
     
        

  

  
  

     
    

      
  
  

  525  

  
  

     
    

nezamfanni.ir  

  
1391  



 



83955
Typewritten Text
100/47480

83955
Typewritten Text
1391/6/15



 

 

                                        
  

     
  
  

   

                       
                  .       

             .  
  
                        

      :  
1 -            . 

2 -         . 

3 -           . 

4 -        . 

  
                    .   

       .  
 
  

  
  

  
 

  
  

    :       -   33271  
           

 

 Email:info@nezamfanni.ir                                        web: nezamfanni.ir



 



 

   

   
                             
   .                          

    .                        
        .                      

     .  
                                 

  .             1964            1369   
        .                        

                              
    .                           

                            .  
     )  42339/33497  20/4/1385    (      

                                 
    . »              «        

                  .  
                                 

  .                   .    
                             .    

                            
                      .         

                          
 .                          

          .                 
     .                       

        .  
                  ...             

               .  
                     

                           
        . 

      
  1391  



 

    

:      
     

   :  
         -   

   ) (    -       
         -   

          -   
         -   
  )  (     -    
         -   

  :  
             
  ...     

      :  

       -   
        -   

         -  )   (  
        -   

        -   
        -   

  

   :  

     
        

         
  



   

   

                                                                                                                                             

 1-   

1-1-     .....................................................................................................................................................  3  
1-1-1-           .........................................................................................................  3  
1-1-1-1-    ......................................................................................................................................................  3  
1-1-1-2-     ...............................................................................................................................................  4  
1-1-2-        ............................................................................................................................  5  
1-1-3-       ......................................................................................................................................  6  
1-1-4-    .............................................................................................................................................................  9  
1-2-     ..................................................................................................................................................................................  11  
1-2-1-   ..............................................................................................................................................................................  11  
1-2-2-   Alaska 1964  ................................................................................................................................................  12  
1-2-2-1-  Snow River   ...........................................................................................................................................  13  
1-2-3-   Nigata 1964  .................................................................................................................................................  14  
1-2-3-1-   Kawagishi-Cho   ..................................................................................................................  15  
1-2-3-2-  NHK )   (  .........................................................................................................  16  
1-2-3-3-  Showa   ..............................................................................................................................................................  17  
1-2-4-   San Fernando 1971  ..................................................................................................................................  17  
1-2-4-1-   San Fernando   ....................................................................................................................................  18  
1-2-4-2-  Juvenile Hall   ........................................................................................................................................  19  
1-2-5-   Loma Prieta 1989  .....................................................................................................................................  19  
1-2-5-1-   Marina   .........................................................................................................................................  20  
1-2-5-2-  Treasure   .................................................................................................................................................  21  
1-2-6-   -  1995  ......................................................................................................................................  22  
1-2-7-   Kobe 1995  ...................................................................................................................................................  23  
1-2-7-1-  Port Island   .............................................................................................................................................  24  
1-2-8-   Kocaeli 1999  ...............................................................................................................................................  25  



   

1-2-8-1-  Adapazari   ....................................................................................................................................................  25  
1-2-8-2-    ............................................................................................................................................................  26  
1-2-9-   Chi Chi 1999  ..............................................................................................................................................  27  
1-2-9-1-  Yuanlin   ........................................................................................................................................................  28  
1-2-9-2-  Taichung   ......................................................................................................................................................  29  
1-3-    ..............................................................................................................................................................  30  
1-3-1-    ..............................................................................................................................................................  30  
1-3-2-     ..................................................................................................................................................  31  
1-3-2-1-        ......................................................................................................................  31  
1-3-2-2-       ..........................................................................................................................  33  
1-3-2-3-    ..........................................................................................................................................................  35  

 2-       

2-1-   .......................................................................................................................................................................................  43  
2-2-    .......................................................................................................................................................................  43  
2-2-1-    ......................................................................................................................................................................  43  
2-2-2-    ..............................................................................................................................................................  45  
2-2-3-    ...................................................................................................................................................................  47  
2-2-4-    ........................................................................................................................................................................  48  
2-2-5-       ............................................................................................................................................  49  
2-2-6-    .......................................................................................................................................................................  50  
2-2-7-     .....................................................................................................................................................  51  
2-2-8-     ..................................................................................................................................................  53  
2-2-9-       ..................................................................................................................................................  53  
2-3-     ..........................................................................................................................................................  55  

 3-     

3-1-        ..............................................................................................................................  61  
3-1-1-     ...............................................................................................................................................................  61  
3-1-2-    ............................................................................................................................................................................  63  
3-1-3-    ........................................................................................................................................................................  64  



   

3-1-4-   ..............................................................................................................................................................................  65  
3-1-5-    ...................................................................................................................................................................  66  
3-1-6-    ..........................................................................................................................................................................  66  
3-1-7-       ...........................................................................................................  67  
3-1-8-    ..............................................................................................................................................................  67  
3-1-9-    ....................................................................................................................................................................  67  
3-2-        )  (  ...................................................................................  70  
3-2-1-    )Wang 1979, 1981(  ..................................................................................................................................  70  
3-2-2-  Andrews and Martin (2000)  ..........................................................................................................................  71  
3-2-3-  Seed et al. (2003)  ...............................................................................................................................................  72  

 4-          

4-1-   .......................................................................................................................................................................................  79  
4-2-     ......................................................................................................................................................  80  
4-2-1-      ......................................................................................................................................................  81  
4-3-     ....................................................................................................................................................  83  
4-3-1-            ..................................................................................................  83  
4-3-2-      ...............................................................................................................................................  84  
4-3-3-      ............................................................................................................................................  85  
4-4-    ...............................................................................................................................................................  86  
4-4-1-             ....................................................................................  86  
4-4-1-1-   Gutenberg-Richter  ...............................................................................................................................  86 

4-4-1-1-1-  Davis and Berrill (1982)  ................................................................................................................................  88  
4-4-1-1-2-  Trifunac (1995)  ..................................................................................................................................................  90 

4-4-1-2-   Arias Intensity  .......................................................................................................................................  91 

4-4-2-           ................................................................................................  95  
4-5-          ..............................................................................................................  95  
4-5-1-    )  (  .......................................................................................................................  95  
4-5-2-     ..........................................................................................................................................................  96  
4-5-3-     ...........................................................................................................................................................  97  



   

4-5-4-      ........................................................................................................................................97  

 5-          

5-1-   .....................................................................................................................................................................................  103  
5-2-    )  (  ...........................................................................................................................  104  
5-2-1-     ................................................................................................................................................................  105  
5-2-1-1-    (amax)  ..................................................................................................................................................  110 

5-2-1-2-        (rd)  ..................................................................................................................  111  
5-3-    )  (  ..........................................................................................................................  116  
5-3-1-            ..............................................................................................  117  
5-3-2-         )  (   ........................................................................  112  
5-3-2-1-   ...........................................................................................................................................................................  120  
5-3-2-2-    .................................................................................................................................................................  122  
5-3-2-2-1-  SPT  ......................................................................................................................................................................  122  
5-3-2-2-2-  CPT  ......................................................................................................................................................................  133  
5-3-2-2-3-     Vs  ...........................................................................................................................................  146  
5-3-2-3-    ..........................................................................................................................................................  151  
5-4-    .....................................................................................................................................................................  154  
5-4-1-        ....................................................................................................................  155  
5-4-1-1-     ....................................................................................................................................................  156  
5-4-1-2-   K   ......................................................................................................................................................  158  
5-4-1-3-      (K )   ......................................................................................................................  162  
5-4-1-4-     ...........................................................................................................................................................  164  
5-4-2-            ...........................................................................................  165  
5-4-2-1-      ............................................................................................................................................  165  
5-4-2-1-1-        ......................................................................................................  165  
5-4-2-1-2-      .................................................................................................................................  166  
5-4-2-2-     ..................................................................................................................................................  167  

 6-        

6-1-   .....................................................................................................................................................................................  181  



   

6-2-            ...........................................................................................................................182  
6-2-1-      )1<FS<1.5(  ...............................................................................................................183  
6-2-2-   )FS<1(  ..................................................................................................................................................184  
6-2-2-1-          ....................................................................................184  
6-2-2-2-         .............................................................................................188  
6-3-            ...............................................................................................193  
6-4-       ..........................................................................................................................195  
6-4-1-         ....................................................................................................195  
6-4-2-    ...........................................................................................................................................196  
6-4-2-1-  Ishihara (1985)  ............................................................................................................................................196  
6-4-2-2-  Iwasaki et al. (1982)  .................................................................................................................................198  
6-5-       .............................................................................................................................................199  

 7-            

7-1-   .....................................................................................................................................................................................205  
7-1-1-            ............................................................................................205  
7-1-2-            ..............................................................................................208  
7-1-3-            ...............................................................................................212  
7-2-          ..........................................................................................................216  
7-2-1-          .......................................................................................................................................217  
7-2-2-       .............................................................................................................................................................224  
7-2-2-1-     .......................................................................................................................................................224  
7-2-2-2-     .......................................................................................................................................................227  
7-2-3-    )  (  ............................................................................................................................228  
7-2-4-     ...................................................................................................................................................233  

 8-         

8-1-   .....................................................................................................................................................................................245  
8-1-1-       ............................................................................................................................................245  
8-1-2-      ........................................................................................................................................................247  
8-2-            ........................................................................................249  



   

8-2-1-   ................................................................................................................................................................................  249  
8-2-2-     ............................................................................................................................................................  253  
8-2-2-1-    .............................................................................................................................................................  253  
8-2-2-1-1-     ...................................................................................................................................................  253  
8-2-2-1-2-    ...................................................................................................................................................  255  
8-2-2-1-3-       .............................................................................................................................  258  
8-2-2-1-4-    .......................................................................................................................................................  261  
8-2-2-2-    ...........................................................................................................................................................  266  
8-2-2-2-1-     ...................................................................................................................................................  266  
8-2-2-2-2-    ...................................................................................................................................................  269  
8-2-2-2-3-       .............................................................................................................................  279  
8-2-2-2-4-    .......................................................................................................................................................  282  
8-2-3-      ...........................................................................................................................................................  288  
8-2-3-1-   ...........................................................................................................................................................................  288  
8-2-3-2-    ..............................................................................................................................................................  290  
8-2-3-3-     ...................................................................................................................................................  291  
8-2-3-3-1-   .....................................................................................................................................................................  291  
8-2-3-3-2-      ..........................................................................................................................................  294  
8-2-3-3-3-       ..............................................................................................................................  298  
8-2-3-3-4-    ...................................................................................................................................................  303  
8-2-3-4-     ..........................................................................................................................................  305  
8-2-3-4-1-   .....................................................................................................................................................................  305  
8-2-3-4-2-      ..........................................................................................................................................  305  
8-2-3-4-3-       ..............................................................................................................................  305  
8-2-3-4-4-    ...................................................................................................................................................  306  
8-2-4-        .........................................................................................................................................  307  
8-2-4-1-    ...............................................................................................................................................................  307  
8-2-4-1-1-   ......................................................................................................................................................................  307  
8-2-4-1-2-    ...................................................................................................................................................  308  
8-2-4-1-3-       .............................................................................................................................  312  
8-2-2-2-4-    .......................................................................................................................................................  314  



   

8-2-4-2-   ...........................................................................................................................................................................319  
8-2-4-2-1-     ...................................................................................................................................................319  
8-2-4-2-2-       ..............................................................................................................................323  
8-2-4-2-3-    ...................................................................................................................................................327  
8-2-4-2-4-  ...........................................................................................................................................................330  
8-2-4-2-5-    .........................................................................................................................................................333  
8-2-4-2-6-     ....................................................................................................................................................334  
8-2-5-        .................................................................................................................................335  
8-2-5-1-   ...........................................................................................................................................................................335  
8-2-5-2-       .............................................................................................................................335  
8-2-5-3-     ..............................................................................................................................................336  
8-2-5-4-    ..........................................................................................................................................................336  
8-2-5-5-     ...................................................................................................................................................336  
8-2-5-6-    ........................................................................................................................................336  
8-3-    ....................................................................................................................................................337  
8-3-1-       .......................................................................................................................................337  
8-3-1-1-      .................................................................................................................................337  
8-3-1-2-  ...............................................................................................................................................337  
8-3-1-3-    ........................................................................................................................................................338  
8-3-1-4-   .....................................................................................................................................................................338  
8-3-1-5-        .............................................................................................................................338  
8-3-2-    ......................................................................................................................................................................338  
8-3-2-1-       ......................................................................................................................339  
8-3-2-2-        ..........................................................................................................................339  
8-3-2-3-       .....................................................................................................................339  
8-3-2-4-           ........................................................................................................339  
8-3-2-5-         .....................................................................................................340  
8-3-2-6-             .................................................................340  
8-3-2-7-         .......................................................................................................340  
8-3-3-     ..............................................................................................................................................................340  
8-3-3-1-    .........................................................................................................................................................340  



   

8-3-3-2-    ................................................................................................................................................  340  
8-3-3-3-    .......................................................................................................................................................  341  
8-3-4-      ...........................................................................................................................................................  341  
8-3-4-1-    ................................................................................................................................................................  341  
8-3-4-2-     ..........................................................................................................................................  342  
8-4-          ........................................................................................................  342  
8-4-1-      ...........................................................................................................................................................  342  
8-4-1-1-         ......................................................................................................  343  
8-4-1-2-    ......................................................................................................................................................  343  
8-4-1-3-    ...........................................................................................................................................................  343  
8-4-1-4-      ..............................................................................................................................................  343  
8-4-1-5-     ........................................................................................................................................................  343  
8-4-1-6-    ................................................................................................................................................  344  
8-4-2-       .............................................................................................................................................  344  
8-4-2-1-    ...........................................................................................................................................................  344  
8-4-2-2-    ..............................................................................................................................................  344  

 9-    

9-1-       ....................................................................................................................................  351  
9-1-1-     ................................................................................................................................................  358  
9-1-2-            ....................................................................................  360  
9-1-2-1-       SPT  ...................................................................................................................  360  
9-1-2-2-       CPT  ...................................................................................................................  367  
9-1-3-       ...................................................................................................................................................  370  
9-2-        .........................................................................................................................................  371  
9-2-1-     ..........................................................................................................................................................................  372  
9-2-1-1-    ............................................................................................................................................................  372  
9-2-1-2-     ..........................................................................................................................................  373  
9-2-1-3-     ...................................................................................................................................................  374  
9-2-2-     .........................................................................................................................................................................  375  
9-2-2-1-    ............................................................................................................................................................  375  



   

9-2-1-2-     ...........................................................................................................................................375  
9-2-1-3-     ....................................................................................................................................................376  
9-2-3-     .........................................................................................................................................................................378  
9-2-3-1-    .............................................................................................................................................................379  
9-2-3-2-     ...........................................................................................................................................379  
9-2-3-3-     ....................................................................................................................................................380  
9-2-4-        ...................................................................................................................................................381  
9-3-       ........................................................................................................................................382  
9-3-1-          ...................................................................................................384  
9-3-2-     .................................................................................................................................................385  
9-3-3-              ...........................................................................385  
9-3-4-     ................................................................................................................................................386  
9-3-5-   ..............................................................................................................................................................387  
9-3-5-1-     ....................................................................................................................................................387  
9-3-5-2-     ......................................................................................................................................................387  
9-3-6-      ............................................................................................................................................388  
9-3-6-1-       )(  .................................................................................................................388  
9-3-6-2-       ...............................................................................................................................................389  

  
 



 



 1  -   
 

  
  
  

 1 

  



 2            



 3  -   
 

 1-1-     

1 -1-1 -            
                        

  .             )         ( 
                    ) 1 -1.(  

 

1 -1-     

1 -1 -1-1-   

                    .     
       :  

 (     
  (  .  

-     

                      
   .          1     )   (   

                                                                 
1- Intensity 

   

  

 

  

  

   

 

    

   
 

 
 

 



 4            

 .                )     2  3( 
        )  4 (              

)     (  .           5   )  
            (   )   (  .  

    )           (        
               .       

                            
            .          

                  .      1957  1985 
                   .  

                 6       
         .               
       7     .             

      .  

-     

                         
                         

      .                  . 
                       

                  .      
               .  

1 -1 -1-2-    

      -      .         
          .            

        .             
             .  

                                                                 
2- Strike Slip 
3- Thrust 
4- Azimuth 
5- Spatial Distribution 
6- Linear System 
7- Lifelines 



 5  -   
 

                       
         .                 
    .  

1 -1-2 -       
                         

          .              
                         

  .                  )1-2 (   .  

 
1 -2-         

                  .     
                         .

                  .      
                .         

                 .       
                         . 



 6            

                        .
                      

 .                       .
                     .  

                        
              .      

           .            
                         .  1-1-4  

        .  

1 -1-3 -        
            1964    Good Friday  8   

   9              .     
                        
    .                    

         .              1920  
    Hazen   10            

 .  1925 Terzaghi                     
     .                   :  

"                      
   .                     

