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ABSTRACT 

This paper describes a study on a probabilistic approach to examine seismic stability of the ground of Quaternary 
deposits (QDs) addressed in the subprogram: the use of seismic PSA for nuclear power plants sited onto QDs. It was 
recognized that the seismic stability evaluation for the ground of QDs should examine several types of failure mode of the 
ground, namely, sliding on the bottom surface, rotational slip, cyclic mobility, residual settlement and bearing capacity. A 
probabilistic approach of seismic stability was formulated for those failure modes. A hypothetical 2D-FEM model of QDs for 
a model site was developed, and a trial study of seismic stability was performed using this approach. As a result, it was found 
that cyclic mobility is a dominant failure mode on the basis of assumed analytical conditions for the model site and variability 
of material property of soil provides a large uncertainty to failure probability of the ground induced by this phenomenon. 

INTRODUCTION 

The Japan Atomic Energy Research Institute is performing a research program to develop a methodology for effective 
uses of seismic probabilistic safety assessment for risk management and design of nuclear power plants (NPPs). This 
subprogram is a part of the five years research plan for safety research of nuclear facilities for the Nuclear Safety 
Commission in Japan (1998 to 2001). At present in Japan, all NPPs have been sited on bedrock which was formed in Tertiary 
or earlier era. In future, from viewpoint of expanding the available range of siting, it is expected that NPPs may be 
constructed on the ground of QDs. 

The objectives of this study are to accommodate the procedure of a seismic PSA to evaluation of NPPs sited onto QDs, 
and to formulate a probabilistic approach of seismic stability of the ground of QDs. This paper is addressing the latter item. 

It was recognized that the seismic stability evaluation for the ground of QDs should address several types of failure mode 
of the ground, namely, sliding on the bottom surface, rotational slip, cyclic mobility, residual settlement and bearing capacity. 
Material property data of soil were assembled to perform response and strength evaluation from the limited observation data 
by a geological survey of QDs and random variables of these data were statistically analyzed. 

Procedures of probabilistic stability evaluation were formulated for those failure modes using safety factor ~F) based on 
mainly the outcome of a study by JSCE (Japan Society of Civil Engineers) as presented in SMiRT- 15 at 1999 [ 1 ]. 

A 1,100MWe BWR plant is assumed to be located on the ground of QDs of Diluvial Epoch. The ground is a uniformly 
layered QDs with 415~715m/s in shear velocity. The maximum design basis earthquake $1 with maximum acceleration of 
180gal at bedrock is applied. A hypothetical 2D-FEM model of QDs consisted of layers of gravel and mudstone was 
developed to perform a trial study using the probabilistic approach. Failure probability curves of each failure mode of ground 
in terms of acceleration at the bedrock were estimated in the seismic stability analysis. Then influences due to each failure 
mode to superstructure causing damage were examined from the viewpoint of strain, deformation and boundary conditions. 

In this trial analysis, cyclic mobility was identified as a dominant failure mode for this model site, and variability of 
liquefaction strength out of material property data was identified to provide a large uncertainty of failure probability induced 
by cyclic mobility. As a result, usefulness of the procedures of probabilistic stability evaluation for the ground of QDs was 
validated, and technical issues and recommendations for incorporating a probabilistic approach were identified. 

ANALYTICAL CONDITION OF A MODEL SITE 

A model site is assumed to be located on the Pacific coast in northeastem area of Japanese Island. Analytical conditions 
for seismic stability of QDs are shown in Table-1. A model of 1,100MWe BWR plant is sited on the ground of QDs of 
Diluvial Epoc, which is termed 'the model plant onto QDs'. The ground is a uniformly layered QDs with 415~715m/s in 
shear velocity. A hypothetical 2D-FEM model of QDs consisted of layers of gravel and mudstone is developed. A model of 
reactor building with a conventional layout is coupled with that of QDs taking account of embedment effect of a 23.5m depth. 
It is noted that specific building layout may be used for design of a plant on QDs. Effects of ground water are adjusted by 
controlling surface level above the bottom line of foundation concrete. 

A nonlinear dynamic response analysis is conducted for a horizontal component using the equivalent linear analysis by 
the SHAKE code, and a static analysis is performed for the vertical component. An earthquake ground motion of the 
maximum design basis earthquake $1 is used with maximum acceleration of 180gal at bedrock, and a duration time of 



approximately 40seconds. The input motion at the elevation of the base stratum is used for taking account of propagation of 
response through the ground of QDs. 

