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ABSTRACT 

The objective is to propose the method to evaluate a fragility curve of an underground structure for multi 
damage modes, and first, fragility curves about flexural failure and shear failure are evaluated for seawater 
pipe duct. Next basic procedure to evaluate the fragility curve to connect the damage probability of both 
damage mode and evaluation cases are shown. 

When composite curves of two damage modes are compared, the 2063Gal which is Am of flexural 
failure is almost the same with the 2067Gal which is Am of shear failure which considered shear 
reinforcement, it is found that there is a possibility that two damage modes are generated both. In addition, 
the damage probability of the structure obtained by the connection is larger than the value for each damage 
mode. Furthermore, it is thought that the risk for the individual damage mode becomes the underestimate. 

INTRODUCTION 

Seawater intake duct and seawater intake pit are the significant underground structure for the safety of 
nuclear power plant and are required by the regulatory guideline for reviewing seismic design of nuclear 
power reactor (2006) revised on 2006 to have the performance with the proper safe margin to the ultimate 
limit state. The underground structure before the regulatory guideline revision has been mainly designed 
by allowable stress method. To estimate the critical state of the member based on allowable stress, it may 
not be distinguished that the flexural failure mode becomes to the dominant damage mode of the 
underground structure. In the limit state design method which has been used by the guideline (2005) of 
Japan Society of Civil Engineers (JSCE) after the revision, the flexural damage will precede as the damage 
mode based on the earthquake-resistant design, but the final section performance may not be damage mode 
in precedence of flexural damage based on the durable design and workability. 

It is described by the above-mentioned revised earthquake-resistant guideline (2006) to have to do 
the effort to make the residual risk rational small. As the evaluation method in detail, the standard for 
procedure of seismic probabilistic safety assessment for nuclear power plant is published in September, 
2007 by The Atomic Energy Society of Japan and has been revised in 2015. The evaluation method of 
damage probability and the fragility curve in consideration of the possibility that multi- damage modes are 
generated have not been suggested until now. It is regarded as a future problem. 

The objective of this paper is to propose the method to evaluate a fragility curve of an underground 
structure for multi-damage modes, and first, fragility curves about flexural failure and shear failure are 
evaluated for seawater pipe duct. Next, the basic procedure to evaluate the fragility curve to connect the 
damage probability of both damage modes and the evaluation case is described.  
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FRAGILTY EVALUATION OF UNDERGROUND STRUCTURE ABOUT FLEXURAL FAILURE 
AND SHEAR FAILURE 

Evaluation Method of Fragility Curve to Each Damage Mode 

The procedure to evaluate the damage probability and the fragility curve of underground structure including 
the seawater pipe duct is shown in figure.1 as the developed flow based on the idea proposed by Tsutsumi 
et al. (2007). 

The probability that flexural failure or shear failure causes at the member of the underground 
structure is represented as the conditional probability that the realistic response about the evaluation index 
of each damage exceeds the realistic capacity against the intensity α of input motion. When it's supposed 
those are expressed in a lognormal distribution and that it's mutually-independent, it's possible to express 
the damage probability Pf (α) by equation (1) using standard normal probability Φ. Hence, MR and Mc 
represent the median of the realistic response and that of the realistic capacity respectively. ζ R and ζ c 
represent the logarithm standard deviation of the realistic response and that of the realistic capacity 
respectively. 

                                                               (1) 

The index specified by guideline (2005) of JSCE such as the story deformation angle about the 
flexural failure and the shear force about shear failure is used as the damage evaluation index of the damage 
mode.

First, the random variables of the realistic capacity are the limit story deformation angle for the 
flexural failure and the shear resistance for the shear failure respectively.	The limit story deformation angle 
is calculated by the formulation, and the shear resistance takes the larger value in comparison between the 
value obtained by bar beam formula and the value obtained by deep beam formula.	 The characteristic 
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Figure.1 Flow to evaluate fragility curve of underground structure 
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values of the probability distributions such as median and logarithm standard deviation are calculated based 
on the first order second moment method (named as FOSM, 1969) using by Tsutsumi et al. (2007) and 
Matsumoto et al. (2008). The variations of the material properties are considered to apply FOSM. 

Next the median among the characteristic values which express the probability distributions of the 
realistic response of the underground structure is estimated by 2D finite element analysis. The random 
variables of the realistic response are the maximum story deformation angle for the flexural failure and the 
shear force at the occurrence time of the maximum story deformation angle for shear failure respectively. 