 ."  

         Casagrande (1936)           
  .                      

     .                  
    .                 

    .                 :  
"                     

      .               
                                                                 
8- Alaska 
9- Niigata 
10- Liquefies 



 7  -   
 

    .                      
                        

           ."  
 "     "11    Terzaghi and Peck (1948)      

                   .    
                   .   1953  
    Mogami and Kubo (1953)               

             .    Mogami and Kubo  
      1948                   

       .  
               1964           

                     
                         

  .  
Casagrande (1975)      12   13     :  

"1-                      
      . 

2-                  
                         ." 

Seed (1979)       :  
"                      

                       .
                        

            .          
                ."  
Castro et al. (1982)       :  

                                                                 
11- Spontaneous Liquefaction 
12- Actual Liquefaction 
13- Cyclic Liquefaction 



 8            

"                     
                            

           ."  
Robertson (1994)  Robertson and Wride (1995)                

                  14    15  
             1-3        .  

Poulos (1997)       :  
"                  :1 (   

                   .2 (  
             .3 (         

                        
   ."  

Kramer and Elgamal (2001)        16   17  :  
1-   :                    

     )            (   .  
             .             ) 

   (               .     
             . 

2-   :                    
             .          

           .              
        .              

                      
     . 

3-   :                    ) 
         ( .         )  (   

                     . 

                                                                 
14- Flow Liquefaction 
15- Cyclic Softening 
16- Cyclic Mobility 
17- Initial Liquefaction 



 9  -   
 

                     
                          

     .    Youd et al. (1997)          
                     

  .  
                     

          .              -

                          
                       

   .  

1 -1-4 -    
                     

                 .       
                      

  .     )    (           .  
            .        

           .  
1-  :                    
             .            

                 . 

2-   :               
           .           

        .  
3-    :                   

      .               .
                        

    18            .         
 :  

                                                                 
18- Shear Stress Reversal 



 10            

 ( 19 :                   
       .                 

        .              
      .                  

   5                  
 .                  .  
 (  :                   

       .                . 

4-    :                  .  
       )       (        100 

       . 

5-   20 :                 .
                      

           . 

6-  21 :               .  
                         

         .               
                     

 .                      
    .  

7-  22 :                   
      .                  

       .                
   .                   .    

                 .  

                                                                 
19- Cyclic Liquefaction 
20- Residual Strength 
21- Sand Boils 
22- Lateral Spreading 



 11  -   
 

1-2-  

1 -2-1 -   
                .       

                         
          .           

        1964 Niigata ) (    .          
     Shinano   .           

   Alaska  ) (                 
 .                         

                     
        .  

                . Loma Prieta   
1989    1/7    Northridge   1994    4/6      8  20 

       .    Kobe  ) (  1995    2/7  
 100      .           1964    2/9   
 300      .                 

         . )1-1 (             
      .  

                      
                 .         

                      
                   .  
                      

         -    .       
                       -

           .           
                   .  

                      
       )   (           .
     Fort Peck (http://www.fortpeckdam.com)    Calaveras (Hazen, 1918,1920) 



 12            

      .                
                      

    .  

 1-1-          

   /  

Chi-Chi (1999) 
   200     Yuanlin 

    4    Taichung 

Kocaeli (1999)  
       

       Adapazari 

Kobe (1995)  
(Hyogoken-Nanbu)  

        
       

      
    4      

Northridge (1994)  
        

    Tapo Canyon 

Manjil-Roodbar (1990) 

        1   
       1    

       
Loma Prieta (1989)        Marina  

Central Chile (1985)         
Izu-Oshima (1979)     Mochikoshi 

San Fernando (1971) 

       San Fernando  
   San Fernando   2   

         
Tokachi-Oki (1968)     Kona Numa 

Chile (1965)      

Niigata (1964) 

             
        

         

Alaska (1964) 
                

     250   
San Francisco (1957)      Merced 

El Centro (1940)    Solfatra 

Santa Barbara (1925)   Sheffield 

1 -2-2 -  Alaska 1964  
        27   1964     .   

   2/9           1960     5/9  .



 13  -   
 

     90    Valdez  120    Anchorage     
   20  50   .  

     Anchorage   120              
       .      30      .      

   .                 
         . )1-3 (            

 Anchorage   .                
             3/3        2/4   .  

                  .  

 
 1 -3-       Anchorage      

1 -2 -2-1-  Snow River 

 Snow River   35         .       
 90     0.4g    .              

   .  
     Snow River         . 23   

       50        .       
               11   30     .   

                4/2    Kenai  
                                                                 
23- Site Investigation 



 14            

          15   .             
             .  )1-4 (       .  

 
 1 -4-        Kenai      

1 -2-3 -   1964  
 16   1964    5/7       .    22   

   Awa           40   .  
     Aguno  Shinano    .        

                    .   
     )    ˚2  .(             

1964         .          : 
                    

              .  
           .            

 .      Kawagishi-Cho   .           
                . 7   -

           2/0     0.05g  .   7  11 
               0.159g  0.184g    

 8/0   .                     
  .  



 15  -   
 

          Shinano    .      
                      . 

                       
  .            300       
  .                 .

                     .   
                   .  

                    .  

1 -2 -3-1-   Kawagishi-Cho  

  Kawagishi-Cho                .
       11    .         

   Kawagishi-Cho            .   
      .           -     
      -         .        

                    .   
           .          

                     ) 1-5(.  

   
 1 -5-   Kawagishi-Cho        



 16            

                         
 .                  

                  .        
        -             

˚60    -                   
 .                  -    

 -        .  

1 -2 -3-2-  NHK )   (  

         NHK    .  4     
      11             2    

   .                  
 10             .      5   .  

    NHK      1  2    .       
                 .  1985  20     

                      
        ) 1 -6 .(           

           .            .
 NHK                   .  

  
 1 -6-     NHK        



 17  -   
 

1 -2 -3-3-  Showa  

     Shinano       .    Showa    
                  .     -

             25    14         
       .           9      

    .  
   10     -       -   .  

                 .  
                 .   

                      5 
               ) 1-7.(  

   
 1 -7-   Showa        

1 -2-4 -  San Fernando 1971  
      1971   San Fernando   .    13    

    San Fernando   .   San Fernando   4±4/8    
       4/6     .            
 .     San Fernando  Sylmar  .  

   San Fernando                
 .  241     175      Los Angles   . 

   Pacoima   8      4         -

     .             0.72g     1.25g 



 18            

 .       Los Angles    28        
0.27g      .            San Fernando 

                .     17 
       0.55-0.6g      .  

                
      .              San Fernando  

 Juvenile Hall      .  

1 -2 -4-1-   SanFernando 

  San Fernando    Van Norman      3        
     .    5/8         0.55-0.6g    

    .   20  30              . 
)1-8 (          . 24       35     

    5    .    100       .  
              4           .

 Seed     1975                
      .   San Fernando          

1912  1915                 1924  .  

  
 1 -8-    San Fernando      

                                                                 
24- Freeboard 



 19  -   
 

         Seed     .     
         .            

  .               .    
                      

             .  
                 .   

            25        
     .               

               .    
                    .

             .  

1 -2 -4-2-  Juvenile Hall   

 Juvenile Hall    5/7      5/2        
 .                    .  

              Van Norman  . )1-9 ( 
           .    4000    900  
  .   Juvenile Hall    Sylmar     Van Norman    .

  Juvenile Hall      100    .         
   .  1973    80       .  20      

     10    .            
                 .  

1 -2-5 -  Loma Prieta 1989  
 Loma prieta  17  1989    .       7  .   

  16     Santa Cruz  30    San Jose  .  
        18     .     7  10   

   20     20      .           
  5  7    .  

  
                                                                 
25- Stability Regaining 



 20            

  
 1 -9-         Juvenile Hall    San Fernando  

                     
Santa Cruz     10    .             

        .        San Francisco   60  
    .            .    
        0.06-0.12g  .        
               0.16-0.33g .      

         .  

1 -2 -5-1-   Marina   

      40               
      .              

     .            .  
     Marina          .      

     .            Panama Pacific 
              .      

      1899   .             
    .                

 1989 .                     



 21  -   
 

                    
 . )1-10 (        .  

  
 1 -10 -         Marina   Loma Prieta  

1 -2 -5-2-  Treasure  

    Golden Gate   1939  Treasure         
San Francisco   .                 

          .             
.  

                    .  
             .      2  

 .                   
  .  

                 .  
      Yerba Buena 0.067g           
Treasure  0.16g  .        )1-11(    .  



 22            

  
 1 -11 -        Treasure   Loma Prieta  

1 -2-6 -   - 1995    
  -  21   1990 )31  1369  (          .

     6/7     19   .            
           100            .  

                  .    
                           
  .                     .  

  -                  
  .            20  30          .   

  4                      
      .              :  

-             .         
                      

 .   
-        2          5/1        .    

                      .  
-                    .  
-    1  2                     .  



 23  -   
 

-         .  
-        60            .  
-         .  
 3             4     -   

  5/1               30  40      
      20         .         

100           70    .  
             .       

                    .   
   1               .       

     .       1        .  
                      .    

1 -2-7 -  Kobe 1995    
    1995  Kobe ) ( Hyogoken-Nanbo       .   

                     
         .     Kanto    1923    

        .    20          
 Awaji      .      14        2/7 

  .  
         1995   .     20   

    .                   
    .             .    

           .      Takatori   
  175     .             . 

         Nishinimya  0.8g         
  0.3g  .  

                   .   
               .      

               .    
            .   



 24            

1 -2 -7-1-  Port Island  

  Port Island       .  15        1981   
 .         1996            . 

              .     
         .            

 12    .             .
           .       5  10     

   .  
 Port Island          .    3    

                 .      
          ) 1-12 .(        

        .  

  
 1 -12 -       Port Island     

              .    
             .           

           .           
       .  



 25  -   
 

1 -2-8 -  Kocaeli 1999    
 Kocaeli  Izmit     1999  Kocaeli  Sakarya       .

      Golcuk   11     Izmit   Kocaeli  80 
      .      17        

  4/7 .  
  Sakarya     Adapazari    3/3        

 .               0.41g 81 cm/s  220 cm   .
                        

       .  Adapazari   7           
                   
 .         -            

  Adapazari   0.3-0.5g  .  
   Kocaeli     Adapazari )  Sakarya( Golcuk  Sapanca   

                .    
                  .   

                    
  .  

1 -2 -8-1-  Adapazari  

 Adapazari      26     Sakarya      .
                4  6   

                     
         4  5              
  .             1  2      .  

                 Adapazari   .
             .         

  5/1   .       )1-13 (         
               .        

   Kawagishi-Cho     1964   .   

                                                                 
26- Holocene 



 26           

       Adapazari    .       
            .         

                    
         .

 1 -13 -         Adapazari   Kocaeli  

1 -2 -8-2-  

      Sapanca            
    .               

   .   Kocaeli     3/0           
      .                

5/0       ) 1-14(.            
              .

           Izmit    Golcuk   .  
      1/0    .           

              .      
     .



 27  -   
 

               Sakarya   
Adapazari  Akyazi    Sapanca   Izmit        27 

   .   

  
 1 -14 -           Sapanca  Kocaeli   

1 -2-9 -  Chi Chi 1999    
 Chi Chi    21   1999     .    50   

      Hualien  9     Sun Moon   .   
             .    Chi Chi    

6/7  8                   .    
      1.0g  0.7g   .  

                 .    
                 .  

         Yuanlin      Nantou  Wufeng   
Taichung          .  
  Nantou     Maolo        .    

   15           0.42g        41   
 .    4  8                .

                                                                 
27- Quaternary 



 28            

       5  26    .    Nantou   
          2  5      .  Wufeng    
 1              4        

          .          -
  -    0.77g  0.56g          0.26g   .  

               .  

1 -2 -9-1-  Yuanlin 

            Chi Chi   Yuanlin    
 60              .        

       5/0  4       .        
      .          Yuanlin      

       .            
        .  

                .   
                .     

               ) 1 -15 .(    
               .       

                     
.  

  
 1 -15 -         Yuanlin  Chi Chi   



 29  -   
 

1 -2 -9-2-  Taichung 

   Taichung    55         4     
45       .          4       

   2     .     1  4      
            .         

                   150   
   .                   

  70    .               
                       
   30    4   ) 1-15.(       7/4   

          -  -   0.17g  0.15g  
            .            

        .  

  
 1 -16 -            Taichung  Chi Chi    

  
  
  



 30            

1-3-     

1 -3-1 -     
   )          (          

                    
       .               

    .          .    
                     .  
                        

            .  
      z                     

    .    :  
)1-1                                                                      (                                                          00z0z u                         

    0z  0z            0u )zu w0 (   
   .          du     d   

            :  
)1-2                                         (                                                   )uu(uu d00zd00zz                         

 du       0zd0 )uu(             
            )    .(   )1-2 (       

                )1-2 (      28   
   :  

)1-3                                                       (                                                                 )uu(PP d00                         
   0P P                      .

        P)uu( d0   .      
           .  

                        .
                      . 

          )     (       
    )     (  .          

                                                                 
28- Stress Invariants 



 31  -   
 

         .        )( zj           
)zjuu zd00zz

 
   wz ij  i   z

 
     ( 

                )zjuu zd00zz .(     
                    .  

1 -3-2 -        

1 -3 -2-1-       

                      .  
)1-16 (           Ishihara (1993)    

Toyoura    .                  -

      ( e )          .   
   ( q )         )       

 
( p ) (

    .   ) 29   16  (  30      
       .              .

                  .    
    31 )US(   Poorooshasb and Consoli (1991)    .  

            32    Sladen et al. (1985) 
     .                

          .          
                       )Ishihara, 1993 .(
         33            
  .      Castro (1969)              

 (Rosco et al., 1958) .Been et al. (1991)              
p- e              .       

       q-p- e    . 

                                                                 
29- Density Index 
30- Strain Softening 
31- Ultimate State 
32- Collapse Surface 
33- Strain Hardening 



 32            

 

 1 -17 -     Toyoura )Ishihara, 1993(  

 )1-17(                   .
  )p- e(           34 )USL (    

)SS (     .        USL     )SH ( 
     .           USL     

            35 )LSS (     36 )QSS (
   )Ishihara, 1993(                   -

      .                 
           )    20  (  ) 

1-16   .(  

                                                                 
34- Ultimate State Line 
35- Limited Strain Softening 
36- Quasi-Steady State 



 33  -   
 

 

 1 -18 -                 

1 -3 -2-2-       

                        
                  )    

    (              
   .                 .

Sasitharan et al. (1994)          )      
 (        .  

                   
               .       

     )SS (   )SH (    SS      -
                      

 SS   SH       )qST ( .        
       .              



 34            

    .                
             .  

                     
         .           

          )1-18.(  

 

 1 -19 -             

                       
               )Pando and Robertson, 1995 .( 

                     
    .                 

    .       )        
    (         .        

  USL                   ) 
          .(             
                    

   .  
  



 35  -   
 

1 -3 -2-3-    

                         
 Robertson (1994)  Robertson and Fear (1995)         :  

-  37  

-             .  
-           -       

      -     )1-17 (   .  
-                   .  
-              .  
-                   .  

            .       
           .  

-                   
 ) ( .  

-  38  

-              .  
          :    .  

-1 -  39  

-          -             
  -     )1-18 (    .          

            .  
-                     -

 .  
-               .       

                -      
     .  

                                                                 
37- Flow Liquefaction 
38- Cyclic Softening 
39- Cyclic Liquefaction 



 36            

-                    
       .            

        .  
-                        

  .  
-                    

   .      )(       .  

-2 -  40  

-        -          -  
)        .(  
-         .  
-              .    

             .  
-                     . 

       .  
-                .  

              )    
 (          .  

           Robertson (1994)    )1-19 (  
   .                 

  .             )(     
                .   

       .              
                 .

                
  )  (              

   .             )      
        (              

      .         Fort Peck )Casagrande, 

                                                                 
40- Cyclic Mobility 



 37  -   
 

1965(         Aberfan )Bishop, 1973(   Zealand 
)Koppejan et al., 1948 (   Stava  .             

                      
  .           .  

 

 1 -20 -       )Robertson, 1994(  

              .     
           .        
                    .   

                       
   .          .      

      .             
                 .  

        1964     1995 .        

 

   

 

    

       

  

  

   

  

    

   

 

  

    

 

  

                   

     
 



 38            

                  . 
                   

                        
   .  

               .     
            .       

                     
 .                       

       41  .            
                  )Ishihara, 1993 .(  

                 
  .                      

            .       
                        

.  
              .   

            .         
             .  

