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Abstract. This paper introduces a practical reliability-based seismic design scheme with 
using numerical analysis, and the application example to an existing structure is described.  

 
 
1 INTRODUCTION 

Design codes based on reliability have been developed around the world, such as Eurocode 
(Europe), AASHTO LRFD (U.S. and Canada) and so on, thus reliability-based design will 
become the mainstream of structural and geotechnical design practice. Namely, in the near 
future, all structures have to be designed by satisfying the target reliability. The movements of 
design scene mean that the reliability estimation will be required in design, even though it is 
the design with using numerical analysis. 

Therefore, the authors have proposed a practical reliability estimation scheme [1 to 4]. 
In this paper, the concept of the proposed scheme and the application example to seismic 

verification of an existing structure are described. The uncertainties of geotechnical 
parameters, numerical analysis reproducibility and limit state are considered, and effective 
stress dynamic FEM analysis is adopted as a numerical analysis in this example. Besides, 
Seismic Probabilistic Safety Assessment (S-PSA) [5] has been important to influential 
infrastructures for accountabilities of public investment recently, because of the fact that 
several earthquakes of smaller occurrence probability than the design one, 5% in 50 years for 
instance, caused tremendous damage to human life and social economy. Hence, both cases 
with using a deterministic design earthquake wave and with considering the uncertainty of 
seismic intensity at the target area are introduced in this example. Furthermore, risk-based 
seismic retrofit planning to the target structure is also presented. 
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2 PROPOSED RELIABILITY-BASED DESIGN SCHEME 

Figure 1 shows the concept of proposed reliability-based design scheme. This scheme 
consists of three parts, uncertainty analysis, geotechnical analysis and reliability analysis. In 
the uncertainty analysis, the uncertainties, such as reproducibility of geotechnical analysis and 
geotechnical parameters derived by the adopted formulas from subsurface exploration results, 
inherent spatial variation of the geotechnical parameters, limit states and so on, are analysed. 
In geotechnical analysis, a response surface as an approximate relationship between the 
response obtained from the geotechnical analysis and the parameters with large effect of 
uncertainty to the response is established and reproducibility uncertainty of the response 
surface with respect to the geotechnical analysis results is estimated. Finally, the failure 
probability is estimated by Monte Carlo simulation (MCS) with uncertainties and response 
surface. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Proposed reliability-based design scheme 

3 AN APPLICATION EXAMPLE OF THE DESIGN SCHEME 

In this section, an application example of the proposed reliability-based design scheme to 
seismic verification of an existing structure is presented. 

3.1 Target structure and verification point 

The target facility is an existing estuary dam to supply city, industrial and agricultural 
water due to prevent running up of seawater to the river. The facility length is 192.3m and it 
consists of six gates (25m in width, 7.3m in height) and seven hanging up structures of the 
gates. Figure 1 shows the external appearance of the facility.  

The target structure in the example is one of the hanging up structures of the gates. This 
structure is built on the liquefiable ground during earthquake with steel pipe pile foundation 
(φ600, t = 9mm, l = 25m, n = 35). 

A lot of points have to be verified in normal seismic design of the structure though, 
because of paper limitation, the seismic verification with respect to shear force occurring in 
the gate pier column of dam axis cross section as shown in Figure 5, which possesses the 
maximum failure probability in the structure, is presented in this paper. 
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Figure 2: External appearance of the target facility 

3.2 Seismic verification of the target structure 

Figure 2 shows the procedure for the seismic verification of the target structure in this 
example. At first, the target earthquake is selected. Secondly, the uncertainties of FEM 
reproducibility, limit states, geotechnical parameters are analysed. The uncertainty of seismic 
intensity is also analysed in the case of S-PSA in this step. Then the response surface is 
established and the uncertainty of the reproducibility with respect to the response obtained by 
geotechnical analysis is estimated. Finally, the seismic failure probability of the target 
structure is estimated by MCS and the safety of the structure is verified from comparison with 
allowable probability. If the predicted failure probability exceeds the allowable one, seismic 
retrofit is planned based on risk. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Procedure for seismic verification 
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3.3 Target earthquake 

Nankai-trough earthquake, which is the most concerned earthquake at the target area, is 
adopted as the target earthquake of the seismic verification in this example. Figure 4 shows 
the predicting seismic wave on the engineering basement, Vs = 400m/s, at the target area, 
which is published by the Japanese government [6]. 

