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 ................................................................... (4.8a) 

4

1
( , )i i

i
x N r s y

 ................................................................... (4.8b) 

x , y xi , yi 
( , )iN r s i

(shape function)

(Ni) i
Lagrangian

4-26(a) (4.9a~d)

1
1 (1 )(1 )
4

N r s
................................................................  (4.9a) 

2
1 (1 )(1 )
4

N r s
...............................................................  (4.9b) 

3
1 (1 )(1 )
4

N r s
 ............................................................... (4.9c) 

4
1 (1 )(1 )
4

N r s
 ............................................................... (4.9d) 
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(a)

(b)

4-26  4 (a) (b)
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(4.10a~b)

4

1
( , )i i

i
u N r s u

 .................................................................... (4.10a) 

4

1
( , )i i

i
v N r s v

....................................................................  (4.10b) 

u , v x y
(r,s) (x,y)  ui , vi x y

i (4.10) (x,y)

( xyyx
t )

(4.11a~c)

x
u
x   .............................................................................. (4.11a) 

y
v
y ................................................................................  (4.11b) 

xy
u v
y x ........................................................................  (4.11c) 

(4.9) (4.10) (4.12)

B u .................................................................................  (4.12) 

uT = [u1  v1  u2  v2  u3  v3  u4  v4]  ui = i
i=1~4  vi = i i=1~4 B = -

(strain-dispacement transformation matrix) -
B (4.13)
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31 2 4

31 2 4

3 31 1 2 2 4 4

0 0 0 0

0 0 0 0

NN N N
x x x x

NN N NB
y y y y

N NN N N N N N
y x y x y x y x  ..................... (4.13) 

Tdx dr
J

dy ds ......................................................................  (4.14) 

x r y r
J

x s y s  (Jacobian matrix)        

1

( , ) ( , )

( , ) ( , )

i i

i i

N r s N r s
x rJN r s N r s
y s ..........................................  (4.15) 

(4.12) (4.13)

Jacobian 1 - (4.16):

0.25 0 0.25 0 0.25 0 0.25 0
0 0.25 0 0.25 0 0.25 0 0.25

0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
B

........... (4.16) 

B

(superposition)
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:

60
cm

(mapping)

2b 2a 2( : )
Jacobian ( : J =1 a=1 b=1) 

2.

(recoverable strain)

(low-passing) (band-passing)
FFT

5~20Hz (
10~15Hz) 2Hz 1Hz

3.

(4.1) (4.2)
(4.3)
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cubic spine
(piecewise 

continuous function)

4.6

4.6.1

Case8(
90% 10Hz 20 )

90%
15Hz 30 Case9

4.3 30
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4-3

IHMT TEST 
2007.7.10

Time Case Direction Frequency Energy Duration File Name Rate(PXI SCXI)
 0 Y 10 Hz 5% 5 S s0,p0 1000 , 1000 

12:25 1 Y 10 Hz 10% 5 S s1, p1 1000 , 1000 
13:10 2 Y 10 Hz 15% 5 S s2,p2 1000 , 1000 
13:33 3 Y 10 Hz 20% 5 S s3,p3 1000 , 1000 
13:54 4 Y 10 Hz 25% 5 S s4,p4 1000 , 1000 
14:15 5 Y 10 Hz 30% 5 S s5,p5 1000 , 1000 
14:38 6 Y 10 Hz 35% 10 S s6,p6 1000 , 1000 
15:05 7 Y 10 Hz 50% 15 S s7,p7 1000 , 1000 
15:30 8 Y 10 Hz 90% 20 S s8,p8 1000 , 1000 
16:10 9 Y 15 Hz 90% 30 S s9,p9 1000 , 1000 

IHMT TEST 
2007.7.11

Time Case Direction Frequency Energy Duration File Name Rate(PXI SCXI)
10:50 10 Y --- --- --- s10,p10 --- 
10:52 11 Y 10 Hz 10% 5 S s11, p11 1000 , 1000 
11:06 12 Y 10 Hz 10% 5 S s12,p12 1000 , 1000 
11:10 13 Y 10 Hz 90% 30 S s13,p13 1000 , 1000 
11:37 14 Y 15 Hz 90% 30 S s14,p14 1000 , 1000 
12:12 15 Y 20 Hz 90% 30 S s15,p15 1000 , 1000 

 16 Y 10 Hz 10% 5 S  1000 , 1000 
13:43 17 Y 10 Hz 90% 30 S s17,p17 1000 , 1000 
14:09 18 Y 10 Hz 90% 30 S s18,p18 1000 , 1000 
14:40 19 Y 15 Hz 90% 30 S s19,p19 1000 , 1000 
15:03 20 Y 20 Hz 90% 30 S s20,p20 1000 , 1000 
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4.6.2

1.