   

                                                                 
41- Spontaneous liquefaction 



 39  -   
 

  
Been, K., Jefferies, M. G., and Hachey, J. (1991), “The Critical State of Sands,” Journal of Geotechnique, 

41(3), pp. 365-381. 
Bishop, A. W. (1973), “The Stability of Tips and Spoil Heaps,” Quarterly Journal of Engineering, 

Geology and Hydrogeology, 6, pp. 335-376. 
Casagrande, A. (1936), “Characteristics of Cohesionless Soils Affecting the Stability of Slopes and Earth 

Fills,” Jurnal of the Boston Society of Civil Engineers, Vol. 23, No. 1, pp. 13-32. 
Casagrande, A. (1965), “The Role of the Calculated Risk in Earthwork and Foundation Engineering,” The 

Terzaghi Lecture, Journal of Soil Mechanics and Foundation Division, ASCE, 91(4), pp. 1-40. 
Casagrande, A. (1975), “Liquefaction and Cyclic Deformation of Sands: a Critical Review,” Proceeding 

of 5th Pan-Amencan Conference on Soil Mechanics and Foundation Engineering, Buenos Aires, 
Argentina. 

Castro, G. (1969), “Liquefaction of Sands,” Harvard Soil Mechanics Series, No. 81, Harvard University, 
Cambridge, M.A. 

Castro, G., Poulos, S. J., France, J. W., and Enos, J. L. (1982), “Liquefaction Induced by Cyclic 
Loading,” Report to National Science Foundation, Washington, D.C. 

Hazen, A. (1918), “A Study of the Slip in the Calaveras Dam,” Engineering News Record, pp. 1158-1164. 
Hazen, A. (1920), “Hydraulic Fill Dams,” Transactions of the American Society of Civil Engineers, 83, 

pp. 1713–1745. 
Ishihara, K. (1993), “Liquefaction and Flow Failure During Earthquakes,” Geotechnique, 43(3), pp. 351-

415. 
Koppejan, A. W., Van Wamelen, B. M., and Weinberg, L. J. H. (1948), “Coastal Landslides in the Dutch 

Province of Zealand,” Proceeding of the 2th International Conference on Soil Mechanics and 
Foundation Engineering, Rotterdam, Holland, pp. 89-96. 

Kramer, S. L., and Elgamal, A. W. (2001), “Modeling Soil Liquefaction Hazards for Performance-Based 
Earthquake Engineering,” Pacific Earthquake Engineering Research Center. 

Mogami, T., and Kubo, K. (1953), “The Behaviour of Soil During Vibration,” Proceeding of 3th 
International Conference of Soil Mechanics, 1, pp. 152-153. 

Pando, M., and Robertson, P. K. (1995), “Evaluation of Shear Stress Reversal Due to Earthquake Loading 
for Sloping Ground,” Proceeding of the 48th Canadian Geotechnical Conference, Vancouver, B.C., 
pp. 955-962. 

Poorooshasb, H. B., and Consoli, N. C. (1991), “The Ultimate State,” Proceeding of the 9th Pan-Amencan 
Conference, pp. 1083-1090. 

Poulos, S. J. (I997), “Comments on Laboratory Determination of Undrained Steady State Shear 
Strength,” NSF Workshop: Post-Liquefaction Shear Strength of Granular Soils Workshop, Urbana 
Illinois, USA, pp. 147-153. 

Robertson, P. K. (1994), “Design Considerations for Liquefaction,” Proceeding of 12th International 
Conference on Soil Mechanics and Foundation Engineering, 5, pa., 185. 

Robertson, P. K. (1994), “Suggested Terminology for Liquefaction,” Proceeding of the 48th Canadian 
Geotechnical Conference, Halifax, Nova Scotia, pp. 277-286. 

Robertson, P. K., and Fear, C. E. (1995), “Liquefaction of Sands and Its Evaluation,” IS-Tokyo'95, 
Proceeding of the 1st International Conference on Earthquake Geotechnical Engineering, Keynote 
Lecture, 3, pa., 1253-1289. 



 40            

Robertson, P. K., and Wride, C. E. (1995), “Liquefaction of Sands and Its Evaluation,” Proceeding of 1th 
International Conference on Earthquake Geotechnical Engineering. 

Roscoe, K. H., Schofield, A. N., and Wroth, C. P. (1958), “On the Yielding of Soils,” Geotechnique, 8, 
pp. 22-53. 

Sasitharan, S., Robertson, P. K., Sego, D. C., and Morgenstern, N. R. (1994), “State Boundary Surface for 
Very Loose Sand and Its Practical Implications,” Canadian Geotechnical Journal, 31(3), 321-334. 

Seed, H. B. (1979), “Soil Liquefaction and Cyclic Mobility Evaluation for Level Ground During 
Earthquake,” Jurnal of Geotechnical Engineering, ASCE, 105(2), pp. 201-255. 

Sladen, J. A., D'Hollander, R. D., and Krahn, J. (1985), “The Liquefaction of Sands, a Collapse Surface 
Approach,” Canadian Geotechnical Journal, 22, pp. 564-578. 

Terzaghi, K. (1925), “Modern Conceptions Concerning Foundation Engineering,” Jurnal of 
Contributions to soil mechanics, pp. 1-43. 

Terzaghi, K., and Peck, R. B. (1948), Soil Mechanics in Engineering Practice, John Wiley and Sons, New 
York, p. 108. 

Youd, T. L., and Idriss, I. M., eds, (1997), “NCEER Workshop on Evaluation of Liquefaction Resistance 
of Soils,” Technical Report NCEER-97-0022, National Center for Earthquake Engineering Research, 
Buffalo, NY. 



 41   -       
 

  
  
  

 2 

    
  



 42            



 43   -       
 

 2-1-   

                
         .            

     .               
     .               

   .                 
    .  

    )1-3 (    )      (    
                .     

                     -

 .                     -

.  

2-2-    

2 -2-1 -  1  
                   .    

                         
    .               .    

                      2 .   
                       
        .                

             .          -

                    
     ) 2 -1( .        .  

                       
                   .   

                     
.   

                                                                 
1- Sand Boil 
2- Dissipate 



 44            

  

 
 2 -1-       

  (       1979 Imperial Valley  (      1989 Loma Prieta  

              )Kramer, 1996 .(   
                  .  

       -     -           
   .                    . 

                 .    
                       



 45   -       
 

    .                   
             .   

                   . 
                   :  

-                       
       .             

                   .   
                     

                      
 .               .     -

                    
   .              -

.  
-                     

        .                 
  .  

-                         
            .       

                   .  
                      .  

-                      .  
                      
            . 

2 -2-2 -  3  
               . )2-2(    

                        
      .                 

               .     
                        

                                                                 
3- Flow Failure 



 46            

  .               3     .
       San Fernando    1971       . 

 
 2 -2-       

      4             
    . )2-3 (           1985  )Central Chile(    

  .                   
       ) (    )Casagrande, 1936.(  

  
 2 -3-    Cerro Negro      1985   

                                                                 
4- Tailing Dam 



 47   -       
 

                .       
      1964 -     -           

                       .  
        5        

          .          
             .      1920   

     6/1     Kansu     .        
        .   

2 -2-3 -  6 

                  
  . )2-4(               .    

   -    -                   
         .           

     .              )  3/0  3  ( 
               .     

                       
      .                   
             ) 2-5(.     

           .        
                    

   .  
                       

     .       1964          
   250            .            

    ) 1-4(               
            .   

                       
           .   

                                                                 
5- Debris 
6- Lateral Spreading 



 48            

 
 2 -4-           

 
 2 -5-            1989 Loma Prieta  

2 -2-4 -    
                   
                       ) 2-6 .(

                  .       
                        

  .  



 49   -       
 

 
 2 -6-     

2 -2-5 -     7  
               .      

         .              
         .  

                    
             )2-7.(    1964 Niigata   

         Kawagishicho        
      60    ) 1-5 .(           

                    .   
                       .   

                      
 .  

             )(    .  
  )1-2 (          1964 Niigata       
   NHK ) 1-6 (  Showa ) 1-7 (.           

    .      )2-8 (             
 .  

                                                                 
7- Loss of Bearing Capacity 



 50           

 2 -7-             

 2 -8-            

2 -2-6 -  
   1964               .   

                    
      .                 

Portage ) 2-9(                  .   
                       . 

            Jensen   San Fernando  



 51   -       
 

1971        .               
 .  

 
 2 -9-           1964  

                    .  
             .         

                 .      
     .                

         .   7              
     .  

2 -2-7 -   8 

               .      
       .           

 9  10         11        

                                                                 
8- Waterfront Structure 
9- Seawall 
10- Anchored Bulkhead 
11- Sheet-Pile Cofferdam 



 52            

             .        
                   .   

                       
               .      

     1960  1985     .  
                   :  
          .         . 

                     .    
                      

     .                    
              .  

           12   .      
                     

 . 

         .               
         . 

            1995     ) 2 -10(.  

 
 2 -10 -                 

                                                                 
12- Tieback Anchor 



 53   -       
 

2 -2-8 -    

                   
              .         -

      .  )2-11(                
       .                 

 .                  .     
                 .  

 
 2 -11 -               1964   

2 -2-9 -     13 

                        . 
                     

        .          
                 .   

                         
     .                   

      .               
                       .  

                                                                 
13- Site Response 



 54            

                      
              ) 2-12 .(    

14                 )  2-12   
         7-6  (.         

         )    2-13.(  

 
 2 -12 -           

 
 2 -13 -           Wildlife )Zeghal and Elgamal 1994(  

                                                                 
14- Frequency Content 



 55   -       
 

                  .   
 Zeghal and Elgamal (1994)                   

   .                    
  .                  

 Kutter and Wilson (1999)       15   .  
              -        

 -               .     
                   .    
             16        
             .         

          .           
 .  

2-3-        

         )1-2(             
     .            .   

                    
     :  

1-          

2-           

3-                    

                      
        .             

         .             .
                  .  
                      5   

   .                      .  

                                                                 
15- De-Liquefaction Shock Wave 
16- Dilation Pulse 



 56            

                       
         .   

              /      
     .               

        .  
                   

      .      /         
                        

      .  
                         

             .         
    )2-14 (       .     

 

 2 -14 -      
   

    

   

           
   

         
     

          
 

       
  



 57   -       
 

  
Casagrande, A. (1936), “Characteristics of Cohesionless Soils Affecting the Stability of Slopes and Earth 

Fills,” Jurnal of the Boston Society of Civil Engineers, Vol. 23, No. 1, pp. 13-32. 
Kramer, S. L. (1996), Geotechnical Earthquake Engineering, Prentice Hall, Upper Saddle River, N.J. 
Kutter, B. L., and Wilson, D. W. (1999), “De-liquefaction shock waves,” Proceeding of the 7th U.S.-

Japan Workshop on Earthquake Resistant Design of Lifeline Facilities and Countermeasures against 
Soil Liquefaction, Seattle, Washington, August 15–17, Technical Report MCEER-99-0019 (O'Rourke, 
Bardet, and Hamada eds.), pp. 295–310. 

Zeghal, M. and Elgamal, A. W. (1994), “Analysis of Site Liquefaction Using Earthquake Records,” 
Journal of Geotechnical Engineering, Vol. 120, No.6, pp. 996-1017. 

 



 



 59  -     
 

  
  
  

 3 

    



 60            



 61  -     
 

 3-1-          

                     
   .                

            .        
                   

          .   
-     
-    
-    
-    
-    
-    
-          
-   )        (  
-   .  

                        
          .  

3 -1-1 -       
              .          

                        
  .                     

     .        -      -     
  .            )          (

                   .    
         .  

                    
      .                 

           3       .        
       10                 



 62            

   15     .            
)3-1 (    .                1 

  2   .  
     )3-1(                 

15    .               15   
                    .   

                        
   .  

 3-1-               
         
  3      

3  6     
6  10     
10  15     

  15      

              -       -  .   
                         

                      .  
             20    .      

                      
                  .  

                      
                .          

                     
                      

  .              :  
-            
-              

                                                                 
1- Dike 
2- Causeway 



 63  -     
 

-                      
       .  

                       
          .              

            .         
          3              

            .  

3 -1-2 -     
         4  5           

           .              
             
                         

    .                     
 -           .  

                   . 
                        

     4   .              . 
                 1995       

           .           
     :  
-                      

   .  
 -                          

                  .    
                       

       .  
                        

     :  
                                                                 
3- Artesian Conditions 
4- Triggering 
5- Initiation 



 64            

1-                  .  
2-                    )    

      D10       D50        .(  
3-                       

   .  
                       

             .        
               .      
                 .   

                       
                           

                       .  
             6            

                    
      .                 

            .  
               )3-2(     

                    
    .  

3 -1-3 -    
                .      

                 .   
 7                .   

Seed and Idriss (1971)              )3-1(   . 
         )amax(     )Dr(    .    

                  
 )     (        .         
        .   

                                                                 
6- Fine Grain 
7- Relative Density 



 65  -     
 

  
 3 -1-             

3 -1-4 -     
              -    -    
  .                     

              .  
                   )3-2 (   

            .    )Uc=D60/D10 (
  5/3       Uc     D60  D10         60  10 

   .                "  
"   .         "  "       

        .               
           .           

    3 cm/s              .     
      -    -               

   .  



 66            

  
 3 -2-    :  (     5/3  (    5/3  

3 -1-5 -     
               -    -      

      .                 
        .                

                3-1-2    .     
              .  

3 -1 -6-    

             .         
               .        

          .  



 67  -     
 

3 -1-7 -        
                )3-

2 ( )3-3(    .    )3-2 (            
                       

     .           8     
         9     .          

                 .     
                .  

            10  11      
              .            

                 .       
                     

          .  

3 -1-8 -    
     )Seed and Peacock, 1971; Ishihara et al., 1978 (     

         )OCR (       )k0 (  
       .               

    .           .        
                       
       .   

3 -1-9 -    
        12               

   .                    
        .              
        .     Peacock and Seed (1968)   

                                                                 
8- Pre-Holocene 
9- Pleistocene 
10- Fluvial 
11- Aeolian 
12- State Parameter 



 68            

         Monterey     .  )3-3- (    
              .        

           .         
           .  )3-3- (        

                  .  
                       

         .                
          .             

   15                    
      .         15         

       )    (    .       
    )    (            :  

 (6          )       (  
 (15             .  

                    
                  ) 3   (  

.   

  
 3 -3-         (Peacock and Seed, 1968)  



 69  -     
 

 3-2-                        
)Youd and Perkins, 1987(  

   
    

     

         
  )   (  

  500           

  

                
               

                
       -        

               
               
            

            
              

             
              
              

              
               

    

              
                

                 
                

                
               

   

         -  -  -  

       -  -  -  
  



 70           

 3-3-           (Wakamatsu, 1992)

   

                   

       

     

3-2-        )  (

                       
    .                 

                        
)Kishida, 1969; Tronsco and Verdugo, 1985; Wang, 1979, 1981, and 1984 .(    

                        
                      

                 
    .

                        
                .     

                    
           .

3 -2-1 -    )Wang 1979, 1981(
                .  

)Wang, 1979 and 1981 (                
     . )3-4 (    )Wang, 1979; Seed and Idriss, 1982 (   
                    .

               " "     :
      15  )        005/0  (
     35  
        90    .



 71  -     
 

  
 3 -4-      )Wang 1979; Seed and Idriss 1982(  

3 -2-2 -  Andrews and Martin (2000)  
         Andrews and Martin (2000)      

                    

)Zhou, 1987; Ishihara and Koseki, 1989; Marcuson, 1990; Koester, 1992; Youd, 1997; Perlea et al., 1999 .(
  2000 Andrews  Martin          Wang (1979)      

               .          
-      002/0 -         )3-4(    .  

 3-4-       )Andrews and Martin, 2000(  

   /    *   32       32  

    10     
      

)          (  

    10   
      

)          (  
     

*       .  

                    
     :  

      10    )  002/0  (      )  
        40 (   32             . 



 72            

      10             32     
     . 

                       . 

3 -2-3 -  Seed et al. (2003) 

    1994  1999   21            
               .          

NCEER              )        (  
    )Youd et al. (1997   )Youd et al. (2001    .       

NCEER                  
                       

  .  
                        

1999         .    1999 Kocaeli        
Adapazari   .    Chi-Chi            

Wufeng Yuanlin  Nantou   .                
    )                (    

                   .       
                     

  :  
                      

           

                       
              .        

                       
 .                   

  .                     
                    .  

      )Sancio et al., 2002 and 2003 Bray et al., 2001; (       
  "  "                  

   )            10  15    .(  



 73  -     
 

    -     -          
                .  

               Seed et al. (2003)       
      . )3-5(              

                         
     .               15  35   .

                .         
                      

   )            (.       
                   )   

074/0  (  .  

  
 3 -5-         

              )3-5(     :  
         A             

     B       

    C    A  B           13 
  )    14       ( .  

                                                                 
13- Sensitivity 
14- Remoulding 



 74            

                        
                 )%37LL %,12PI (   

        )LL 85.0WC(.                 
                      

                             
    .       A   )3-5 (           

         .   
      B                 .
           -           85  

   -                  
                .         