The logarithm standard deviation which shows variation is estimated based on the variation of the 
maximum story deformation angle for both damage modes. The variation of the maximum story 
deformation angle is presumed using equation (2) which is the transfer ration α of the shear strain between 
ground and structure proposed by Nishioka et al. (2002).	Hence, the shear strain about the ground and that 
about the underground structure are calculated based on the relative displacement between the depth of top 
slab and that of base slab, and correspond to the story deformation angle.	The variation of the maximum 
story deformation angle can estimate by considering the uncertainty of the soil properties on the occasion 
of nonlinear seismic response analysis of the free field. Because the influence of the uncertainty of the soil 
properties is predominant to the uncertainty of the seismic response of underground structure, the 
uncertainty about the seismic response of underground structure considers only the influence of uncertainty 
of the soil properties. 

(2) 

The variation of the shearing force is estimated about all members of the underground structure.
Shear force Qi at i-th member is obtained by multiplying the maximum story deformation angle γS of 
underground structure by the shear modulus GSi which is the relationship between shear force at ith member 
and the story deformation angle. Based on equation (3) derived by FOSM, dispersion Var [Qi] of the shear 
force which occurs at i-th member is obtained by dispersion Var [γS] of the maximum story deformation 
angle.	Hence, the ratio between the slight change of the shear force (ΔQ) and the slight change of story 
deformation angle (ΔγS) can be purchased as the tangent gradient of GSi around the maximum story 
deformation angle. 

(3) 

Finally, Damage probability Pf(α) for each PGA of input motion can be obtained by equation (1) 
based on the characteristic values which express the realistic response and the realistic capacity.	To obtain 
fragility curve G(αi), the damage probability is assumed to be expressed as the lognormal distribution to 
PGA.	Then fragility curve G(αi) is obtained as the accumulation log-normal distribution function which 
makes the median M and logarithm standard deviation ζ by which error function E (M, ζ) becomes smallest 
about several PGA α of input motion as expressed in equation (4).

		 	(4) 

Numerical Model and Input Motion for Fragility Evaluation 

A target structure is a seawater pipe duct. Design example shown in Recommendation (1992) provided by 
The Nuclear Civil Engineering Committee, JSCE is used as the soil - structure model and is shown in 
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figure.2(a). The section arrangement of reinforcement per the unit depth is shown in figure.2(b) and the 
concrete cover is 100mm. Although shear reinforcement is not arranged, the spreader bar is arranged in 
about 0.75 %. The shear resistance obtained by the shear reinforcement is used as the case for considering 
shear reinforcement. 

Next the finite element model of the seawater pipe duct - ground system used to evaluate the median 
of the earthquake response is shown in figure.3. The surface of the rock is assumed to be the bedrock, and 
the underground structure and the surrounding sand layer on the bedrock is modelled. As the boundary 
conditions, when initial stress analysis and action of vertical input motion are carried out, both sides and 
base employ the vertical roller boundary and the fixed boundary respectively, and when seismic response 
analysis is carried out, the side and the base employ the viscous boundary.  

As the material properties of soil, the shear wave velocities of the sand layer (II) and the rock 
employ 300m/s and 700m/s respectively. As the weight, 17.7kN/m3 above the water table and 19.6kN/m3 
below the water table are used in the sand layer, and the rock used 19.6kN/m3. Ramberg-Osgood (RO) 
model is used for nonlinear characteristics in a sand layer (II). Parameters of RO model besides the shear 
modulus and the shear strength are set about each input motion. For the range of shear strain around the 
structure obtained by 1D nonlinear seismic response analysis for free field, the parameters are estimated by 
approximating to the relationship between shear modulus ratio and shear strain based on the cyclic shear 

(a)Configuration of Groun structure, seawater pipe duct (b)  arrangement of reiforcement
Figure.2 Configuration of Groun structure, seawater pipe duct and arrangement of reiforcement

Figure.3 Finite element  model 
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test. The joint element which expresses separating with sliding is used for the boundary between the 
structure and the soil. Furthermore, the damping property employs the stiff proportional stiffness damping 
model for each element by using the natural frequency 3.75Hz of the free field as the reference frequency. 
The damping constant of the sand layer (II) and the rock set 2%. 

Next, the structural member is modelled as the beam element, and the part of joint is considered as 
the rigid zone. To consider the nonlinear characteristics of the element, the fiber model is used. The stress-
strain relationship of the concrete employs the model shown in the guideline (2005) of Japan Society of 
Civil Engineers, and the bi-linear model is used for the reinforcement. The fundamental material properties 
and the nonlinear parameters of the fiber models are shown in table.1. 