Geophone
67%

4-27 13 90% 10Hz 30
X Y

10Hz 4-28
10Hz 4-29 4-30

4-27

4-28
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4-29

4-30

2.

1 2
1

(Case13 90% 10Hz 30 )

(1)

4-31(a) 40cm 4



4-42

(x
) 0.1g (y ) 15

20
4-31(b)

4-31(c) 100cm 6 3
4-31(c) 23 3

85cm-H2O
x y

0.08g 0.035g 6 100cm
3 4-31(b) y

20 0.02g 0.0078g x 0.08g
23 100cm-H2O

90 cm-H2O
5 (

4-31(d)) T39( 4-35)

4-31(d) 4-31(e)
160cm 5 2

4-31(e) 2 x 0.063g
y 15 20 0.035g 0.018g

3

4-31(d) 5 x y
0.075g 0.04g 78 cm-H2O

23

4-32
4-32(a) 40cm 4

(Residual Excess Pore 
Pressure)



4-43

4-32(c) 100cm 3
23 23

5KPa 4-32(b) 4-32(d)
100cm 160cm 6 5

23
(Residual) (Transient)

4-32 (a)~(d)
4-31(a)~(e) x

(2)

4-33(b) (c) (d) 100cm 12 160cm
11 13 x 0.1g

0.08g 0.08g y

4-33(a) 100cm 14

y

4-34(a) 160 cm 13 23

4-34(b) 100 cm 12
23

0.15



4-44

4-34(a) 13 (12 60 cm) 23
12 6

( 4-34(b)) 23
100cm 12 23

14

4-35 T40 T44

T39 CS5 CS6
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45

(a
) 4

 (
b)

 6

 (
d)

 5

 (
c)

 3

 (
e)

 2
4-

31

4-45



4-
46

 (
a)

 4

 (
b)

 6

 (
d)

 5

 (
c)

 3

4-
32

4-46



4-
47

 (
a)

 1
4

 (
c)

 1
1

 (
b)

 1
2

 (
d)

 1
3

4-
33

4-47
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 (a) 13

 (b) 12

4-34



4-49

4-35

4.6.3

Accelerometer
4-36 case 13 90% 10Hz 30

X Y

10Hz 20Hz 30Hz
16Hz

16Hz
4-37(a)~(c) x y z (PGA)
0.078g 0.055g 0.018g y 15 20

(0.098g)

( 4-1 B-Pile)
( 4-1 A-Pile) 4-38 4-39

case 13 (A-Pile) (B-Pile)  (Bending 
strain)

(A-Pile) (B-Pile)
(AS8 BS8) 1.2 10-3 % 8 10-4 %
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4.1 (curvature )
(lateral displacement)

( 4.3) 4-40~4-41 case 13

0.0004 cm
y x

( 4-42) ( 4-43

10~15 4-43(c)
case 13 23

4-43 (A-Pile)
(B-Pile)

4-36
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 (a) 

 (b) 

 (c) 

4-37 x y z
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(a)AS1

(b)AS2

(c)AS3

(d)AS4

(e)AS5

(f)AS6

(g)AS7

(h)AS8

4-38 (A-Pile)
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(a)BS1

(b)BS2

(c)BS3

(d)BS4

(e)BS5

(f)BS6

(g)BS7

(h)BS8

4-39 (B-Pile)
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(a)AD1

(b)AD2

(c)AD3

(d)AD4

(e)AD5

(f)AD6

(g)AD7

(h)AD8  

4-40 (A-Pile)



4-55

(a)BD1

(b)BD2

(c)BD3

(d)BD4

(e)BD5

(f)BD6

(g)BD7

(h)BD8

4-41 (B-Pile)
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4-42 Case 13

4-43 Case 13 ( t=23s ) 



4-57

4.6.4

( )
(Coupled)

2DBM
4-36(a) (b) case 13(90% 10Hz 30s)

4-44(a)

Beat
0.03%  4-45

100 %
4-44(b) beat 0.00065%
0.001% 100%(  4-45)

4-46 4-46
7.5 4-47(b)

7.5 23
100%
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(a)

(b)

4-44

4-45



4-59

(a)

(b)