            .         
  4          .  

      C               
                  .  

   



 75  -     
 

  
Andrews, D. C. A., and Martin, G. R. (2000), “Criteria for Liquefaction of Silty Soils,” Proceeding of the 

12th World Conference on Earthquake Engineering, Auckland, New Zealand. 
Bray, J. D., Sancio, R. B., Durgunoglu, H. T., Onalp, A., Seed, R. B., Stewart, J. P., Youd, T. L., Baturay, 

M. L., Cetin, K. O., Christensen, C., Karadayilar, T., and Emrem, C. (2001), “Ground Failure in 
Adapazari, Turkey,” Proceeding of the Earthquake Geotechnical Engineering Satellite Conference of 
the XVth International Conference on Soil Mechanics & Geotechnical Engineering, Istanbul, Turkey, 
Aug. 24-25. 

Ishihara, K., and Koseki, J. (1989), “Cyclic Shear Strength of Fines-Containing Sands,” Earthquake and 
Geotechnical Engineering, Japanese Society of Soil Mechanics and Foundation Engineering, Tokyo, 
pp. 101-106. 

Ishihara, K., Sodekawa, M., and Tanaka, Y. (1978), “Effects of Overconsolidation on Liquefaction 
Characteristics of Sands Containing Fines,” Dynamic Geotechnical Testing, ASTM STP 654, American 
Society for Testing and Materials, pp. 246-264. 

Kishida, H. (1969), “Characteristics of Liquefied Sands during Mino-Owari, Tohnankai, and Fukui 
Earthquakes,” Soils and Foundations Engineering, 9(1), pp. 75-92. 

Koester, J. P. (1992a), “The Influence of Test Procedure on Correlation of Atterberg Limits with 
Liquefaction in Fine-Grained Soils,” Geotechnical Testing Journal, 15(4), pp. 352-361. 

Marcuson III, W. F., Hynes, M. E., and Franklin, A. G. (1990), “Evaluation and Use of Residual Strength 
in Seismic Safety Analysis of Embankments,” Earthquake Spectra, 6(3), pp. 529-572. 

Peacock, W. H., and Seed, H. B. (1968), “Sand Liquefaction Under Cyclic Loading Simple Shear 
Condition,” Jurnal of Soil Mechanics and Foundation Division, ASCE 94(SM3), pp. 689-708. 

Perlea, V. G., Koester, J. P., and Prakash, S. (1999), “How Liquefiable are Cohesive Soils?,” Proceeding 
of the 2nd International Conference on Earthquake Geotechnical Engineering, Lisbon, Portugal, Vol. 
2, pp. 611-618. 

Sancio, R. B. (2003), “Ground Failure and Building Performance in Adapazari, Turkey,” PhD 
Dissertation (in progress), Supervised by Prof. J.D. Bray, University of California, Berkeley. 

Sancio, R. B., Bray, J. D., Stewart, J. P., Youd, T. L., Durgunoglu, H. T., Onalp, A., Seed, R. B., 
Christensen, C., Baturay, M. B., and Karadayilar, T. (2002), “Correlation Between Ground Failure and 
Soil Condition in Adapazari, Turkey,” Soil Dynamics and Earthquake Engineering, 22, 1093-1102. 

Seed, R. B., Cetin, K. O., Moss, R. E. S., Kammerer, A. M., Wu, J., Pestana, J. M., Riemer, M. F., 
Sancio, R. B., Bray, J. D., Kayen, R. E., and Faris, A. (2003), “Recent Advances in Soil Liquefaction 
Engineering: A Unified and Consistent Framework,” Proceeding of the 26th Annual ASCE Los Angeles 
Geotechnical Spring Seminar, Keynote Presentation, H. M. S. Queen Mary, Long Beach, California, 
April. 30, 71 pp. 

Seed, H. B., and Idriss, l. M. (1971), “Simplified procedure for evaluating soil liquefaction potential,” 
Journal of the Soil Mechanics and Foundations Division, ASCE, 97(SM9), pp. 1249-1273. 

Seed, H. B., and Idriss, I. M. (1982), “Ground Motion and Soil Liquefaction During Earthquakes,” 
Earthquake Engineering Research Institute, Oakland, CA. 

Seed, H. B., and Peacock, W. H. (1971), “The Procedure for Measuring Soil Liquefaction 
Characteristics,” Jurnal of the Soil Mechanics and Foundation Division, ASCE, 97(SM8), pp. 1099-
1119. 



 76            

Troncoso, J. H., and Verdugo (1985), “Silt Content and Dynamic Behavior of Tailings Sands,” 
Proceeding of the 11th ICSMFE, San Francisco, Vol. 3, pp. 131-1314. 

Wang, W. (1979), “Some Findings in Soil Liquefaction,” Report of the Water Conservancy and Hydro-
electric Power Scientific Research Institute, Beijing, China, pp. 1-17. 

Wang, W. (1981), “Foundation Problems in Aseismatic Design of Hydraulic Structures,” Proceeding of 
the Joint US – PRC Microzonation Workshop, 11-16 Sep., Harbin, PRC. 

Wang, W. (1984), “Earthquake Damages to Earth Dams and Levees in Relation to Soil Liquefaction,” 
Proceeding of the International Conference on Case Histories in Geotechnical Engineering, 
University of Missouri – Rolla, MO., pp. 512-522. 

Youd, T. L., Idriss, I. M., Andrus, R. D., Arango, I., Castro, G., Christian, J. T., Dobry, R., Finn, W. D. 
L., Harder, L. F. Jr., Hynes, M. E., Ishihara, K., Koester, J. P., Liao, S. S. C., Marcuson III, W. F., 
Martin, G. R., Mitchell, J. K., Moriwaki, Y., Power, M. S., Robertson, P. K., Seed, R. B., and Stokoe 
II, K. H. (1997), Summary Paper, Proceeding of the NCEER Workshop on Evaluation of Liquefaction 
Resistance of Soils, NCEER-97-0022. 

Youd, T. L., Idriss, I. M., Andurus, R. D., Arango, I., Castro, G., Christian, J. T., Dobry, R., Finn, W. D. 
L., Harder, L. F., Haymes, M. E., Ishihara, K., Koester, J. P., Liao, S. S. C., Marcusson, W. F., Martin, 
G. R., Mitchell, J. K., Moriwaki, Y., Power, M. C., Robertson, P. K., Seed, H. B., and Stokoe, K. H. 
(2001), “Liquefaction Resistance of Soils: Summary Report from the 1996 NCEER and 1998 
NCEER/NSF Workshops on Evaluation of Liquefaction Resistance of Soils,” Journal of Geotechnical 
and Geo-environmental Engineering, ASCE, Vol. 127, No. 10, pp. 817-833. 

Zhou, S. G. (1987), “Soil Liquefaction During Recent Major Earthquakes in China and Aseismic Design 
Method Related to Soil Liquefaction,” Proceeding of the 8th Asian Regional Conference on SM&FE, 
Vol II, pp. 249-250. 



 77   -          
 

  
  
  

 4 

     
    



 78            



 79   -          
 

 4-1-   

    )2-3(               
   .         .           

             1     2  .     
-         -   WAVE (Horne, 2000)   
 UWsand (Kramer and Arduino, 1999)  .            
                      
       (Kramer, 1996)  .        3    
                .     

              .  
          ) 4 (      ) 

5 (                .      
          -         

          .             
       .                .   
  -                

           ) 4-1 .(  

  
 4 -1-       

                                                                 
1- Constitutive Model 
2- Explicit 
3- Suitability 
4- Demand 
5- Capacity 

    

    -

    



 80            

                           
                 .       

                            
    .                    

       .  

4-2-     

                   
) (  ) (      .          

           6         )Seed and Idriss, 1971:(  

)4-1   (                                                                                                                                 
0v

cycCSR                         

  7 )CRR (                . 
                      :   

)4-2                                                          (                                  
Demand

Capacity

Loading

Resistance

CSR

CRR
FSL                          

      )CSR(         WAVE (Horne, 2000) 
SHAKE (Idriss and Sun, 1993; Schnable et al., 1972)  ProShake (EduPro Civil System Inc)     
   8    Seed   Idriss  1971    .        
                .     

                  
                   .          

        CSR         .  
             9          

                  .        
                          

         .          
                      .  

                                                                 
6- Cyclic Stress Ratio 
7- Cyclic Resistance Ratio 
8- Simplified Method 
9- Depth Reduction Factor 



 81   -          
 

4 -2-1 -     
                     

 .        Niigata  Alaska   1964 Seed and Idriss (1971)       
 .                        
 Seed and Idriss (1982) Seed et al. (1985)  Youd et al. (1997, 2001)   .    

                    
              .           

            .      
        3     :  

1-                       
      .                

         .      65     )      
        (              .  

           Seed and Idriss (1971)      
             .  
2-                     

  .        10      11       
                            

 .                        
                          . 

          )  (             
         .                  

   -          -      )Ishihara, 1993 .(
                          

12   13        )Seed et al. 1983, 1985(       
         .             

                 .  

                                                                 
10- Cyclic Simple Shear Test 
11- Cyclic Triaxial Test 
12- Standard Penetration Test 
13- Cone Penetration Test 



 82            

                    .  
            Whitman (1971)  .     

                        
                       

 )    (                 .    
                       

   .             )       
       (                
  ) 4-2 .(             )   (  

       .          :  
-            .  
-                         

 .     

  
 4 -2-                

         SPT                
  CPT                  
 .      SPT                  

     .   
3-             .             

)  (      )  (          .  
  



 83   -          
 

4-3-       

               Dobry et al. (1982)   
          .            

          .          
                        .

       14            
   .         :  

4 -3-1 -          

       )4-3 (              
  . 

)4-3(                                                                                                           
max

max

d0v
max

G
G

G

r
g

65.0
a

   

  :  
0v :         

maxG :     %10 4  

maxG

G :       %10 4  

maxa :        
g :   
rd :          .  
      )G/G( max    )(    )4-3 (    15     

    16         .          
                    

         )        (   
   .                 

  . Seed and Idriss (1970)               . 
                                                                 
14- Threshold Strain 
15- Iterative Solution 
16- Shear Modulus Degradation Curve 



 84            

         )   Seed et al., 1986 (       )   
 Ishibashi and Zhang, 1993  (       ) Vucetic and Dobry, 1991  Sun et al., 1988 (
           .     )4-3(       )4-3 (

         .  
 1 :  )G/G( max     
 2 :   )4-3 ()(      )G/G( max    
 3 :   )(     2)G/G( max           
 4 :  )(    )G/G( max   3   2          

                 . 

 
 4 -3-    )4-3 (     ) (        

4 -3-2 -    

       )( th             
            .Dobry et al. (1982)      
            .        

                    )  
      .(Dobry                 
 01/0                  )    

             ( . )a4-4(  )b4-4( 
   Dobry et al. (1982)   .              

           01/0  .  



 85   -          
 

4 -3-3 -    

                     
     :  

)4-4(                                                                                                                              FS th 

  1FS         1FS         . 
 1FS                    

               .       
         1FS                

   . /th             .   
1FS                       .  

  

 
 4 -4- ) (           ) (     

           )Dobry et al., 1982(  



 86            

4-4-     

                    
               .     
             .        : 
                         

           )   Guternberg and Ritchter (1956).( 
    Nemat-Naser and Shokooh (1979)    17       

        .  
             :  

1 (           
2 (         .  

                       
   Gutenberg-Richter         Arias Intensity  .  
                    
                      

           .           
                   

   )4 -5 ( )4-6 (  .  

4 -4-1 -            

4 -4 -1-1-  Gutenberg-Richter  

                     
                        -

 .                     :  

     )Law et al., 1990.(  
Cao and Law (1991)  Law et al. (1990)              

                   .   
                        .

                   Martin et al. (1975)        
                                                                 
17- Functional Relationship 



 87   -          
 

  
 4 -5-           )Heaton et al., 1986(  

  
 4 -6-         )Shakal and Bernreuter, 1981(  



 88            

                      .Law et 

al. (1990)                   
         .             

        Davis and Berrill (1978)  Figueroa and Dahisaria (1991)    
      .  

              Davis and Berrill (1982) Berrill and 

Davis (1985) Law et al. (1990) Cao and law (1991)  Trifunac (1995)       
        Gutenberg and Richter (1956)     :  

)4-5(                                                                                                                       8.1M5.1
0 10E 

  :  
0E:       )kJ(  

M:   )Richter.(  
       Davis and Berrill (1982)     Trifunac (1995)  
 .  

4-4-1-1-1- Davis and Berrill (1982) 

-    

Davis and Berrill (1982)            ) (      
   Gutenberg-Richter         .            
)r/1( 2      )r(          .      

                   .     
           .             

   0v/1 .            :  

)4-6(                                                                                                                 
1

M5.1

5.1
0v

2

10

r
Demand  

  :  
r :      )m(  

M :  )Richter(   
0v :     z )kPa(.  



 89   -          
 

-    

       CRR Davis   Berrill         
   .      )4-6(           .    

                 18  
  .     )4-7 (   Davis    Berrill      

   )N( 1   .  

 
 4 -7-     )1982( Davis and Berrill  

)N( 1            )atm 1(  .      
       )          5      ( .

     Davis    Berrill              
             :  

)4-7(                                                                                                                        
1

2
1N

450
Capacity  

-    

                    )4-6 ( )4-7( 
           :  

                                                                 
18- Epicentral 



 90            

)4-8(                                                                                                                           
M5.1

5.1
0v

22
1

10450

rN
FS  

              )Berril and Davis, 1985( .  
       :  
1 (     )              (   
2 (                 .  

4 -4 -1-1-2- Trifunac (1995) 

Trifunac (1995)                     
  Gutenberg-Richter       .             

  Trifunac No.1      .Trifunac             
          Davis and Berrill (1982)          

                     0v/1  . 
     Davis and Berrill (1982)     Trifunac (1995)      
  )N( 1  .  

-    

  Trifunac No.1           Gutenberg-Richter    
       Davis and Berrill (1982)   )4-6 ( .      

                 Davis   Berrill  )r( 
      .      )4-6 (            

)km150100rkm50(   .            
)r/1( 2         .  

-    

 Trifunac No.1     Davis and Berrill (1982)          
        ) 4-9 .(      Davis   Berrill   

       :  

)4-9                                                                     (                                         
8.3

1 15.3N

92.9
Capacity 

            )4-8(    .  



 91   -          
 

-    

   )4-6(  )4-9(               :  

)4-10                                                                    (                               
M5.1

5.1
0v

28.3
1

106120

r15.3N
FS  

 
 4 -8-    Davis and Berrill (1982)  Trifunac No.1       

)Trifunac 1995(  

4 -4 -1-2-  Arias Intensity 

       Arias Intensity (Ih)             .
   Kayen and Mitchell (1997) (Ih)               

                     (Arias, 1970). 
Ih             : 

)4-11                                  (                                                dur

0

dur

0

2
y

2
xyyxxh dt)t(dt)t(

g2
III aa  

  :  

hI :Intensity Arias        )s/m(  
)t(xa :       x )s/m( 2  
)t(ya :       y )s/m( 2  
g :  )s/m( 2  

dur :   )s(.  



 92            

           :  
- Ih                 .     ) 

     (   .  

-             .        
              .  

   Running (1996)  Kayen and Mitchell (1997)         
       Kayen and Mitchell (1997)   .  

Kayen and Mitchell (1997)      Egan and Rosidi (1991)      
          Arias Intensity        .  

-    

  Ih           Kayen and Mitchell (1997)  
    :  

)4-12(                                                       
                                                                

  :  
P :      

 : )km(  
r :             )km(.  

r r        )4-9(   .  
      )r( d            Kayen (1993)  

Kayen and Mitchell (1998)      Arias Intensity           
  .         :  

)4-13                                                                  (                                                               bheq,hb rII  
  :  

eq,hbI: Arias Intensity          
br:   Arias Intensity     
hI: Arias Intensity   .  

22*

*

*

h

rr

)rlog(24.3M

P63.0)rlog(28.3M
I



 93   -          
 

 
 4 -9-        )Kayen 1993(  

    )r( b             )4-10 (   .  

 
 4 -10 -       rb          )Kayen and Mitchell, 1997(  

-    

           Kayen and Mitchell (1997)       
     .     )4-13(            .

         km
cs60,1N    km

cs60,1N    1N    
        Kayen  Mitchell    .         

   :  



 94            

 )4-14                                                      (                                

%35FC                                 7 

%35FC%5        
30

7
5FC 

%5FC                                 0 

N

NNN 60,1
km

cs60,1

  

 )4-14 (                  .  
)I( eq,hb   )N( cs60,1  )4-11 (              

   .  

 
 4 -11 -     Kayen and Mitchell (1997)  

 Kayen and Mitchell (1997)            )4-15( 
       .  