The horizontal component of input motion to evaluate the fragility curves employs the synthetic 
ground motion calculated by using the uniform hazard spectrum as the target spectrum. PGAs of the input 
motions corresponding to three hazard levels are 300Gal, 600Gal and 900Gal. The acceleration time 
histories are shown in figure.4. And those acceleration response spectra are shown in figure.5. The input 
motion of PGA 2000Gal is also used for fragility evaluation. And the acceleration time history is made by 
adjusting the maximum amplitude of the time history about 900Gal. Half of PGA about the horizontal 
component of input motion is acted on not only upward but also downward as the vertical seismic 
coefficient. The vertical seismic coefficient about the input motion of 2000Gal is acted on only downward. 

(a)PGA=300Gal (b)PGA=600Gal (c)PGA=900Gal
Figure.4 Acceleration time history of input motion 

Figure.5 Acceleration response spectrum of input motion (h=5%) 

Table.1 Fundamental material properties (median) and non-linear parameters of concrete and reinforcement 

Material

Unit weight
(kN/m3)

Poisson
ratio

0
Damping
constant

(%)

Compressive
strength
(N/mm2)

Peak
compressive

strngth
(N/mm2)

Peak
compressive

strain

Tensile
strength
(N/mm2)

23.0 0.2 - 0.05 33.6 28.6 0.0020 0.00

Unit weight
(kN/m3)

Poisson
ratio

Young
Modulus

(kN/mm2)

Damping
constant

(%)

Yield strength
(N/mm2)

Yield strain
Stiffness
ratio after
yielding

-

77.0 0.3 200.0 0.03 379.5 0.001898 0.001 -

Foundamental parameters Non-linear parameters

 Concreat

Steel
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Uncertainty for Evaluation Fragility Curve 

First, as the epistemic uncertainty of the response characteristics about the story deformation angle and the 
shear force, the uncertainty about the story deformation angle employs 0.07 which is provided by Tsutsumi 
et al. (2007). The uncertainty about shear force employs 0.15 provided by PRA standard (2015). 

The aleatory uncertainty of each response is calculated here.	First, by considering the variation of 
shear wave velocity in the sand layer (II), the logarithm standard deviation ζγR  of the story deformation 
angle of the ground around the structure is calculated by the Monte Carlo simulation (MCS) based on 
nonlinear seismic response analysis of 1D FE model.	The coefficient of variance of the shear wave velocity 
employs 0.055 which corresponds to the shear wave velocity 300m/s provided by Nakamura et al. (2007). 
Next, the shear modulus of the underground structure is calculated by the static non-linear analysis 
(pushover analysis) of the underground structure model which picks the structure part out from 2D finite 
element model as shown in figure.6. Shear modulus GS is provided by dividing the horizontally reaction by 
the forced displacement.	 Shear modulus Gg of the ground around the structure is obtained as the shear 
modulus of RO model for the maximum shear strain in the ground around the structure.	The logarithm 
standard deviation ζα is obtained from the variation of the strain transfer ration α. As the characteristics 
value about the maximum story deformation angle, the median, the aleatory uncertainty and the epistemic 
uncertainty are shown in table.2. Furthermore, the uncertainty ζR of the realistic response to be provided for 
the square sum of each uncertainty is also shown in table.2. Only the case on which vertical seismic 
coefficient acts to downward is shown in the table. 

Figure.6 Underground structure model for pushover analysis 

Table.2 Median and Logarithm standard deviation Table.3 Median and Logarithm standard deviation 
for each uncertainty of maximum Story        for each uncertainty of shear force 
deformation angle 

Reaction = acted shear force

Forced displacements at nodal point of top slab

Free
Field

Transfer
ratio of
shear
strain

Relative
deformation
angle  βrR

Standard
deviation of

γS

Δ(Shear
force) / Δ

(γS)

Shear
force
βrR

300
4.11×
10-4 0.145 0.042 0.152 0.213 300

83.8
(14.0s) 4.03×10-9 0.042 0.083 0.171

600
1.02×
10-3 0.134 0.042 0.141 0.206 600

150.6
(9.02s) 2.15×10-8 0.042 0.075 0.168

900
2.64×
10-3 0.149 0.058 0.140 0.219 900

266.9
(3.0s) 1.71×10-7 0.058 0.022 0.152

2000
1.55×
10-2 0.112 0.043 0.159 0.192 2000

347.7
(3.1s) 2.61×10-6 0.043 0.003 0.150

Uncertainty
of response

βR

0.150.15

PGA
(Gal)

Uncertainty
of response

βR

PGA
(Gal)