PROCEDURES OF PROBABILISTIC SEISMIC STABILITY ANALYSIS 

A probabilistic approach to examine seismic stability of Quatemary deposits is schematically shown in Fig.1. This 
procedure consists of selection of failure modes of gxound, evaluation of material property of QDs, evaluation of failure 
probability using safety factor and examination of influences to superstructure causing damage. 

Selection of Failure Modes of Ground 
In the stability evaluation of siting onto rocks, sliding on the bottom surface, rotational slip and bearing capacity were 

primarily examined [2]. Since the stiffness of ground for QDs is smaller than that of the rocks, nonlinear response 
characteristics due to earthquake ground motions have been investigated [3]. It is noted that stability depends on the strain 
level of the soil layers surrounding the foundation. It is recommended by Kokusho et al. to evaluate additional two items, 
namely, cyclic mobility and residual settlement [4]. It is recognized that the seismic stability evaluation for the ground of 
QDs should address five types of failure modes, namely, sliding on the bottom surface, rotational slip, cyclic mobility, 
residual settlement and bearing capacity. 

The phenomenon of cyclic mobility is defined as follows. When soil saturated with water receives the cyclic shear force, 
effective stress decreases with increase of excessive pore water pressure, and shear resistance decreases. In case of dense 
gravelly soil, however, shear strain doesn't grow extremely because effective stress recovers as shear stress increases under 
the influence of positive dilatancy. This is different from the phenomenon of liquefaction observed in loose sand soil. 

Evaluation of Material Property of QDs 
For response and strength evaluation, material property data were assembled from the limited observation data by a 

geological survey of soil layers of QDs. The material property values of soil layers, which may influence on the strength, are 
soil density, cohesion, internal friction angle and liquefaction strength. Material property data were assumed to follow 
lognormal distribution, and their mean values and standard deviations were calculated. Random variables of G/G 0 - 7  
relationship and h- 7" relationship, were also statistically analyzed. 

Evaluation of Failure Probability Using Safety Factor 
Stability evaluation by probabilistic approach was formulated using safety factor (SF) as an objective index. 
A variable of safety factor (SF) is defined as Eq.(1): 

R 
SF - - ~  (1) 

where, R is a variable of soil capacity, and S(a) is a variable of response of ground at an acceleration level (a). 
A set of three variables SF, R, S(a) is defined for each failure mode of the ground described before. For instance, the SF 

for cyclic mobility is formulated based on a study of JSCE (Japan Society of Civil Engineers)[5]. The formula is defined as 
Eq.(2) and also illustrated in Fig.2: 
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• Safety factor against liquefaction (cyclic mobility) at time t 

• Liquefaction strength 

(Double amplitude of axial strain = 5 %, Number of cycle = 20) 

• Initial effective overburden pressure on element i 

• Shear stress caused by horizontal earthquake ground motion on element i at time t 

w(xi ,  y i) " Weighting function 



w,x 
B : Width of the base of structure 
x • Horizontal distance from center of the base of structure to center of element i 
y : Depth from center of the base of structure to center of element i 

a~ : Area of element i 

n • Number of elements to be considered 

(3) 

The minimum value of SF in the time history analysis is adopted for evaluation. 
Variables of SF for sliding on the bottom surface, rotational slip and bearing capacity are formulated individually based 

on the study of JSCE [5] with some adaptation to the present use. The variable of SF for residual settlement is formulated 
based on references [6] and [7]. 

A variable of SF, namely, ratio of strength to seismic response, is assumed to follow lognormal distribution. A failure 
probability Pf(a) is determined by Eq(4): 

P ~ (a)=l-~[ A(a) ] [ 3  z(a) (4) 

where, 
~[] • Standard Gaussian cumulative distribution function 

: Logarithmic mean value of the ratio (strength/seismic re sponse) 
: Logarithmic standard deviation of the ratio (strength/seismic response) 

A value of SF to be unity represents that the probability of failure corresponds to 50% on the failure probability curve. 

Examination of Influences to SuperstructureCausing Damage 
Since a failure probability curve shows the probability of occurrence of each failure mode of the ground in terms of 

acceleration level, it does not provide quantitative evaluation concerning influences to superstructure. In a seismic PS A, 
however, it is necessary to examine influences whether the failure modes of the ground may provide damage to superstructure 
or not. The results from quantitative estimation Of strain or deformation of the ground are examined to identify dominant 
failure modes. This examination uses engineering judgment with consideration of the margin of bearing capacity and 
difference of boundary condition between the 2-dimensional analytical model of QDs and the 3-dimensional actual ground. 