)4-15(                                    

25N3  for

6227.0N 04162.0N 01132.0                  

N 001421.0N 10956.6N 10234.1Ilog

km
cs60,1

      

km
cs60,1

2km
cs60,1

3km
cs60,1

4km
cs60,1

55km
cs60,1

6
l,hb

 

-    

         :  



 95   -          
 

)4-16                                                                                      (                                            
eq,hb

l,hb

I

I
FS  

   )I( eq,hb  )I( l,hb       )4-13 ( )4-15 ( .  

4 -4-2 -         
                      

.       Alkhatib (1994)  Liang (1995)       
        . Alkhatib (1994)          

 19         -          . 
               Monterey      

        )Dr (  20 )ER (  .ER       
    -              

 .  
    Liang (1995)         Case Western Reserve  
           Figueroa     .  

                 .  

4-5-        

                     
     .               .  

4 -5-1 -   )  (  
                  .   

                   . 
     :   

1-                .  
2-                        

     .                      
         . 

                                                                 
19- Normalized Maximum Energy 
20- Energy Ratio 



 96            

3-                )amax (  .  
                    

         . 

4-                       
      .             

                        
    .                . 

5-                 )amax (  
)Mw(           .         

    21 )PSHA (  .       Mw       
     . 

4 -5-2 -    
               .    

              .        
           .            

               .       
         .  

           .         
                 .      

       .                
                  .     
                  

                .  
                   )  ( 

 .               .    
         .       .      

              .          
                          

   .  
                                                                 
21- Probabilistic Seismic Hazard Analysis 



 97   -          
 

4 -5-3 -     
                      

             .             
         .           

       .  
Green (2001)                  

  .          Running   Arias Intensity      
                     

   .           Kayen and Mitchel    
       .  

4 -5-4 -     
                         

                        
         .             

              .  
  1997  NCEER                 

          Kayen and Mitchell (1997)   .  
                      

                      .  
                      Arias Intensity     

                   
         Kayen   Mitchell        

                    
 .                  .      

                       
    .  

                    
  NCEER   1997    Youd et al. (2001)        

   .                  
        .  



 98            

  
AlKhatib, M. (1994), “Liquefaction Assessment by Strain Energy Approach,” PhD Thesis (T. Kagawa, 

Advisor), Wayne State University, 212 pp. 
Arias, A. (1970), A Measure of Earthquake Intensity, in Seismic Design for Nuclear Power Plants (R.J. 

Hansen, ed.), The MIT Press, Cambridge, MA, pp. 438-483. 
Berrill, J. B., and Davis, R. O. (1985), “Energy Dissipation and Seismic Liquefaction of Sands: Revised 

Model,” Soils and Foundations, 25(2), pp. 106-118. 
Cao, Y. L., and Law, K. Y. (1991), “Energy Approach for Liquefaction of Sandy and Clayey Silts,” 

Proceeding of the Second International Conference on Recent Advances in Geotechnical Earthquake 
Engineering and Soil Dynamics, March 11-15, St. Louis, Missouri, pp. 3-38. 

Davis, R. O., and Berrill, J. B. (1978), “Energy Dissipation and Seismic Liquefaction in Sands,” 
Earthquake Engineering and Structural Dynamics, Vol. 10, p. 69-68. 

Davis, R. O., and Berrill, J. B. (1982), “Energy Dissipation and Seismic Liquefaction in Sands,” 
Earthquake Engineering and Structural Dynamics, Vol. 10, pp. 59-68. 

Dobry, R., Ladd, R., Yokel, F., Chung, R., and Powell, D. (1982), Prediction of Pore Water Pressure 
Buildup and Liquefaction of Sands During Earthquakes by the Cyclic Strain Method, National Bureau 
of Standards Building Science Series, 138, U.S. Dept. of Commerce. 

Egan, J. A., and Rosidi, D. (1991), “Assessment of Earthquake-Induced Liquefaction Using Ground- 
Motion Energy Characteristics,” Proceeding of the Pacific Conference on Earthquake Engineering, 
New Zealand. 

Figueroa, J. L., and Dahisaria, N. (1991), “An Energy Approach in Defining Soil Liquefaction,” 
Proceedings of the 2nd International Conference on Recent Advances in Geotechnical Earthquake 
Engineering and Soil Dynamics, St. Louis, Missouri, Vol. 1, p. 407-410. 

Green, R. A. (2001), “Energy-Based Evaluation and Remediation of Liquefiable Soils,” PhD Dissertation, 
Virginia Polytechnic Institute and State University, Blacksburg, Virginia. 

Gutenberg, B., and Richter, C. F. (1956), “Magnitude and Energy of Earthquakes,” Ann. Geofis., Vol. 9, 
pp. 1-15. 

Heaton, T., Tajima, F., and Mori, A. W. (1986), “Estimating Ground Motions Using Recorded 
Accelerograms,” Surveys in Gophysics, 8, 25-83. 

Horne, J. C. (2000), “Effects of Liquefaction-Induced Lateral Spreading on Pile Foundations,” PhD 
dissertation, University of Washington, Seattle, Washington. 

Idriss, I. M., and Sun, J. I. (1993), Users Manual for SHAKE91: a Computer Program for Conducting 
Equivalent Linear Seismic Response Analyses of Horizontally Layeted Soil Deposits, Center for 
Geotechnical Modeling, Department of Civil and Environmental Engineering, University of 
California, Davis. 

Ishihara, K. (1993), “Liquefaction and Flow Failure during Earthquake,” Geotechnique, Vol. 43, No. 3, 
pp. 351-415. 

Ishibashi, I., and Zhang, X. J. (1993), “Unified Dynamic Shear Moduli and Damping Ratios of Sands and 
Clay,” Soils Foundations, 33 (1), pp. 182-191. 

Kayen, R. E. (1993), “Accelerogram Energy Approach for Prediction of Earthquake Induced Ground 
Liquefaction,” PhD Thesis (J.K. Mitchell, Advisor), Department of Civil Engineering, University of 
California at Berkeley, 289 pp. 



 99   -          
 

Kayen, R. E., and Mitchell, J. K. (1997), “Assessment of Liquefaction Potential During Earthquakes by 
Arias Intensity,” Journal of Geotechnical and Geoenvironmental Engineering, 123(12), pp. 1162-
1174. 

Kayen, R. E., and Mitchell, J. K. (1998), “Variation of the Intensity of Earthquake Motion Beneath the 
Ground Surface,” Proceeding of the 6th US National Conference on Earthquake Engineering, Seismic 
Design & Mitigation for the Third Millenim, pp. 1162-1174. Earthquake Engineering Research 
Institute, May 1998. 

Kramer, S. L. (1996), Geotechnical Earthquake Engineering, Prentice Hall, Upper Saddle River, N.J. 
Schnabel, P. B., Lysmer, J., and Seed, H. B. (1972), SHAKE: A Computer Program for Earthquake 
Response Analysis of Horizontally Layered Sites, Report No. EERC 72-12, Earthquake Engineering 
Research Center, University of California, Berkeley, California. 

Kramer, S. L., and Arduino, P. (1999), “Constitutive Modeling of Cyclic Mobility and Implications for 
Site Response,” Proceeding of the Second International Conference on Earthquake Geotechnical 
Engineering, Volume 3, pp. 1029-1034, Lisboa, Portugal. 

Law, K. T., Cao, Y. L., and He, G. N. (1990), “An Energy Approach for Assessing Seismic Liquefaction 
Potential,” Canadian Geotechnical Journal, 27(3), pp. 320-329. 

Liang, L. (1995), “Development of an Energy Method for Evaluation the Liquefaction Potential of a Soil 
Deposit,” PhD Dissertation (J.L. Figueroa and A.S. Saada, Advisors), Case We stem Reserve 
University, 281 pp. 

Martin. G. R., Finn, W. D. L., and Seed, H. B. (1975), “Fundamentals of Liquefaction Under Cyclic 
Loading,” Journal of Geotechnical Engineering Division, ASCE, Vol. 101(GT5), pp. 423-438. 

Nemat-Nasser, S., and Shokooh A. (1979), “A Unified Approach to Densification and Liquefaction of 
Cohesionless Sand in Cyclic Shearing,” Canadian Geotechnical Journal, Vol. 16, pp. 659-678. 

Running, D. L. (1996), “An Energy-Based Model for Soil Liquefaction,” PhD thesis (B. Muhunthan, 
Advisor), Washington Statc University, 267 pp. 

Seed, H. and Idriss, I. (1970), Soil Moduli and Damping Factors for Dynamic Response Analysis, 
Technical Report 70-10, Earthquake Engineering Research Center, Berkeley, California. 

Seed, H. B., and Idriss, I. M. (1971), “Simplified Procedure for Evaluating Soil Liquefaction Potential,” 
Journal of the Soil Mechanics and Foundations Division, ASCE, 97 (SM9), pp. 1249-1273. 

Seed, H. B., and Idriss, I. M. (1982), Ground Motions and Soil Liquefaction During Earthquakes, 
Berkeley, CA, Earthquake Engineering Research Institute, p. 134. 

Seed, H. B., Idriss, I. M., and Arango, I. (1983), “Evaluation of Liquefaction Potential Using Field 
Performance Data”, Journal of Geotechnical Engineering Division, ASCE, Vol. 109, pp. 458-482. 

Whitman, R. V. (1971), “Resistance of Soil to Liquefaction and Settlement,” Soils and Foundations, 
11(4), pp. 59-68. 

Seed, H. B., Tokimatsu, K., Harder, L. F., and Chung, R. M. (1985), “The Influence of SPT Procedures in 
Soil Liquefaction Resistance Evaluation,” Journal of Geotechnical Engineering, Vol. 111, No. 12, pp. 
1425-1445. 

Seed, H. B., Wong, R. T., Idriss, I. M., and Tokimatsu, K. (1986), “Moduli and Damping Factors for 
Dynamic Analyses of Cohesionless Soils,” Journal of Geotechnical Engineering, ASCE, Vol. 112, 
No. 11, pp. 1016-1032. 

Shakal, A. F., and Bernreuter D. L. (1981), “Empirical Analyses of Near- Source Ground Motion,” 
NUREG/CR-2095, US Nuclear Regulatory Commission. 



 100            

Sun, J. I., Golesorkhi, R., and Seed, H. B. (1988), “Dynamic Moduli and Damping Ratios for Cohesive 
Soils,” Report No. EERC-88/15, Earthquake Engineering Research Center, University of California, 
Berkeley. 

Trifunac, M. D. (1995), “Empirical Criteria for Liquefaction in Sands Via Standard Penetration Tests and 
Seismic Wave Energy,” Soil Dynamics Earthquake Engineering, Vol. 14, pp. 419-426. 

Vucetic, M., and Dobry, R. (1991), “Effect of Soil Plasticity on Cyclic Response”, Journal of 
Geotechnical Engineering, 117 (1), pp. 89-107. 

Youd, T. L., and Noble, S. K. (1997), “Liquefaction Criteria Based on Statistical and Probabilistic 
Analyses,” Proceedings of the NCEER Workshop on Evaluation of Liquefaction Resistance of Soils, 
Pages 201-205. National Center for Earthquake Engineering Research, Buffalo, NY. 

Youd, T. L. et al. (2001), “Liquefaction Resistance of Soils: Summery Report From The 1996 NCEER 
and 1998 NCEER/NSF Workshops on Evaluetion of Liquefaction Resistance of Soils,” Journal of 
Geotechnic and Geoenvironmental Engineering, ASCE, 127(10), 817- 833. 

Youd, T. L. et al. (2001), “Liquefaction Resistance of Soils: Summery Report From The 1996 NCEER 
and 1998 NCEER/NSF Workshops on Evaluetion of Liquefaction Resistance of Soils,” Journal of 
Geotechnical and Geoenvironmental Engineering, 127(10), pp. 817-833. 

  



 101  -          
 

   
  
  

 5 

     
    



 102            

    



 103  -         

5 -1- 
                  

        ) (  ) (       .   
                      

        .          
:

-                     
        .               

         .          )    
      (             .

-                    
    .        1      2      

                           
  .                     

                          .
          )  (            

         .                 
   -        -      )Ishihara, 1993(     
  .                  

                .    
                   .  

                    
        .          

            .           :
1-           ) 5-1  a(
2-             ) 5-1  b.(

           .           
     .                  

1- Cyclic Simple Shear Test
2- Cyclic Triaxial Test



 104            

 .                    3   
        )  EuroCode, NCEER, EERC, FHWA, TC4 (   .

                       
                    

             .  
-             .             

)  (      )  (          .   

  
 5 -1-         a  b  

5-2-    )  (  

             )  (      
        )(       .     

                          
          .  

                                                                 
3- Deterministic Boundary 



 105  -          
 

                     
      )          (   

                    .   
                   .  

                 :  
1-        
2- /          
3-                       

             .        
                    
    .                   

                     .  

5 -2-1 -     
                     

 .        Niigata  Alaska   1964 Seed and Idriss (1971)       
 .                        

 )Seed and Idriss, 1982; Seed et al., 1985; Youd and Idriss, 1997; Youd et al., 2001 ( .   
1985      4 NRC          

         .      Robert V. Whitman   MIT 
   36                  

          .           )NRC, 1985 (
                .  1996      

                      T. Leslie Youd 
  .             5 NCEER   

  21                    
  .          10        NRC  .  

  2001                  .     
 Seed and Idriss (1971)                 

                                                                 
4- National Research Council 
5- National Center for Earthquake Engineering Research 



 106            

                .       
                  .    

               .       
                        

                       . 
                      .   

      NCEER                 
    .  

                      
                .    )5-2(      

                     )Seed and 

Idriss, 1971.(   

  
 5 -2-               )Seed and Idriss, 1971(  

          h ) 5-2 (          
  amax     )  (  h             

  .                     h 
     :  

 )5-1       (                                                                                                     
g

h max
bodyrigidmax

a      



 107  -          
 

  :  
:      

maxa:       
g:  .  

          .              
    )5-1 (  .               

 h                      .  
            )5-2 ( :  

)5-2  (                                              
a

a

surfacegroundmax,

restintofdepthmax,

bodyrigidmax

realmax
dbodyrigidmaxdrealmax rr         

  :  
dr :                      

) 5-1 ( .
        Seed and Idriss (1971)            

                     
  .       ) 5-2 (           

)   (  )(                    
                  .

             6  )SHAKE(      
                .     

             .      )5 -2(   
              .           -

              1  .   )5-3(  rd   
                    .      
            .        rd  

               .        
     5 -2-1-2   .  
                    :  

 )5-3(                                                                               d
surfacegroundmax,

max,hvrealmax rh
g

a   

                                                                 
6- Linear Equivalent 



 108            

  
 5 -3-                      rd  

                      )5-4(   
            hv,max  .  

  
 5 -4-         

                    
                      

        .            .   
        max,hv  N         
max,hv    ) 5-5(.  



 109  -          
 

  
 5 -5-          

  ""            )5-4 (        
           )5-5( . Whitman (1971)       

     67/0   Seed and Idriss (1971)     65/0   .  
                       

  .Seed et al. (1975)              65/0     
      .              65    

   :  
 )5-4                   (                                                                                                 max,hveqhv 65.0  

                   
)CSReq (      :  

)5-5                (                                                                         d
vo

vomaxeqhv
eq r

g
65.0CSR

a  

  :  
eqCSR:       

maxa:        
vo:      
vo:      
dr :      
g:  .  

                   3      
                      .  



 110            

                        
               .  

5 -2 -1-1-   (amax)  
                        

               .       
  amax            NCEER   1997  Youd  

 )     2001(  :  
    amax                   

  .                     ) 
       (     .       

amax                         . 
            Idriss (1991)    .  

                  .   
 Boore and Atkinson (2007)   Campbell and Bozorgnia (2007)       

Pacific Earthquake Engineering Research Center’s Next Generation Attenuation (PEER NGA)   
        .              

        7        .      
                          

            .  
    amax                  

        .     SHAKE  DESRA       
   Schnabel et al. 1972)  Finn et al. 1977 .(           

         .     
                     

        Idriss (1990 and 1991)  Seed et al. (1994) .    
               .  

                   
     .                  

             .         
                                                                 
7- Shallow Crustal Tectonic Environment 



 111  -          
 

     )    1/0 (             
              .  

5 -2 -1-2-       )rd(  
                       

       .                .
     8                  

   .                 
    .  

              .Kramer (1996)     
                        

          .          
        .              

                .  
                      

    .                   
  .                       

                  .SHAKE SHAKE91 )Idriss and 

Sun, 1993 ( PROSHAKE                  
 . DESRA )Lee and Finn, 1978( TESS )Pyke, 1992 ( WAVE     UWsand )Kramer 

and Arduino, 1999(               .  
Golesorkhi (1989)                    

                         
     .                  

                    . 

                      
     .                     

         .  
                      

       .               
                                                                 
8- Compliant Behavior 



 112            

            .            
             .          

                   .   

-      

      )rd(            
) (  .   rd              .     

   rd                       
        .  

                    
      .                 