Median
kN

(Evaluation
time: s)

Aleatory uncertainty
Epistemic

uncertainty
βuR

Aleatory uncertainty
Epistemic

uncertainty
βuR

Median
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The realistic response of the shear force is obtained by multiplying the shear modulus Gsi to the 
story deformation angle γS. Here, shear modulus Gsi at i-th member is obtained by the pushover analysis as 
mentioned above. By using the equation (3), the variance of the shear force which occurs in i-th member 
can obtain. As the characteristics value about the shear force, the median, the aleatory uncertainty and the 
epistemic uncertainty are shown in table.3. Furthermore, the uncertainty ζR of the realistic response is also 
shown in table.3. Only the case on which vertical seismic coefficient acts to downward is shown in the 
table. As for the uncertainty of the realistic response, the influence of the aleatory uncertainty is influential 
in the flexural failure, and the epistemic uncertainty is influential in the shear failure. 

The limit story deformation angle and the shear resistance are estimated using the evaluation 
formula provided by guideline (2005) of JSCE. Shear resistance is calculated for not only the case for not 
considering shear reinforcement but also the case for considering the reinforcement. The concrete 
compressive strength and the yield strength of reinforcing bar are the parameters of the evaluation formula 
about the limit story deformation angle and the shear resistance and are assumed to be the random variables 
with the lognormal distribution. The characteristic value of the limit story deformation angle and the shear 
resistance are calculated by use of the evaluation formula based on FOSM. In addition, the sectional forces 
necessary to estimate the characteristics value of the limit story deformation angle and the shear resistance 
employ the values obtained at the time when the story deformation angle became to maximum value by the 
nonlinear seismic response analysis of 2D finite element. The logarithm standard deviation obtained here 
is the value caused by aleatory uncertainty.	 

As the variations caused by epistemic uncertainty, the variation of the limit story deformation angle 
employs the logarithm standard deviation ζUC=0.224) provided by Tsutsumi et al. (2007). The variation of 
the shear resistance employs the logarithm standard deviation ζUC=0.15 based on the coefficient of variance 
of the bar member formula provided by Akiyama et al. (2004). 

Finally, As the characteristics value of the realistic capacity about the limit story deformation angle 
and the shear resistance, the median, the aleatory uncertainty ζrC and the epistemic uncertainty ζuC are shown 
in table.4, 5. Furthermore, the uncertainty ζC of the realistic capacity is also shown in the tables. The 
characteristic values of the shear resistance shown in table.5 are the values about the partition wall. And 
the medians shown in table.5 are not only the values for considering the shear reinforcement but also the 
value for not considering the shear reinforcement. The influence of the epistemic uncertainty is dominant 
about the characteristic value that the limit story deformation angle and the shear resistance express 
variation.  

Fragility Evaluation for Each Damage Mode 

The evaluation result of the fragility curve about each damage mode of the seawater pipe duct is described. 
First, the probability distributions about both the realistic response and the realistic capacity are evaluated 

Table.4 Median and Logarithm standard deviation Table.5 Median and Logarithm standard 
for each uncertainty of Limit Story   deviation for each uncertainty of shear 
deformation angle         resistance 

300 1.73×10-2 0.023 0.221 300 346.0/469.9 0.043/0.035 0.156/0.154

600 1.02×10-3 0.025 0.221 600 308.0/432.1 0.043/0.036 0.156/0.155

900 2.64×10-3 0.027 0.222 900 287.2/411.3 0.043/0.037 0.156/0.156

2000 1.55×10-2 0.036 0.223 2000 263.7/376.0 0.043/0.038 0.156/0.157

0.15

PGA
(Gal)

Median
Aleatory

uncertainty βrC

Epistemic
uncertainty

βuC

Uncertainty of
capacity �βC

PGA
(Gal)

Median
Epistemic

uncertainty
βuC

Uncertainty of
capacity�βC

0.22

Aleatory
uncertainty βrC
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for each damage mode by using the characteristic value (flexural failure; table.2 and table.5, shear failure; 
Table.t and table.6). Next, the damage probability about each damage mode according to the input motion 
by using equation (1) is shown in figure.7. Furthermore, the fragility curve as the approximate function 
which is obtained by using equation (4) from the discrete damage probability about each damage is shown 
in figure.7.  