ANALYTICAL RESULTS OF THE MODEL SITE 

Evaluation was conducted on analytical results of the model site by two steps, namely, evaluation of failure probability 
for the ground of QDs and examination on influences to superstructure causing damage. 

Evaluation of Failure Probability for the Ground of QDs 
Analyses were performed to calculate failure probability for five failure modes of the ground of QDs. In the analysis of 

failure probability, uncertainty in frequency characteristics of input ground motions was also considered. Regarding cyclic 
mobility, two analytical conditions were specified. The first is that seismic response was assumed to be linear in the 
acceleration range smaller than 500gal although nonlinear behavior in the large acceleration range is expected. The second is 
that large values of liquefaction strength Rt assembled from one specific site was assumed, because the distribution of 
liquefaction strength R1 derived from several sites might cause a large uncertainty of failure probability curve due to cyclic 
mobility. Figure 3 shows failure probability curves for sliding on the bottom surface, rotational slip, cyclic mobility, residual 
settlement and bearing capacity. The median value of lognormal distribution corresponds to the acceleration at the ground 
with the failure probability of 0.5. The order of occurrence of each failure mode was expressed using median values as 
follows: (No.I) sliding on the bottom surface (median m=930gal, logarithmic standard deviation /3 r=0.28), (No.2) 
rotational slip ( m=1890gal, 13 r=0.71), (No.3) residual settlement ( m=1900gal, /3 ~0.45), (No.4) cyclic mobility 
(m=2080gal, /3 r=0.51), (No.5) beating capacity ( m=9440gal, /~ r=0.83). 

The failure probability of cyclic mobility is larger than that of residual settlement in the acceleration range smaller than 
1000gal. This implies that cyclic mobility is likely to occur prior to residual settlement in terms of acceleration. 



Examination on Influences to Superstructure Causing Damage 
Since a failure probability curve presents the probability of occurrence of a failure mode of the ground in terms of 

acceleration level, it does not provide estimation on the influences to superstructure. Evaluation was performed in the 
following steps to identify a dominant failure mode from the aspects of quantitative evaluation on strain or deformation and 
engineering judgments on the margin of bearing capacity and difference of boundary conditions. 

Step 1: Selection of a dominant failure mode of the ground 
Examination was performed to identify a dominant failure mode at the range of ground acceleration smaller than 

approximately 1200gal in view of seismic PSA. The results were summarized in Table 2. 
[] Sliding on the bottom surface 

The analytical model of sliding on the bottom surface is assumed as a 2-dimensional model. However, since actual 
ground is 3-dimensional, shear force perpendicular to sliding force enables to restrict the horizontal motion. The 
influence of this failure mode to superstructure is presumed to be low. 

[] Rotational slip 
Overtuming moment causes rotation of the foundation concrete and uplift at the edges of the foundation. The result for 

rotation angle was 4.3xl0-4radian, and vertical displacement was approximately 1.7cm atl200gal. Overturning moment 
was anticipated to provide rotational slip between the clod of foundation soil and the surrounding ground. It was 
estimated that this behavior would be instantaneous and rotational angle would be approximately 6xl06radian. This 
quantitative analysis implies that the influence of this failure mode to superstructure is low. It should be noted that the 
present analysis assumed that the ground is horizontally uniform. 

[] Cyclic mobility 
Strains at the center of ground are estimated from 5~7xl 0 -4 at 300gal to 3~4xl 0 -3 at 1200gal. These values correspond 

to the range extending from intermediate strain stage to large strain stage. Cyclic mobility is presumed to initiate as strain 
increases above 10 -3 [8]. When the effect of pore water pressure is considered on this model of QDs, a horizontal 
displacement is estimated to be approximately 48cm for the ground motion with peak acceleration level of 1200gal. 
Hence, cyclic mobility is estimated to provide damage to superstructure. 

[] Residual settlement 
Cyclic mobility initiates prior to residual settlement according to the failure probability curves in the acceleration 

range smaller than 1000gal. Cyclic mobility represents these failure modes in lieu of residual settlement. 

[] Bearing capacity 
It is found that bearing capacity has a relatively large margin according to the failure probability curve. The influence 

of this failure mode to superstructure is presumed to be extremely low. 