      Cetin (2000)  Cetin and Seed (2004)    .     
                     .     

  Seed and Idriss (1971)  Cetin et al. (2004)          
  .  

 Seed and Idriss (1971)  
                .    

                  Seed and Idriss (1971)  
           .  )5-6(          

         .  
              rd        

           )5-6(           
     1997  2001  Youd      .Liao and Whitman (1986)    

      rd  :  

)5-6(                                                                                  
m23z15.9forz0267.0174.1

m15.9zforz00765.01
rd    

    T. F. Blake             )5-6 ( :  

)5-7               (                                     
)z001210.0z006205.0z05729.0z4177.0000.1(

)z001753.0z04052.0z4113.0000.1(
r

25.15.0

5.15.0

d                         

      z          .  



 113  -          
 

 )5-7(     rd                
    .  

  
 5 -6-   rd    )Seed and Idriss, 1971(        )5-7(  

                rd       
           rd     .       
 rd                    .   

                   15      
                       

 .   

 Ishihara (1977)  
 Ishihara (1977)           rd        

    9 . Ishihara               
                   .      
               .  

 Iwasaki et al. (1978)  
Iwasaki                   6    

              rd     .Iwasaki       
                   rd  .  

                                                                 
9- Harmonic Motion 



 114            

      rd        .          
   .  

 Imai et al. (1981)  
Imai et al. (1981)    rd     Ishihara (1977)  .     

        rd              rd 
     .           rd         
                   .  

 Golesorkhi (1989)   
    Golesorkhi (1989)              

   .             rd        
     )SHAKE(     10 )DESRA (     11 

)TESS(    .           Golesorkhi        
                    .       

  rd                   
              .   1999 Idriss  Golesorkhi   rd 

      SHAKE          rd  .  

 Cetin et al. (2004)  
   Cetin (2000) Cetin et al. (2004)  Cetin and Seed (2004)   rd      
 Golesorkhi            .     50    

        42               
  :  
1-      )  (  
2-   )   ( 

3-  . 

          Golesorkhi        :  
1-          
2-         

3-     rd         . 

                                                                 
10- Lumped-Mass Nonlinear 
11- Finite Difference Nonlinear 



 115  -          
 

    Cetin               
               rd       

   .   
 rd    Seed and Idriss (1971)       Cetin et al. (2004)  

       )5-7(    .            
         Cetin  .           

   2153                .  

  
                                              ))                                                                                                ((  

 5 -7-  rd         2153         )  
 (     :  (  Seed and Idriss (1971)  (      )1± (

 Cetin et al. (2004)    

     Cetin et al. (2004)      rd       
  :  

)5-8(                       

m20dfor

e201.0258.16

V0525.0M999.0a949.2013.23
1

e201.0258.16

V0525.0M999.0a949.2013.23
1

V,a,M,dr
dr

*
m12,s

*
m12,s

586.7V0785.0341.0

*
m12,swmax

586.7V0785.0d341.0

*
m12,swmax

*
m12,smaxwd  

  



 116            

m20dfor

20d0046.0

e201.0258.16

V0525.0M999.0a949.2013.23
1

e201.0258.16

V0525.0M999.0a949.2013.23
1

V,a,M,dr
dr

*
m12,s

*
m12,s

586.7V0785.0341.0

*
m12,swmax

586.7V0785.020341.0

*
m12,swmax

*
m12,smaxwd  

                                                                                          
m12dfor120198.0

m12dford0198.0
d

8500.0

8500.0

dr
  

  :  
maxa :     )g(  

*
m12,sV :     12    )m/s(  
wM :   
d :     )m.(  

       Cetin   2000            
     rd                    

  .  

5 -3-    )  (  

                    . 
          :  

1-             
2-                     

.  
                     

          .            
           .             

                         
         .            

                       
  .                       

       .                   



 117  -          
 

        .           
                      

        .               
         .  

5 -3-1 -          
                     

      .       )       
     (                

        K0 )    (   .    
                     ) 5  

    (     .  
              )NL(   

         ) 5-8 .(            
                    

            .         
              »    «  

   )5-9 (  .                 
          )CSR(    .        

    .     CSR            
)CSRss = cyc/ 'v0 (     .              

  )CSRtx = dc/(2 '3c) (  CSR    .          
                   . 

               :  

 
)5-9(                                                                                                                       

 
CSRCCSR txrss .

    Cr       )5-1 (   .  
                    .

Pyke et al. (1975)                   
  .   Seed et al. (1975)               



 118            

10             .         
         .  

)5-10(                                                                                 
 

CSRCCSRCSR txrSS'
0v

cyc
insitu .9.09.0

 

  
 5 -8-              )'0=98 kPa :( (    

 47   (     75  )Ishihara, 1985(  

  
 5 -9-            20           

 Sacramento )Seed and Lee, 1965(  

  



 119  -          
 

 5-1-    CSR )Cr(  

      
 Cr  

K0=0.4 K0=1.0 

Finn et al. (1971) 2K1 0rC7/0  0/1  

Seed and Peacock (1971)   72/0  55/0  0/1  

Casro (1975) 33K212 0rC69/0  15/1  

                .Lee and Albaisa (1974)  
DeAlba et al. (1975)             )ru(    

     :  

)5-11(                                                                                                        1
N

2sin
1

2

1
1

L

1
u

N
r

  
  :  

NL:        )ru=1(  
:       .  

     )5-10 (               
   .  )5-11(                 

    .Martin et al. (1975)                  
                 -   
          .             

       .  
                    

 .                    
        .          )  (      

         )Ladd, 1974; Mulilis et al., 1975; Toki et al., 1986; 

Tatsuoka et al., 1986 .(                  . 
                      

        )Finn et al., 1970; Seed et al., 1975( .     
          )Seed and Peacock, 1971 .(        



 120            

           )Ohsaki 1969; Seed, 1979; Yoshimi et al., 1989( .
                        

           .            
             .         

                         
  .                

 )   (  .  
                 .

                       
     .            12 
     .                

      .  

  
 5 -10 -              )5-12(   0.7 

5 -3-2 -         )  (  

5 -3 -2-1-   

                         
     .              

                      .   
                                                                 
12- Necking 



 121  -          
 

                    .   
                        
              .        

                 .  
                  . 

   Seed (1979)                   
               .  Seed and DeAlba (1986)  

Robertson (1986)                  
                   .  

                     
 :  
1-                  
2-            .  

    )Seed and Idriss, 1971 (           
                    .

      4            ) SPT CPT  
  (                .     

          .        
         :  

1-    )SPT(  
2-    )CPT( 

3-     )Vs(. 

 )5-2(             .      
         SPT  .    CPT  Vs     
                         .  

                      :  
1-                     

             )     (   )   
      (   .             

                     
      .  



 122            

 5-2-              

  
   

SPT CPT  Vs  
               

  -                  
              

                   
                     

            
    :             

2-                      
  .                      .

                   . 
                      

                 .     
                      

                  .      
                 .      
       .  

5 -3 -2-2-    

5 -3 -2-2-1- SPT  
  SPT                 

       1964   Good Friday     8   Niigata    
 5/7  . Seed (1979)               SPT 
  .                

             ) (   .   
              .  

      SPT    )Tatsuoka et al., 1980; Tokimatsu and Yoshimi, 1983; 

Kokusho et al., 1983; Fear and McRoberts, 1995(          Seed et al. 

(1985)          .  



 123  -          
 

                     
             .        

            Seed et al. (1985)     
 .         Youd et al. (2001) )     NCEER 

  (                   
Cetin et al. 2004   .  

-  Youd et al. (2001)  
      SPT             

      .          CSR  (N1)60  
   )5-11(    .    (N1)60            

100 kPa        60 %   .       
 " "       . )5-11(          

                    
 5/7       .             
.                   .  

          5 %  15 % 35 %  . CRR   
   5 %                   SPT   

  . CRR   )5-11(      5/7   .    
  CRR            .  

     SPT   

    NCEER      SPT    Seed et al. (1985)  
 .             (N1)60         
CRR    05/0   ) 5-11 .(             

 CRR     CPT  Vs   .Seed and Idriss (1982)     
                .     

            )5-11(    .  



 124            

 
 5 -11 -     SPT     5/7       )  

Seed et al. 1985(  

A. F. Rauch   Texas          :  

)5-12(                                                             
200

1

45N10

50

135

N

N34

1
CRR

2 
601

601

601
5.7  

   (N1)60<30     (N1)60 30           
          .           

           .  
          )5-11(         

  :  
            

        

    M=7.5 

    1  14  )90 %   10  ( 

            .  



 125  -          
 

                    . 
                       .  

       SPT               .
            SPT     

    . 

     

Seed et al. (1985)                  
   .                     . 

   (1985)  Seed et al.  CRR            
)5-11(     .    NCEER          

                  
  .  

  NCEER  )5-13(              )FC (  
CRR   .                
   .                    

          )3-3 (   .       
             .   Seed  Idriss   (N1)60  

    cs,601)N(   :  
)5-13                     (                                                                                              601cs,601 )N()N(  

               :  

                                                                                         
%35FCfor5

%35FC%5for]
FC

190
76.1exp[

%5FCfor0

2  

                                                                                          
%35FCfor2.1

%35FC%5for
1000

FC
99.0

%5FCfor 1
5.1

  

               .  



 126            

    

           SPT      .     
        )5-3 (  .  

       SPT               
  .  SPT         :   

)5-14                           (                                                                            SRBENm601 C.C.C.C.C.N)N(                    
  :  

mN :       

NC :  Nm         
EC :     )ER(  
BC :      
RC :      
SC :      )      .(  

 5-3-     )Robertson and Wride, 1998(  
          

   -  CN  7.1C,
'

P
C N

5.0

v

a
N   

   
   

CE 

5/0  1  
   7/0  2/1  

    8/0  3/1  

   
65  115   

CB  
1  

150   05/1  
200   15/1  

   

  3  

CR  

75/0  
3  4   8/0  
4  6   85/0  
6  10   95/0  
10  30   1 

      
CS  

1  
     1/1  3/1  

        )5-3 (        .  



 127  -          
 

-         

    N                 
)Seed and Idriss, 1982 .(          )Liao and Whitman, 1986:(  

)5-15            (                                                                                                                   
5.0

v

a
N '

P
C  

   CN  Nm       )v' (   100 kPa (1 atm.)   .Youd et al. 

(2001)   CN   7/1  . Kayen et al. (1992)         7/1   
         NCEER          seed and 

Idriss (1982)   :  

)5-16(                                                                                                                              

a

v
N

P

'
2.1

2.2
C

               . 

   )v' (  )5-15(  )5-16(          .    
                CN     

     . 

  CN                
       )Holtz, 1957 and Gibbs Bieganousky, 1997 (a, b); and Marcuson(.  

      )5-12(    CN          )1995 Castro,.(  



 128            

 
 5 -12 -  CN              CN  

    )5-15 ( )5-16) (Castro, 1995(  

           CN        . 
         CN         )  

kPa 200 (      )5-15 ( )5-16 (   .   NCEER   
 )5-15 (   CN              kPa 200 

     . )5-16 (       300 kPa  .   
   300 kPa        )5-15(   .       
             CN      

  .   

-      )ER(   

                    SPT 
 .     60 %                

     .  )ER(              13  
   .    )CE=ER/60 (    SPT     60 % 

       )5-3(    .             
                                                                 
13- Lifting Mechanism 



 129  -          
 

                   )CE (
  .           ASTM  D1586-99     

                CE   .  
                      

 10 % .   NCEER           SPT   
      .    CE          
                .     

                 CE     
      )5-3(  .  

-        

           10    .     
       3     0.75 =CR       Seed et al. (1985) 
        .           )5-3( 

      (N1)60              3  
10                    SPT  

     .      3  10        SPT 
  .  

-        

          SPT  -      
-     .                  
.                     

                     )seed et 

al. 1984 and 1985 .(       10 %   (N1<10)  30 %   
 (N1>30)   CS      1/1  3/1  .  

-      

        )65-125 mm ( Skempton (1986)       
Robertson and Wride (1998)   .   CB   )5-3 (  .  



 130            

-  Cetin et al. (2004)  

       NCEER            
        1984    .            

 )CSR > 0.25 (            .  
             .     

                      . 

     SPT   

Cetin et al. (2004)             Seed et al. (1985)  
                       

     15  35    ) 5-13 .(      
      5.7Mw           .  

      )5-13(        )CSR>0.4 (    .  
                    )(N1)60 30 (

               .      
          .        )5-13 (

   Cetin et al. (2004)        .     
      :  

)5-17                 (                                    
32.13

05.14)Pln(70.3)Mln(53.29)N(
expCRR avwcs,601 



 131  -          
 

  
 5 -13 -       SPT    ) 7.5wM  atm1v'(  

      

Cetin et al. (2004)                     
            :   

)5-18        (                                    
%35FC%5for

)N(

FC
05.0)FC004.01(C

C)N()N(

601
FINES

FINES601cs,601

  

    FC           .  
        5 %   1  ) (       

 35 %     .    )5-13(         
  5/6        )  FC 35%     .(     

      Seed et al. (1985)   10 .  



 132            

     
   Cetin et al. (2004)               

       NCEER   .         
                       )5 -14 (

   .               1/1  
3/1     :  

)5-20                                                                                     (                                        
100

N
1C 601

S  

 
 5 -14 -       )CS(  

-  TC4     

    1995               
       .                

   2     .              
              .       

                       
         .  

                     
  .           )TC4, 1999(    



 133  -          
 

             .          
       )L (         )R (    

         .           )5-2 ( 
  .           :  

)5-20                                                                                      (                                          LW RCR          
  :  
LR :                 

            :  

                                                                  

15010a

a
5.4

a
6

a

aa
L

N))2/D(Log36.01(N

)14N(     )14N.(1016.17.1/N0882.0

)14N(                                            7.1/N0882.0
R

  

aN :         
1N :         100 kPa  

50D :   
WC :           :  

                              
)4.0(R                       0.2

)4.0R(0.1    0.67R3.3

)1.0(R                       0.1

C  II Levelmotion  earthquakeFor 

0.1C  I Levelmotion  earthquakeFor 

     C

L

LL

L

W

W

W  

       )5-4-2 (  .  
                    )5-20 (   

          )5-4 -1 (   .     
                  .  

5 -3 -2-2-2- CPT  
     )CPT(                 

 .    CPT          )5-2 ( )   ( 
 .                    
      .    CPT      

                     
      .   CPT        



 134            

                      .
                 CPT     

       SPT    .   
       CPT  Seed et al. (1983)         

SPT  CPT     SPT   CPT   .   SPT  CPT    
      CPT  .              

           SPT  CPT )Robertson and Campenella 

(1983) Olsen (1984) Ishihara (1985) Jamiolkowski et al. (1985) Seed and DeAlba (1986) Franklin 

(1986)  Olsen and Koester (1995)(    .           CPT   
          Shibata and Teparaska (1988)   .  

      CPT                 
               SPT    

 .          CPT       SPT    
   Rongxiang and Zhaoji (1995)  Stark and Olsen (1995)  .  

      CPT  Suzuki et al. (1995)   .        
  CPT         .     Suzuki et al. 

(1997)  Robertson and Wride (1998)                 
 CPT     .        SPT  CPT )        (

                     
 .                    

        )Youd et al., 2001(    Robertson and Wride 

(1998)                 Moss et al. (2006) 
    .  

-  Youd et al. (2001)  
 )5-15(     Robertson and Wride (1998)         

 )FC 5% (    CPT   .         CPT     
  Suzuki et al. (1995)  Stark and Olsen (1995)     .      )5-15 ( 

      5/7              CPT   
     )N1cq(                   



 135  -          
 

         .            
            .  

  
 5 -15 -     CRR    CPT           

  )Robertson and Wride, 1998(  

         1989 Loma Prieta        
        I. M. Idriss   NCEER         )5-15(  

   10  15         .             
         .              

    CPT                   
    .  

     )5-15 (       :  

)5-21                                                        (
160q50If08.0

1000

q
 93

50qIf05.0
1000

q
 833.0

CRR

csN1c

3

csN1c

csN1c
csN1c

5.7  

  :  



 136            

csN1cq:          )atm1(kPa100     
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    )5-22 (       )1cq (        )N1cq(:  

)5-22         (                                                                                                        

7.1
'

P

,
P

q

P

q
Cq

c

v

a
q

a

1c

a

c
qN1c

o

C

  

  :  
Cq:         

aP :   1          
c :       
cq:         .  

     Cq               Youd et al. 

(2001)  7/1   .   c        5/0  1    .     
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   )5-19 (   .  