 
 
 
 
 
 
 

Figure 4: Seismic wave of the target earthquake at the target area 

3.4 Uncertainty analysis 

Effective stress dynamic FEM analysis, FLIP [7], is adopted in this example, in order to 
estimate the seismic response of the target structure built on liquefiable ground during 
earthquake. Figure 5 shows the FEM meshes of both river and dam axes cross sections. 
Ground condition of top three strata is presented on Table 1 and As2 stratum is the liquefiable 
ground during earthquake. The uncertainty of the FEM reproducibility with respect to the 
experimental responses of structure built on liquefied ground during earthquake is mean = 
1.11, SD = 0.33, lognormal distribution, which were obtained from blind tests [8]. Because of 
blind test, the transformation error of the geotechnical parameters used in the FEM is included 
in the uncertainty 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  (a) River axis cross section                                  (b) Dam axis cross section  

Figure 5: FEM mesh 
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Table 1: Ground condition 

 Thickness 
(m) 

SPT-N value 
Note 

Mean SD 
As2 14.5 15.2 4.4 Liquefiable 
Ac3 7.0 12.4 3.0  
As3 10.0 33.4 10.4  

 
The uncertainty of shear strength, as the limit state of the target verification, estimated by 

Equation (1) is reported as mean = 1.93, SD = 0.273, normal distribution [9]. 

                                                                                                     (1) 
                                                                                

 
                                                                    

 
where, Ps: shear strength of reinforced concrete structure (N), Sc: shear strength carried by 

concrete (N), Ss: shear strength carried by reinforcing bar (N), cc, ce and cpt: compensation 
coefficients concerning cyclic loading action, effective height of the section (d) and, ratio of 
axial tensile reinforcing bars’ area and sectional one, τc: mean shear stress boar by concrete 
(N/mm2), b: section width (mm), Aw: area of shear reinforcing bars (mm2), σsy: yield strength 
of shear reinforcing bar (N/mm2), θ: angle of shear reinforcing bar and vertical axis (deg), α: 
pitch of reinforcing bars (mm). 

Since the residual service term of the target structure is 50 years, Figure 6 shows the 
probabilistic seismic hazard curve of 50-years at the target area [10] and its uncertainty fitted 
by lognormal distribution, mean = 48.3kine (cm/s) and SD =20.5kine, for using in the case 
with considering the uncertainty of seismic intensity at the target area.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  (a) Probabilistic seismic hazard                                  (b) Uncertainty of seismic intensity  

Figure 6: Uncertainty of seismic intensity at the target are (50-years term) 
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3.5 Geotechnical analysis 

Because the target structure is built on liquefiable ground, the ground eventually liquefies 
despite spatial variation of the geotechnical parameters; the uncertainty of seismic intensity is 
only influential parameter to the response. Hence, a simple response surface between the 
analysed response and seismic intensity, Equation (2), could be drawn as shown in Figure 7 
(a). And Figure 7 (b) shows the uncertainty of the response surface reproducibility with 
respect to the responses estimated by the FEM analysis, mean = 1.00, SD = 0.059, normal 
distribution. This response surface and its reproducibility are used in the case with 
considering the uncertainty of seismic intensity at the target area.  

Meanwhile, in the case of using deterministic earthquake wave, the response estimated by 
FEM analysis is used to reliability analysis directly. 

(2) 

where, TRS:  maximum shear force occurring in the gate pier column estimated by response 
surface (kN), Vm: maximum velocity of seismic wave (cm/s). 

 
 
 
 
 
 
 
 
 
 
 
                  (a) Estimation of response surface                  (b) Uncertainty of response surface reproducibility  

Figure 7: Response surface of maximum shear force of gate pier column (dam axis) 

3.6 Reliability analysis 

Equation (3) and (4) are the performance functions of both cases with considering the 
uncertainty of seismic intensity and with using deterministic wave. The failure probabilities 
are estimated by MSC with one million runs. The results are shown in Figure 8 and Table 3. 
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(3) 

The case with using the deterministic wave: 

(4) 

where, TLS: limit state of shear force (kN, shear strength), δT, δFEM and δRS: random 
variables of shear strength, FEM reproducibility and response surface reproducibility with 
respect to the shear force estimated by FEM, δVVm: random variables of maximum seismic 
velocity (cm/s), TFEM: shear force occurring in the gate pier column estimated by FEM with 
deterministic wave (kN). Each random variable are presented on Table 2. 
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Table 2: Random variables 