Consequently, cyclic mobility was identified as the dominant failure mode among five types of failure modes for the 
ground of QDs. 

Step2: Examination of scenario induced by the dominant failure mode 
The scenario on the stability of ground induced by cyclic mobility was examined for the model site. 

[] A contribution factor of material property to cyclic mobility 
The failure probability curve of cyclic mobility previously shown in Fig.3 was estimated when large values of 

liquefaction strength Rt assembled from one specific site was used. When a distribution of liquefaction strength RI 
derived from several sites w.as applied, the failure probability curve depicted a shallow slope in terms of acceleration 
because of large uncertainty. Hence, the value of liquefaction strength Rt was identified as the dominant contribution 
factor to cyclic mobility. 

[] Influences due to uncertainty of liquefaction strength 
Relationship between liquefaction strength (RI) and safety factor (SF) was examined on the analytical condition where 

a large value of liquefaction strength assembled from one specific site was used, that is, the mean value extracted by one 
standard deviation of Rl=0.41. Probability density functions of safety factor are depicted in Fig.4 (a) at input acceleration 
level of 500gal, 800gal and 1000gal. The values of safety factor smaller than unity are found in eases of input 
acceleration level of 800gal and 1000gal. Distribution of elements with the values of SF smaller than unity is depicted in 
Fig.4 (b) on the condition Rl=0.41 at input acceleration level of 1000gal. It is found that the elements where SF smaller 
than unity are found only at the part below the center of foundation concrete. Although influence to superstructure 
causing damage is conceived, the probability was estimated by a sensitivity analysis to be extremely small for this ease. 



This result implies that seismic stability is retained on the assumed analytical condition where large values of 
liquefaction strength assembled from observation data at one specific site are used. 

S U M M A R Y  AND CONCLUSION 

A probabilistic approach to assess seismic stability for the ground of QDs was formulated. It was recognized that the 
seismic stability evaluation for the ground of QDs should address five types of failure modes of the ground, namely, sliding 
on the bottom surface, rotational slip, cyclic mobility, residual settlement and bearing capacity. A trial study was conducted 
for a model site to examine usefulness of and technical issues in the probabilistic stability evaluation for the ground of QDs. 

A 1,100MWe BWR plant was assumed to be located on the ground of QDs of Diluvial Epoch. The ground was a 
uniformly layered QDs with 415~715m/s in shear velocity. A time history of the maximum design basis earthquake $1 with 
maximum acceleration at bedrock of 180gal was applied. A hypothetical 2D-FEM model of QDs consisted of layers of gravel 
and mudstone was developed. Summary of the results is as follows. 

[] Failure probability curves for the above five types of failure mode in terms of maximum acceleration at bedrock 
were derived using concept of safety factor (SF) based on mainly the outcome of a study by JSCE. 

[] Cyclic mobility was identified as the dominant failure mode out of postulated failure modes based on examination 
of influences to superstructure causing damage. 

[] Random variability of liquefaction strength was identified as a dominant contribution factor among material 
property data because it provides a large uncertainty of seismic stability of the ground induced by cyclic mobility. 

As a result, usefulness of the procedures of probabilistic stability evaluation for the ground of QDs was validated 

Technical issues and recommendations identified in this study for incorporating a probabilistic stability evaluation of 
QDs are as follows. 

[] Since variability of material property provides large uncertainty of failure probability of the ground of QDs, it is 
important to assemble sufficient amount of material property data based on geological survey of a site and perform 
seismic stability evaluation considering uncertainty involved in material property data. 

[] Since a random variability of liquefaction strength out of material property data is identified to provide a large 
uncertainty of the failure mode due to cyclic mobility, it is proposed to perform experiments to examine 
characteristics of liquefaction strength at high acceleration level such as 800~1000 gal. 

[] Since characteristics of earthquake ground motion may provide influence on seismic stability of the ground, it is 
recommended to examine effects of different properties of earthquake ground motions from aspects of a duration 
time and frequency characteristics. 