-  Moss et al. (2006)  

              Robertson and Wride (1998) 
  .              )Juang et al., 2000, 2003, 2006; 

Idriss and Boulanger, 2004; Moss et al., 2006 .(          Moss et al. 
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 5 -19 -        CPT   Youd et al. (2001)  

Ic=[(3.47-logQ)2+(log F+1.22)2]0.5 

If Ic 1.64                 Kc=1.0 
If Ic>1.64                 Kc=-0.403 Ic

4+5.581 Ic
3-21.63 Ic

2+33.75 Ic-17.88 
If Ic>2.6                   the soil in this range of Ic are most likely too 
                                clay-rich or plastic to liquefy. 

qc1N=(qc/Pa)(Pa/ 'v0)
0.7 

Q= [(qc1N- v0)/Pa][Pa/ 'v0 ]0.7  
Ic=[(3.47-log Q)2+(log F+1.22)2]0.5 

Ic<2.6
Ic>2.6

(qc1N)cs=(Kc)( qc1N) 

If (qc1N)cs<50                             CRR7.5=93[(qc1N)cs/1000]3 
If 50 (qc1N)cs<160                     CRR7.5=0.833[(qc1N)cs/1000]+0.05 
Note: if Ic 2.4, evaluating using other criteria. 
Note: if Ic>2.6, but F<1%, the soil is very sensitive and should be 
sampled and tested 

Ic=[(3.47-logQ)2+(log F+1.22)2]1.0 
qc1N=(qc/Pa)(Pa/ 'v0)

0.5 
Q= [(qc1N- v0)/Pa][Pa/ 'v0 ]0.5 

Pa: Atmospheric Presure 

qc1N=Q 
Ic>2.6 Ic<2.6 

    )v0'v0, ( 

Q= [(qc- v0)/Pa][Pa/ 'v0 ]1 F= [fs/(qc- v0)]×100%  

qc ) (     fs ) (  

      

   

       

SPT CPT 
  

Vs  
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v :  .  

             )mod,1cq (         
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 5 -21 -      Mw=7.5    1  )Moss et al., 2006(  
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2(                     
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         . 
-                 . 
-              -    

  -   . 
            :     .     

              -    
     -   .              

        . 

                    
            -          

-        .            
            SPT  CPT   .  

  30                 
 .       )Stokoe and Nazarian, 1985; Robertson et al., 1992; Andrus 

and Stokoe, 1997(         )Seed et al., 1983; Lodge, 1994(  
 )Bierschwale and Stokoe, 1984; Stokoe et al., 1988 (   )Dobry et al., 1981; 

DeAlba et al., 1984; Tokimatsu and Uchida, 1990 (   .       
                        

          .  

-         

                 15  
 16  17  SASW   .           

                                                                 
15- Crosshole and Downhole 
16- Seismic Cone Penetrometer 
17- Suspension Logger 
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    )Sykora, 1977; Kayen et al., 1992; Robertson et al., 1992(:  

)5-31     (                                                                                                     
25.0

v

a
svss

0

1

P
VCVV  

  :  
1s

V :          
vC :            
aP :     100 kPa   
0v :    ) aP .(  

      SPT  CPT           )4/1 ( 
      .    )5 -31 (            

              )0K (        
            5/0   .        

                       
            )Stokoe et al., 1985.(  

-           

 )5-22 (                  
  . “Best Fit”    Tokimatsu and Uchida (1990)         

          10    15       . 
 “Lower Band”                  

      .  )Robertson et al., 1992 (       
  Imperial Vally             .    Kayen 
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20     .Andrus and Stokoe (2000)          26    
 70              .  
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18- Explanatory Variables 
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  Liao et al. (1988)     Seed et al. (1985)            
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                 ) 5-24-  (  
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Youd and Noble (1997a)                  

           Liao et al. (1988)         
SPT  .       Liao et al. (1988)            
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 5 -24 -             SPT      

        - Youd and Noble (1997a)          - Liao et al. (1988)  

Youd and Noble 
(1997a) 
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     Lai et al. (1990) Topark et al. (1999)  Juang et al. (2002)   
    CPT    .      CPT    

    )N1cq (          5/7 ))CSR(ln 5.7 (   
  .  

   Moss et al. (2006)     Cetin et al. (2004)       
 Baysian        CPT           

   ) 5-25.(   

  
 5 -25 -        CPT      Mw=7.5  v=100 kPa  

                    
   Kayen et al. (2004)  Juang et al. (2001)  .  

5 -4-    

                  
                .      
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 CPT  )5-23 ( Vs        5/7    .    
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               K K  Seed (1983)  
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      .         NCEER         

           .         
        .  

    MSF K  K              
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 )5-34  (                                                                                                5.7 KKMSF
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FS    

  :  
CSR :         ) 5-6(  

CRR7.5 :       5/7    )5-12(  )5-17(   SPT )5-21(  
)5-30(   CPT  )5-32(  Vs  .          

              . 

                                                                 
19- Magnitude Scaling Factor 
20- Magnitude Weighting Factor 
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5 -4 -1-1-      
         70  Seed and Idriss (1982)     

   5/7            CRR   .     
                   -

    .              
     CSR     ) 5-26.(         

          .        CSR 
           CSR   15  )     5/7 ( 

  .     2   )5-4 (   )5-27 (   .  MSF   
    1982          .  

 
 5 -26 -    CSR       )Seed and Idriss, 1982(  

 5-4-          (Youd and Noble, 1997b)  

  5/5  6 5/6  7 5/7  8 5/8  

Seed and Idriss (1982)  43/1  32/1  19/1  08/1  00/1  94/0  89/0  

Idriss (1995)  2/2  76/1  44/1  19/1  00/1  84/0  72/0  

Andrus and Stokoe (1997)  8/2  1/2  6/1  25/1  00/1  *8/0  *65/0  
 *      
  



 157  -          
 

 
 5 -27 -          (Youd and Noble, 1997b)  

I.M. Idriss       H.B. Seed       Seed    
   )1982 (        .          

          .              
)1982 (                MSF       

  5/7  .    Idriss             3     
)5-4(      )5-27(        .         

 : 

)5-35                      (                                                                                                         
56.2

w

24.2

M

10
MSF  

    NCEER           MSF   .  
          5/7           
  5/7       .              
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             .         
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-  Cetin et al. (2004) 
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 5 -28 -              Cetin et al. (2004)  

            K      .  
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 5 -29 -  K      (Seed and Harder, 1990)  

  
 5 -30 -      K   )Hynes and Olsen, 1999(  
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 5 -31 -     K     

-  Cetin et al. (2004) 

      NCEER              K 
   .Cetin et al. (2004)            13030 v  

        K         )5-32(     .
             30-180 kPa   .  
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 5 -32 -  K    Cetin et al. (2004)  
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          )  (       
       .          :  

1-    
2-   .  

     

                  .  
          .         

     .                 
               .          

         .  
                  

           .         
 .                  .  

 )8-20 (          .          
          .         )8-20 (  

    .                 
       .               

    .                   
                                                                 
30- Swirel 
31- Tag Line 
32- Non rotating surface cable 
33- Rubber tire 
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 .                        .
        .  

                 .     
   .                   .  

                   .   
                 .  

  
 8 -20 -            

                     .   
                 .  

        )8-20 (    .         
        .            .  

     

                   .  
                   

.  
                     

                 .  
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               .      
      )8-2 (      .  
                  

                .    
           .          

         .  
                    

     .                 
   .         .  

8-2-2-2-3-       

-   

                  16            
  .                       

          .                
             .               

             .  
                          

                 .  

    

        5  27     .              
        ) 3  (            9  12   

     .                        
     .                          

           .            .  
                             .
                      .       

            .               
            .             

       .  
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          36-72 kPa  .                 
  .                           

    .     36 kPa                  
  .                           

    .         10-34 kPa  .               
                 .  

    

                           
          .                     

                   .    13   15 
                  .          

               .              
     .         .  

         5  16       . )8-6 (       
                   .     16  23   

           .           
              .             

         .                    
    .  

 8-6-           

  )t.f(     )t(    )mm(  

5/3  5/7  36  45  19  22  
5/7  13  45  90  22  25  

5/13  5/16  90  115  25  29  
5/16  23  115  160  32  38  
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-   

      34  

                     
                        .      

                                 
35       .  

                   152        .
           .      30  90     

   .  
            )             

                 (             
  .                        

       .  

-     

                              
               .              

       .  
           .              l  

          .               .  
                          

                  .      
                     .       

         .  
                .             

          12       3          
      36     3           .       

                     .       

                                                                 
34- Surface stabilizing layer 
35- Consistency 
36- Ground Heaving 
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                .       3   
4                  .  

                               
      .              .             

                        
          .  

8-2-2-2-4-    

-    
       8-2-2-2-2               

             )        (    
      .       :  

-            
-            

-          

-            . 

-     

                          
  .                        

            SPT  CPT  .        
              .               

         .  
                       .

         150                 
                       .  

       150                    
       .                     

  .                        
        .  
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                  .       
                              

              .  
                   SPT  CPT   

  .                      .
                            

   .                         
         .  

                      .       
            .  

                       
          .                   

                           
                      .        

                           
  .                         

             .  

-      

                  .     
     :  

)8-2(                                                                                                                                    WHnD   

  :  
D :  )m(  
n :          5/0  .     )8-21 (     n  

3/0  8/0           4/0   .    n         
 .  

W :  )t.f(  
H :  )m.(  
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 8 -21 -               

                            
              .           

 Lukas (1995)   .  
         W  H     )8-2 (     .  )8-22 (     

                     .         
         W  H         .  
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 8 -22 -          

                          SPT  CPT 
    .                     
         .                 
          . )8-23 (       .      

      :  
a :              
b :         
c :       
d :     D/3  D/2    

                  .         
          .              SPT  
CPT  .  
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 8 -23 -          

              SPT  CPT   )8-7(    
  .          D/3  D/2      .           

           .                
    2-3 MJ/m2   .                    

                           
            )8-7 ( .  

 8-7-             

   
    

       )MPa(  
   :  

    40  50  19  29  

  :  
   

     

35  45  
25  35  

13  17  
10  13  

   :  
      30  40*      

  20  40*      

 *                 .  

        )8-7 (               
      .               SPT  CPT    

     .                 
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             .           
                      .    

                  .          
              .           

                             
  .  

-     

                .          
       .            :  

)8-3                                                                                                                       (2S

P×N×H×W
=AE   

  :  
AE :   )kJ/m2(  

N :          
W :  )t.f(  
H :  )m(  
P :   
S :     )m.(  

                        
  .                            . 

           )  (               
     .              .  

              1-3 MJ/m2    .     
                .  

            )8-8 (              
  .                        

   .               .  
  )8-8 (                 

       .                   .
                         .  
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                .         
              .  

 8-8-     

        (kJ/m3)  

    ) 1   8-17(  250-200  
     ) 2   8-17   (  

     ) 3   8-17(  350-250  

  1100-600  

             :  
 1:          )8-17(         )8-8 ( .  
 2:      )D(    n      )8-1 (  WH   
 .   )8-22 (     W  H           

WH    . )8-6 (             .  
 3:     )8 -2 (                
             .  

                .  

8 -2-3 -    

8 -2 -3-1-   

                    
                .       

                    
            .            

                         
   .                   

                      
   .                . 

               .  
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                   .     
          37  .          
                 .     

               .      
         )8 -9 ( .

   38                .  
          .            
 .                     

  .

 8-9-             

 (     
 
 

     
     

 (            
  

 (                  
            .

                    
       .            .  

               .        
             .

                    . 
                      

  .                   39

  .                     
          .            

                      
        .

37- Gravel Compaction
38- Vibro floating
39- Ductility



 290           

                40  (Annaki and Lee 1977 and 

Yoshizawa et al. 1988)           .         
                   .  

8 -2 -3-2-     

            )8 -24 (   .      
             :  

1-     
2-               
3-       .  

                        
  .               .     
                     . 
                   

  .                     
             .  

                   :  
       

         

       

       

         

     . 

                        .
           8-2-3-3  8-2-3-4    .  

 
  
  
  

                                                                 
40- Cumulative damage theory 
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 8 -24 -      

8 -2 -3-3-     

8 -2 -3-3-1-    

                        
         .        41    

   .                      .
                        

   8-2-3-3-3     .  
                                                                 
41- Clogging 

1    
  

  

  

        

    

  

2 

  

 ) ( 

  

      

  

3 
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                42  .    
          .          

                            
  )  8-2-3-3-3   .(  

    )8-25- (             .   
" 500  1000 "       5/4    .         )8-25- (

    .             7       
)8-26 (       .              .  

                 8-2 -3-3-3  
  .             )        

       (        .       8 -
2-3-3-3          )R(               :  

)8-4(                                                                                                          
2

sd a

h
kk  

  :  
kd:             )cm/sec(  
ks         )cm/sec( 

h:    )cm(  

a:   )cm.(  
             10  6/0     )8-4 (    

           1000    .  
               8-2-3-3-3    .   

             )8-4 (         
   .              .  

                .     
            .            :  

-      :                 
                       

   .         .          
               .  

                                                                 
42- Turbulent  Flow 
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 8 -25 -              

  
 8 -26 -     7  
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-           :              
             .           
           43   .         
 .  
-     :                   

     .  
                            

    .                  
     .  

                .      
             :  

 d15/D85  5:     d15  D85         15  85      
    . 

 d25/D75  9.5  d15/D85  6.4:    d25  D75      25  75  . 

 d15/D85  9 :       d15/D85  5       . 

8 -2 -3-3-2-      

                    
          :  

    

        

     . 

                   .  

-     

     5                .  
           )8-27 (  .  )8-27-(    

   )R(           )Nl(    .  )8-27- (
          Nl              

                                                                 
43- Micro-organisms 



 295   -         
 

  )'c (    .                 
                .  

  
 8 -27 -   :  -    -        

                       8-2-
3-3-3     .  

-     

           .           
                     . 

         8-2-3-3-3      .         
         .  

               .      
                  .  

                 44  
    .                     

                     .
                      

   .  
                )8-10 ( )8-11 (  . 

       Uc<5     D10=0.1-0.3 mm         :  

)8-5(                                                                                                                                    
2

10DCk  
                                                                 
44- Reliability 
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  8-10-        )Iai, 1989(  
     )mm(    )cm/sec(  

     10/0~05/0  005/0~001/0  
    25/0~10/0  01/0~005/0  

    50/0~25/0  1/0~01/0  
    0/1~5/0  0/1~1/0  

   0/5~0/1  0/5~0/1  

 8-11-        D20 )Iai et al., 1990(  

D20 (mm)  K (cm/sec)     
005/0  6 -10×00/3     
01/0  5 -10×05/1     
02/0  5 -10×00/4  

   03/0  5 -10×50/8  
04/0  4 -10×75/1  
05/0  4 -10×80/2  
06/0  4 -10×60/4  

     
07/0  4 -10×50/6  
08/0  4 -10×00/9  
09/0  3 -10×40/1  
10/0  3 -10×75/1  
12/0  3 -10×60/2  

    

14/0  3 -10×80/3  
16/0  3 -10×10/5  
18/0  3 -10×85/6  
20/0  3 -10×90/8  
25/0  2 -10×40/1  
30/0  2 -10×20/2  

   
35/0  2 -10×20/3  
4/0  2 -10×50/4  
45/0  2 -10×80/5  
50/0  2 -10×50/7  
60/0  1 -10×10/1  

    
70/0  1 -10×60/1  
80/0  1 -10×15/2  
90/0  1 -10×00/2  
00/1  1 -10×60/3  
00/2  80/1     
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  :  
k:   )cm/sec(  
C :   100 cm/sec   

D10 :   )cm.(  

-      

                   .  
           )u/ 'c (   )  5/0 (    

  .                 .     
   :  

)8-6(                                                                                                                            
max

v u

1

V

V
m  

  :  
mv :   )cm2/kg(  
V :        )cm3(  
V :  )cm3(  

umax :       )kg/cm2 .(  
        )8 -12 (    .         

'c=1 kg/cm2       u/ 'c< 0.5     .          
    )8-28 (  .  

 8-12-          

        
*

 (cm2/kgf)  
  

Sacramento River Sand 
3 -10×2  Lee et al. (1974) 

El Monte sand (D) 
3 -10×2  Lee et al. (1974) 

El Monte sand (D) 
3 -10×2  Lee et al. (1974) 

Akita Port Sand 
3 -10×4~3  Zen et al. (1984) 

El Monte sand (D) 
3 -10×4  Lee et al. (1974) 

Monerey Sand 
3 -10×4  Lee et al. (1974) 

Fuji River Sand 
3 -10×6  Ishihara et al. (1978) 

El Monte sand (D) 
3 -10×8  Lee et al. (1974) 

Ogishma Sand 
3 -10×10  Ono et al. (1983) 

 *    u/ 'c<0.5  'c=1 kgf/cm2  
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 8 -28 -                )8-12(  

8 -2 -3-3-3-       

                .         
    .   

               1  3     :  
 1:                  

 .                )     
SHAKE     Schnable et al. (1972)        SHAKE91   Idriss and 

Sun (1992)   (   .               
        )    DESRA      Lee and 

Finn, 1978  (      )  )Idriss et al., 1973( QUAD4 )Lysmer et al., 

1975 (FLUSH  )Pyke, 1995 (TELDYN (     )  )Prevost, 1981 (
DYNAFLOW  )Cundall and Board, 1988 (FLAC (  .           