Content Mean SD Distribution 
δT Limit state (Shear strength) 1.93 0.27 Normal 
δFEM FEM reproducibility 1.11 0.33 Lognormal 
δVVm Maximum seismic velocity (cm/s) 48.3 20.5 Lognormal 
δRS1 RS reproducibility 1.0 0.059 Normal 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     (a) With considering uncertainty of seismic intensity   (b) With using deterministic seismic wave  

Figure 8: Failure probability of shear collapse of the gate pier column (dam axis) 

Table 3: Reliability on shear collapse of the gate pier column (dam axis) 

Case Failure probability (Pf, %) Reliability index (β) 
With considering uncertainty of seismic intensity 0.38 2.67 
With using deterministic seismic wave 1.23 2.25 

3.7 Safety verification 

Allowable seismic reliabilities of the target structure in both cases with considering 
uncertainty of seismic intensity and using deterministic seismic wave were determined from 
the reliability analyses of recent built similar structures [11, 12], as presented on Table 4. 
According to the comparison between estimated failure probabilities and allowable ones, the 
target structure does not satisfy the safety requirements for the future earthquake. Therefore, it 
is considered that seismic retrofit has to be planned. 

Table 4: Allowable seismic reliability on shear collapse 

Case Failure probability (Pf, %) Reliability index (β) 
With considering uncertainty of seismic intensity 0.15 3.0 
With using deterministic seismic wave 1.0 2.3 
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4 SEISMIC RETROFIT PLANNING 

Seismic retrofit for the target structure is planed from the viewpoint of the risk in terms of 
the case with considering uncertainty of seismic intensity in this paper. 

4.1 Risk estimation 

Damage summation cost of the target facility caused by shear collapse of the gate pier 
column, which estimated by an assumption of recovery term of 120 days, is presented on 
Table 5. The risk of the target facility is estimated as 148 million JPY from the production of 
damage cost, 38,700 million JPY, and occurrence probability, 0.38%. 

Table 5: Damage cost (million JPY) 

Recovery cost 
City wáter 

damage cost 
Industrial water 

damage cost 
Agricultural water 

damage cost 
Summation 

700 1,750 31,200 5,050 38,700 

4.2 Seismic countermeasure 

Three countermeasures for seismic retrofit of the gate pier column, which are wrap 
reinforced concrete (WRC), wrap steel plate around the column (WSP) and spray polymer 
cement mortal to the column (SPM), are firstly chosen. Then residual damage probabilities 
after execution of each countermeasure are estimated as respective measure effects. Table 6 
presents costs and residual damage probabilities of respective countermeasures. Where, the 
reason why the residual damage probabilities of each countermeasure are much smaller than 
the allowable one is to satisfy the minimum requirement of respective countermeasure 
specifications. In other word, this results means that respective minimum countermeasures 
can be applied to the target structure. The comparison of damage probabilities before and after 
execution of WRC is shown in Figure 9 for instance. 

Table 6: Cost and effectiveness of countermeasures 

Countermeasure Cost (million JPY) Damage probability after execution (%) 
WRC 60 0.03 
WSP 115 1.0E-3 
SPM 92 0.064 

 
 
 
 
 
 
 
 
 

Figure 9: Failure probabilities before and after execution of WRC 
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4.3 Countermeasure selection 

Cost effectiveness (B/C) of respective countermeasures is presented on Table 7. Where, 
benefit (B) is the risk reduction, the difference of the risk before and after execution of each 
countermeasure, and C means the cost. According to the results, because of the highest cost 
effectiveness, it was considered that WRC is desirable one for the seismic retrofit of the target 
structure. 

Table 7: Cost effectiveness of respective countermeasures 

 WRC WSP SPM 
B (million JPY) 137 148 123 
C (million JPY) 60 115 92 
B/C 2.28 1.29 1.34 

 

5 CONCLUSIONS 

A practical reliability-based design scheme, which can apply to the design with using 
numerical analysis, was proposed, and the practicability of the proposed scheme was 
described from an example applied the scheme to seismic verification and retrofit planning of 
an existing structure in this paper. In this scheme, from the concept of response surface, 
reliability analysis can be achieved by a small number of numerical analysis cases with 
respect to the vicinity area of the target limit states.  

The authors believe that the proposed scheme is effectiveness under the circumstances of 
the coming new design scene in the near future, which the reliability estimation is required 
even though it is design with using numerical analysis.  
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