It seems beneficial to facilitate further studies to apply probabilistic seismic stability evaluation to various types of the 
ground of QDs with different material property data of soil. 
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Table-1 Analytical conditions on seismic stability of Quaternary deposits (QDs) for model site 
Location of model site The Pacific coast in northeastern area of Japanese 

Tectonic geology 

Model of the ground of 
Quaternary deposits 

Model of the objective 
NPP 

Geological time 

Seismic condition 

Stratification 
Structure of stratum 

Island 
Diluvial Epoch out of Quaternary Period 
Gravel, mudstone 
Uniformly layered structure with shear velocity 
415~715m/s 

Analytical model 2D-FEM model 
Boundary condition of Considering effect of embedment by a 23.5m depth 
foundation concrete 
Control of ground water 

Type of reactor 

Reactor Building 
Equipment and piping 
Earthquake component 

Ground motion 

Control of surface level above the bottom line of 
foundation concrete 

A 1,100Mwe BWR ( Mark-II, Type5 ) with a 
conventional layout (*) 
Multi-mass and beam model coupled with QDs model 
Isolated from the model for stability analysis 
Dynamic analysis: a horizontal component 
Static analysis: a vertical component 
Time history of the design earthquake S1 

Note(*) : Specific layout may be used for plants on QDs. 

Select failure modes of the ground 

Evaluate seismic stability of the ground 

Evaluate material property, j 

Statistical evaluation on variability of 
material property 

Response analysis 

Use a probabilistic approach W 

by safety factor [~ Evaluation 
(variability) SF 

V 
Evaluate failure probability 

Examine influences to superstructure 
causing damage F, 1 

Examine the ground characteristics ot 
QDs (diluvial deposit) 

Investigate material properties 
Random variability is considered 

Develop a 2D-FEM model of 
the ground of QDs for model site 

Investigate methods for evaluating 
ground stabili~, for instance, the 

study of JSCE 

I ............ "J" Extended in this study 

Fig.1 Procedure of probabil ist ic seismic stabil ity evaluation for QDs 
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Results of seismic stability evaluation for the QDs of model site 
Contribution to damage 

(1) Sliding on the bottom 
surface 

(2) Rotational slip 

(3) Cyclic mobility 

(4) Residual settlement 

Table 2 
Failure mode of ground Results of seismic stability evaluation 

The analysis assumed 2-dimensional boundary 
condition. Since the actual ground is 3-dimensional, 
the shear force perpendicular to the sliding force can 
restrict the horizontal movement. 
Effects of overturning moment are as follows. 
The maximum rotational angle of the foundation 
concrete • 4.3xl 0 -4 radian at 1200gal 
Rotational slip between the clod of foundation soil 
and surrounding ground: 6xl 0-6 radian at 1200gal 
When seismically induced pore water pressure is 
considered, deformation due to undrained cyclic shear 
is large as follows. 
Displacement at the bottom of reactor building: 
Approximately 48cm at 1200gal 
Since cyclic mobility occurs prior to residual 
settlement, cyclic mobility is represented in lieu of 
this phenomenon. 
Bearing capacity has relatively large margin. (5) Bearing capacity 

of superstructure 
L o w  

(Engineering judgment) 

L o w  

(Quantitative evaluation) 
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Probability 
density 
function of 
safety factor 
at input 
accelerations 

500gal 
800gal 
1000gal 

Distribution of 
elements with 
S F  less than 
unit for the 
case RI =0.41 
at input 
acceleration 
1000gal 

Example of analytical condition : Liquefaction strength assembled from one specific site 
is applied with a large value R t = m  - cr =0.41,where m: mean, o': standard deviation. 

(a) 
.2 

-8 

n .  

, 0  • • 

0 

0 7 
0 
0 
0 
0 
0 
0 

0 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Safety factor SF 

(b) Free surface 
S ,  ,. of ground 

uosurrace....---- 
layers , 

VWater level 
- -  1 . 2 9  

Gravel ~. 38 

1 . 4 9  

1 . 6 4  

1.83 'm Mudstone-. 

. . .  | 

, ~ .... ~i!~iit~i~i~i!!ii~i~i~tii~i:iii~i i:~i!ii~i:ii! ~iii, i~ii ~iii~:i 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  :":7:':':::' : " ' : : " : ' :v .  ........... :~.~:~:~::~::: 

1.6  1 6 1 . 5 ' 1 . 4 ! , 1 . 4  1.3 1.3 i l . 3  

1 7 1 7 1.7,~1.71~1.6 1.6 1.6 11.5 

Evaluat ion L o w  probabil i ty o f  influence to superstructure providing damage  

GL. 0.0m 

GL. -23.5m 

GL. -61.3m 

Fig.4 Relationship between liquefaction strength (R~) and safety factor (SF) on cyclic mobility 
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