      )8-13 ( .  

 8-13-          

   )    (  
    )        (  

    )      (  

          
            

         
                   



 299   -         
 

 2:    )N/Nl(               
 ) 8-27- (   .         )8-29 (   .  
-            k  ( / 'c)k     
-                R=( / 'c)k     

  (Nl)k     
-             .  

)8-7(
                                                                                                                                kll )N(

5.0

N

N 

               .  

  
 8 -29 -          

 3:          N/Nl          )  
)8-30 ( (.  

)8-8(
                                                                                                                     

maxl

1.05.0*
l

N
N

4.0

tt
t 

  :  
tl

* :     )sec(  
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(N/Nl)max :      
t0.5 :     N/Nl=0.5(N/Nl)max  
t0.1 :     N/Nl=0.1(N/Nl)max.  

  
 8 -30 -        )tl

*( 

                     
      4  11    .  

 4:                 ( / 'vo)max   .
( / 'vo)max                   

  .  
 5:          )tl

*  (     :  
-                   

  (N/Nl)max      1   tl
*       )tl ( (N/Nl)max  

  .     (N/Nl)max   1           .  
-                     

                )  )8-31(  :(  

)8-9(
                                                                                   )7.0(;)))'/u(

2
(sin()N/N(

t
)N/N(

)N/N(
t

2
max0vlo

*
l

lo

lu
l

 

   :  
tl :        )sec(  

Nu/Nl : N/Nl   ( / 'vo)max              .
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 8 -31 -           

 6:                )a(   .  
 7:   )Tl(        :  

)8-10(
                                                                                                                         2

wv

ls
l

am

tk
T  

  :  
ks :      )cm/sec(  

mv :     )cm2/kg(  
w :       )10-3 kg/cm3(.  

 8:    )R(        :  

)8-11(
                                                                                                                        

2

d

s
2 a

h

k

k8
R

  
  :  
kd :   )cm/sec(  
h :  )cm.(  

 9:     )a/b(           )8-32 (   .   
 b (cm)          )    )8-33 (     

              .(  
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 8 -32 -         

  
 8 -33 -              

 10:    )d (      :  

)8-12(  
     d=1.9b  

    d=1.77b  
 11:                7  .  
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8 -2 -3-3-4-    

-    tl       8-2-3 -3-3  

       tl       .             
Tanaka et al. (1984)   10       75   tl     .  

                .    
             .   

-         

                         .
    ( / 'vo) <0.5                   .

                 )' (  '×(1-( / 'vo)max) 
               .       8-2-3-3-3  

                  .     
                 .  

( / 'vo)max>0.5           ( / 'vo)max<0.1         .
         1/0  5/0     ( / 'vo)max     .  

        tl  25/0     ( / 'vo)max     .  
-         

         )'vo(           'vo    .
           )     (        

  .  
-            

       8-2-3-3-3          )tl(  
     )ks (      )mv (          .
           .           

            .  
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-          

      8-2-3-3 -3              
         .             

     .                 
  .                     .  

                      .  
-       

              .     
 )     (           .    -

      .                
                         

      .  
-            

              .          
              .       

                 .  
                     :  

)8-13(
                                                                                                  

ilu

imax,
'
vo

imax,l

'
i,vovii

n

1i
ii

)N/N(

)/u(

N

N
m

hS

  

   :  
S : )cm(  
hi :   i- )cm(  
n :    

i :    i -  
mvi :    i- )cm2/kg(  
'vo :      i-  
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(N/Nl)max, i :    i-  
(Nu/Nl)i : )N/Nl (  ( / 'vo)max         i-  

( / 'vo)max, i :              i-.  
 ( / 'vo)max, i<0.5            8-2-3-3-3    

  ( / 'vo)max,i    .  (N/Nl)max,i  (Nu/Nl)i   8-2-3-3-3  .  
               )8-13 (      
       .        2         
  )8-13 ( .  

             5/0          
     .             10    .  

8 -2 -3-4-     

8 -2 -3-4-1-    

            :  
1-               
2-               
3-        .  

                  
                  .   

         8-2-3-3-1   .  

8 -2 -3-4-2-      

                   8-2-3 -
3-2     .  

8 -2 -3-4-3-       

                   8-2-3-
3-3   .        1/0    .  )8-32 ( 
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            .       )8-
34 (  .            b/a   .  

8 -2 -3-4-4-     

             8-2-3-3-4 .  

  
 8 -34 -    
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8 -2-4 -      

8 -2 -4-1-  45  

8 -2 -4-1-1-   

                      
           )46 (      .  

                  .     
                     

      .  
                 .  

                        
          :  

-       :  )W (      )D (     .  
-     :          )R (      

   )J (  .  
-    :       ) E (           

     )S (  . 

        )8-35(          WRS  WRE 
WJE  DRE   .           DRS DJE  DJS   .

                     . 
             WJS  .  

  

 
 
 
 
 

  
  

 8 -35 -         
                                                                 
45- Soil Mixing 
46- Reagent 

 (W) 

    

 (D)  

 (R)  

  (E)  

 (R)  - (J) 

  (E) 

 
  (E)    (S) 
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                  .     

     .           -   .  
             .        -

                   -

 .  
8 -2 -4-1-2-    

                     
 .        /           

    .  

-   /  

  

- DMM         70       30   . 

-                       
                 . 

-    DMM                  
   .                    

    . 

-  DMM       47 . 

-                 .       
      . 

-                         
    .  

 /   

-                       
             . 

-                       
     .               

                                                                 
47- Dewatering 
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    -            
    -              

  .                     
       28  . 

-   DMM           .   DMM  
 48    . 

-               DMM    30  100 
                  . 

      .  
                     

     .               
  .  

-      

         .          49    
                         

        .  

    

             .        
    .                 

       .               .
     -           -       

     .                  
              .  

       :  
-    )    (          

-     

-             

-        )      ( 

                                                                 
48- Headroom 
49- Solidification 
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-   .  

      

                     
          30     .          

                   .    
                    )-

 (  0.2 ~ 5 MPa      0.2 ~ 3 MPa      .  
 )8-14 (                   

    .                   
         .  

                    .  
    )8-15 (   .             

          .  

 8-14-              

       

   :qu (MPa) 
     :0.2 ~ 5 

    :0.2 ~ 3  
 :k (cm/s)  10-4 ~ 10-7 

  :E50 (kg/cm2)  
) 50   0.5qu(  

   :(50 ~ 150)qu 

    :(100 ~ 300)qu 

   (8% ~ 14%)qu 

 8-15-         

     
pH 5 >  

   (%)  200 <  
   (%)  6 <  

  (%)  10 <  
   (%)  8/0 <  
  (ms/cm) 4/0 > 

                                                                 
50- Secant Modulus 
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                  . 

                   .  
             .        

        -      .    
        :  

-           

-            

-       

-       

-        . 

                    
          .            

                   .  

   

                    
                  . -

                    . 
                    

.  
                     

              .          . 
                     -

             .  

-   

  51  )DMM (                
                     

                                                                 
51- Deep Mixing Method 
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  .5             :     
         .  

DMM                  . 
 DMM              Jackson Lake   1987 

 .    1917              .  
                     .  

                      
         .  

    DMM            .  

8 -2 -4-1-3-       

-   

                  
    .                    .  

DMM                      
      .     DMM        

          .            
   .         ) (      

                     .
         5/1  5/9       70    

   .  
               . 

                    
          .         

               )30      70   
 .(             52    

      .              -

          .             . 

                                                                 
52- Batching System 
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            .        53 
          .  

           .         
         .         -

           .         
                      -

 .                   
                -   . 

                       
     .                 

    .          .      
   .       -        .  

-   

        DMM   .        - 
   15  40      .      100 %    

  .                 .  
         DMM    .        

           -          
       .            54  

                        . 
                     

    .  
                       

-    .     -      :  
-                 pH    

-            

-       

-     .  

                                                                 
53- Positive Displacement Pump 
54- Hydration 
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 -           .        
   .      -            

 .  

   

            -      .
              .        

    .                 . 
           .           

                 -     
  .                  
   .  

                .    
      )8-16 (     .  

 8-16-           

   )ms/cm(     

4/0 <     
2/1 <  ...< 4/0     

2/1 >    

         )  pH  (     .    -

      .  
              .      

          0.5 MPa  .        
    55    56      10     )   (

  .              -  .  

8 -2 -4-1-4-     

                      
       .                 

                                                                 
55- Flowability 
56- Bleeding 
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                   .    
                    .  

-    

                   
                  .     

                .   
    )8-36 (   .  

  
 8 -36 -         

                    
         .           
         .  

 DMM                
       .       DMM        

             .        
                  .    
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                       . 
                 .   

                         
             .       

                     
             .         

                .         
DMM     :  

-                        

-         

-          . 

-     

              :       
                    

   .                
        - .  

  -              :  
-     

-     

-    

-  .  
                      

    .                  
                .      

               .      
      .                  

              .  
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    .        )8-14 (       
   .              :  

-   :                 . 
   100  450          .       

    )8-37 (   .  

  
 8 -37 -  -  -    -        

-     :            .     
            .      8/0  2/1  

  .                 -   
      -                 .  

                   -  .
          .  

-    :        .    28  5/1   
7      2         .   56     5/1   

28   .      6    .         .
                .  
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-    :           .  
      2/0  35/0            .   

                      
                 .  

         -       -    
      28               

 )8-17 (  .  

 8-17-        

        )MPa(  
           2/1 < 

    5/1 ~ 4/0  
       5/2 ~ 7/0  

   3 ~ 1  
      5 ~ 5/1  

 :  
-  57        -    . 

-            10-8 ~ 10-7 m/s . 

-          10     . 

-       1 Mpa              
   28          . 

-   E50               . 

-    3/0  45/0    .   25/0      . 

-                     -

        .          -

     .             . 

-                 .     
          3/1         

     .  

                                                                 
57- Air Entrainment 
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-      

                 :  
-       )  ( 

-        )  ( 

-        )  ( 

-            )  (  

-    )       .(  

8 -2 -4-2- 58  

8 -2 -4-2-1-     

                       
              .         

                       
             .       

                 .    
                    

 .  
                    

  .             :  
-       

-       ) .( 

                 :  
-  59 )       ( 

-  60 )( 

-   61 )( 

-  62 

-  63. 

                                                                 
58- Grouting  
59- Permeation Grouting 
60- Compaction Grouting 
61- Jet Grouting 
62- Fracture Grouting 
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            .       
                   

  .        )8-38 (    .        
        .  

 
 8 -38 -            

-    

                       .
    )8-39 (             )    (

    .            )    (  
       .                

            .       64   
                  .  

    1886          .         
1925    1950           .    

   1950     65               
    .             

. 

        )  (             
  .                     

                                                                                                                                                                                                               
63- Lime Injection 
64- Granular grout 
65- Acrylamide 
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      .             
 .                      

    .  

  
 8 -39 -      

-    

       1950       .      
            .         
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Parameters Unit

 
Layer 2 Layer 2 Layer 3 Layer 4 

Depth m 0~6.5 2.5~13.0 9.5~17.0 11~25.0 

Classification --- CL  ML-SM CL ML-SM 

Relative Density % --- 50-85 --- >85 

Fine Content % 95 80-35 95 65-24 

Dry Density ton/m3 1.64 1.66-1.72 1.71 --- 

Water Content % 23.3 22.1-18.7 22 --- 
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 9-12-          

  

                                                                 
1- Rubble Mound Breakwater 

Layer (degree) 
Cohesion 

(kPa) 
gsat  

(gr/cm3) 
gdry 

(gr/cm3)

Embankment 44 7 1.9 1.6 

Silty sand  28 0 1.76 1.6 

Silty gravel 43 0 2.1 1.8 
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Soil Type Depth N1 N2 N3 N FC (%) LL (%) PI (%) (gr/cm3)

S 1.0m 2 6 6 12 66 NL NP 1.68 

S 2.5m 4 5 8 13 75 NL NP 1.69 

S 4.0m 5 5 7 12 85 NL NP 1.80 

S 5.5m 9 7 8 15 88 27 NP 1.78 

S 7.5m 12 6 10 16 90 27 NP 1.81 

S 9.5m 11 10 8 18 91 27 6 1.78 

S 11.0m 13 9 11 20 98 26 4 1.81 

G 14.5m 2 50 100 59 27 6 2.15 

G 16.0m 50 100 58 24 5 2.15 

G 17.5m 50 100 58 24 5 2.15 

G 19.0m 50 100 40 NL NP 2.26 

G 21.0m 50 100 23 NL NP 2.10 

G 22.5m 50 100 23 NL NP 2.10 

G 24.0m 50 100 23 NL NP 2.03 

G 26.0m 50 100 23 NL NP 2.03 

G 27.5m 50 100 23 NL NP 2.03 

G 29.0m 50 100 25 NL NP 2.03 
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9 -2-2 -  
                   

 )9-15 (  .  

 9-15-       –  

Soil Type Depth N1 N2 N3 N FC (%) LL (%) PI (%) (gr/cm3)

S 1.0m 2 4 4 8 66 NL NP 1.68 

S 2.5m 4 3 6 9 75 NL NP 1.69 

S 4.0m 5 4 5 9 85 NL NP 1.80 

S 5.5m 6 5 5 10 88 27 NP 1.78 

S 7.5m 2 4 7 11 90 27 NP 1.81 

S 9.5m 2 6 8 14 91 27 6 1.78 

S 11.0m 6 6 8 14 98 26 4 1.81 

G 14.5m 2 50 100 59 27 6 2.15 

G 16.0m 50 100 58 24 5 2.15 

G 17.5m 50 100 58 24 5 2.15 

G 19.0m 50 100 40 NL NP 2.26 

G 21.0m 50 100 23 NL NP 2.10 

G 22.5m 50 100 23 NL NP 2.10 

G 24.0m 50 100 23 NL NP 2.03 

G 26.0m 50 100 23 NL NP 2.03 

G 27.5m 50 100 23 NL NP 2.03 

G 29.0m 50 100 25 NL NP 2.03 
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 9-18-       –    

Soil Type Depth N1 N2 N3 N FC (%) LL (%) PI (%) (gr/cm3)

S 1.0m 2 1 2 3 66 NL NP 1.68 

S 2.5m 1 3 2 5 75 NL NP 1.69 

S 4.0m 3 2 1 3 85 NL NP 1.80 

S 5.5m 2 3 2 5 88 27 NP 1.78 

S 7.5m 1 4 4 8 90 27 NP 1.81 

S 9.5m 2 2 7 9 91 27 6 1.78 

S 11.0m 1 2 1 3 98 26 4 1.81 

G 14.5m 2 50   100 59 27 6 2.15 

G 16.0m 50 100 58 24 5 2.15 

G 17.5m 50 100 58 24 5 2.15 

G 19.0m 50 100 40 NL NP 2.26 

G 21.0m 50 100 23 NL NP 2.10 

G 22.5m 50 100 23 NL NP 2.10 

G 24.0m 50 100 23 NL NP 2.03 

G 26.0m 50 100 23 NL NP 2.03 

G 27.5m 50 100 23 NL NP 2.03 

G 29.0m 50 100 25 NL NP 2.03 
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9-3-        

    30      )9-21 (         5/7 
  .          15  (RJB=15 km)   .    

            5/4-      .  
            .      

                      
      .            (N1,60)    

 (Vs)        )9-22 ( )9 -23 (    .     
           )9-24 (    .  

           )9-25 (     .       
        .           0/1     

            .  

 9-21-               

Soil Type Thickness (m) Depth (m) N1,60 FC (%) LL (%) PI (%) Vs (m/s) 

Clean Sand 1.50 0.75 7.27 0 NL NP 85.54 

Clean Sand 1.50 2.25 12.92 0 NL NP 123.57 

Clean Sand 1.50 3.75 12.35 0 NL NP 138.97 

Clean Sand 2.00 5.50 17.66 0 NL NP 163.59 

Clean Sand 1.50 7.25 18.94 0 NL NP 183.85 

Clean Sand 1.50 8.75 23.82 20 NL NP 193.86 

Silty Sand 2.00 10.50 13.97 20 NL NP 171.38 

Silty Sand 1.50 12.25 15.32 20 NL NP 175.07 

Silty Sand 1.50 13.75 17.59 20 NL NP 180.74 

Silty Sand 1.50 15.25 19.52 21 NL NP 185.15 

Silty Sand 1.50 16.75 21.30 23 15 NP 188.91 

Silty Sand 1.50 18.25 23.22 23 18 NP 192.71 

Sandy Clay 2.00 18.25 66.45 25 25 10 245.70 

Sandy Clay 3.00 22.5 61.85 29 17 4 241.67 

Sandy Clay 6.00 30 52.93 31 17 4 233.13 
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