Next, in order to obtain the composite fragility curve, the damage probabilities according to the 
input motions are calculated by considering only aleatory uncertainty.  The approximating curve for the 
discrete damage probabilities based on the equation (4) has been named as the random fragility curve (It's 
named as random curve in the following). The logarithm standard deviations to obtain the random curve 
are the values related with the aleatory uncertainty ζR (Flexural failure: 0.188, the shear failure (without the 
shear reinforcement): 0.139, the shear failure (with the shear reinforcement): 0.210). The curve for each 
damage mode obtained by replacing the uncertainty of the random curve with the average uncertainty with 
the aleatory uncertainty ζR and the epistemic uncertainty ζU is the composite fragility curve shown in 
figure.8. Hence, the epistemic uncertainty (flexural failure: 0.266, shear failure: 0.212) is obtained.  

As for PGA (is named as Am) which corresponds with the damage probability 50% of the fragility 
curve shown in figure.7, Am of the flexural failure is 2063Gal, Am of the shear failure (without shear 
reinforcement) is 1027Gal and Am of the shear failure (with shear reinforcement) is 2067Gal. And it is 
found that Am of the shear failure (with shear reinforcement) is the almost same with Am of the flexural 
failure. In the case for considering the shear reinforcement, it is found that the partition wall among the 
members of the seawater pipe duct has the possibility to cause the shear failure as well as flexural failure. 

PROPOSAL OF FRAGILITY EVALUATION CONSIDERING MULTI-DAMAGE MODE 

Evaluation of Damage Probability Considering Multi-Damage Mode 

Primarily, as the probability that 2 damage modes are generated in the seawater pipe duct, the probabilities 
of flexural failure, the probability of the shear failure are expressed as p, q respectively. Furthermore, the 
bend shear failure might be generated as one of the forms of the shear failure. Then the probability of the 
bending shear failure is considered and is expressed as r. However, the shear failure is separated from the 
shear failure and the bend shear failure on reaching the story deformation angle 1/100. Then these 2 damage 
modes related with shear failure are assumed the exclusive event. It is q x r = 0 based on exclusivity, so the 
probability Pf  damaged by either one of modes or simultaneous two modes is expressed by the equation 
(5).  

Figure.7 Comparison of Damage probability and      Figure.8 Comparison of composite fragility 
fragility curve for each damage mode                         curve for each damage mode 
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 (5) 

The shear failure and the bend shear failure are gathered and it's handled as the probability of the 
shear failure Q (=q+r) . The damage probabilities of two damage modes can connect by assuming that the 
shear failure and flexural failure are generated independently each other, and the connected damage 
probability Pf  is expressed as equation (5). 

Method to Evaluate Fragility Curve of Structure Considering Multi-Damage Mode 

The fragility curve of the structure is obtained by connecting the composite curve of flexural failure and 
the composite curve of the shear failure which considers the shear reinforcement by equation (5) and is 
shown in figure.9. For the cross term of the damage probability about the flexural failure and the shear 
failure to exist in equation (5), the fragility curve of the structure is not the cumulative lognormal 
distribution function. However, the convenience when the risk is evaluated by utilizing the fragility curve 
is taken into consideration. And by assuming the fragility curve of structure to be expressed as the 
cumulative lognormal distribution function, the approximated curve is shown in figure.9. 

When the fragility curve of the flexural failure is approaching as shown in figure.9 to the fragility 
curve of the shear failure considering shear reinforcement, it is confirmed that the damage probability of 
the structure is larger than the damage probability for each damage mode. The risk obtained from the 
fragility curve about the individual damage mode is considered to be underestimated. 

CONCLUSION 

For a seawater pipe duct as underground structures, the fragility evaluation method for either flexural failure 
or the shear failure as damage mode again and the application cases are described first. Furthermore, 
evaluation method of the damage probability when more than one mode is generated, and the fragility curve 
based on the damage probability is proposed as either one of both two damage modes or possibility that 
two damage modes occurred at the same time, and the evaluation case is described. 

When the seawater pipe duct based on safe verification manual (1992) considered the shear 
reinforcement, it is found that not only the flexural failure but also the shear failure might occur, and that 
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Figure.9 Composite fragility curve for flexural failure and shear failure, fragility curve of structure 
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it's possible to connect the composite fragility curves for damage probabilities about two damage modes 
based on the assumption that each damage mode occur independent. The characteristics are as follows. 

As a result, when the fragility curve of the flexural failure is close to that of the shear failure 
which considered the shear reinforcement, the damage probability of the structure by connection will be 
larger than the damage probability to the each damage mode, and the risk obtained by the fragility curve 
according to the individual damage mode is seemed to be underestimated. 

This paper is gathered about over the outcome, an experiment and a numerical analysis of the 
business it was trusted from an old Japan Nuclear Safety organization (JNES). We would like to thank for 
the members of JNES. 
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