due
to earthquake hazard in the Korean Peninsula. To assess the
seismic vulnerability of weir structure, fragility functions
are developed considering different four limit states (LS) of
structural failure: compressive stress at weir body (LS-1),
tensile stress at weir body (LS-2), compressive stress at
mass concrete (LS-3) and tensile stress at mass concrete
(LS-4). The structural fragility results are obtained from
multiple time history analyses by using IDA method. The
weir structure is found to be more susceptible to the tensile
stress of mass concrete (LS-4) as compared to the other
damage states. The PSHA approach is performed for two

different source models to quantify the seismic hazard for
the weir site, and the results show a significant variation of
hazard. The hazard deaggregation is extracted at two
customary hazard levels. The deaggregation shows that
most probable scenario of hazard for the weir structure site
is contributed by magnitude (5.5-7.0M,,) and occurrence
between 50 to 200 km from the weir site. The method for
reckoning the annual probability of seismic risk
corresponding  exceedance rate is presented by
incorporating the seismic hazard and fragility results. For
future study related to monetary issues, the probable
maximum loss (PML) as criteria for the estimation of
economic loss can be calculated from the risk curve.
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