4-46

4.6.5

4-47
4-48 4-46

4-48 10Hz 15Hz
16Hz



4-60

4-47(a) case 13(90% 10Hz 30s)
6 3

4-47(b) 4-47(c) 9 14

6
( 4-47)

4-49(a) (b) (c) 9 6.36 16.36
16.36

4-47(b)
4-50(a) (b) (c) 14 13.71 23.96

13.71
(

) ( 4-47(c))
( 4-50(a)) 4-50(b)

( 4- 47(c))

4-50

4-51(a) (b) (c)

30 60 cm 

4-47(b) (c) case 9(90% 15Hz 30s) case 14(90% 15Hz
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30s) 15Hz
6

300 400 cm-H2O (
4.52) 15Hz
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(a) 13

(b) 9

(c) 14

4-47
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(a) 9

(b) 14

4-48



4-64

(a) t=6.36s 

(b) t=16.36s 

(c) Case9

4-49 9



4-65

(a) t=13.71s 

(b) t=23.96s 

(c) Case14

4-50 14
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(a)Case13

(b)Case9

(c)Case14

4-51



4-67

(a) 13

(b) 9

(c) 14

4-52



4-68

4.6.6

7.5cm 17cm
4-53 A B A
45cm B 60cm

50cm

A 2.67 B
2.66  4-54 4-55

4-56 4-3 4-1
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4-53

4-54



4-70

4-55

4-56



4-71

(a) Case9

(b) Case13

(c) Case14

4-57



4-72

4-4



5-1

5.1

5.1.1

(physical modeling)
(numerical simulation)

(soil-structure interaction, SSI)

9-11

5.1.2

FLAC
FLAC (explicit)

(time-stepping fashion) 
(node) (zone)

(implicit)

-



5-2

FLAC

(interface element)

(coupled response)

(decoupled
analysis) Winkler 

1-6
Winkler dashpot

(damping) (near 
field) (free field)

Winker 

FLAC (pile



5-3

element) (beam element) Martin et al. (1975)

5.1.3 FLAC Dynamic 

FLAC Dynamic Option 
Finn model

Klar and Frydman 
(2002, 2004) FLAC Martin et al. (1975)

1.

(damping)
(geometric damping)
(Material damping)

(Material 
damping)

Rayleigh damping 

FLAC Dynamic 
Rayleigh damping 
(artificial damping) (Hysteretic
damping) (linear-equivalent)



5-4

backbone curve Masing 
rule
(secant shear modulus) (damping ratio)

Hardin and Drenvich (1972) 
(reference

shear strain) 5-1 5-5 5-7 5-9

2.

FLAC
Lysmer and Kuhlemeyer

(dashpot)
(quiet boundary)

( Z )
FLAC

Lysmer(1975) 3-D
(viscous dashpot)



5-5

5-1
(flexible base)

(rigid base)

FLAC 
Dynamic 
(free-field boundaries)

3.

FLAC Dynamic 

2( )V u  ......................................................................(5.1) 

= = V =
u =



5-6

5-1

4.

-
Finn et al. 

(1977) Finn et al. (1977) 



5-7

Martin et al (1975) 

Finn-Martin model Finn-Martin model
Byrne (1991) Martin

))(exp( 21
vdvd CC

 .......................................... (5.2) 

Finn-Martin model Finn and Byrne 
Model 2 C1 SPT-N 

25.1
6011 )(7.8 NC   ..................................................... (5.3) 

C2

2
1

0.4C
C   ............................................................. (5.4) 

FLAC Finn and Byrne Model
SPT Mohr

-Coulomb 

5.

2 3
FLAC (node)

2



5-8

1-6 (near field)

5.1.4

1) 2)
3)

4) 5)
6) Finn 7)
8)

(1) (2)
(3)

1.

( )

( ) 1/10
( )

( uf )

10u
Vf
L   ......................................................... (5.5) 

V = L  =
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FLAC

2.

FLAC
FLAC Finn model 

Mohr –Coulomb Mohr –Coulomb

(permeability)

FLAC
Finn and Byrne Model

SPT N
Mohr -Coulomb 
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-
- (Mohr-Coulomb Plasticity 

Model) (Plastic Flow) 

(tangent stiffness) Masing
(Hysteretic damping)

Hardin reference strain
 5% 

3.

( )

uVsxy )(2 ( = sV u

)

5.2

5.2.1

60m 
(2003) 300
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-10m
-10m 

2m SPT-N 
-25m N

30 -80m N
100 (  2000)

20
(2000) -25m N 30

30 30m
95 16 m 

BH-1 BH-2 BH-3 6 m

5.2.2 9-11

9-11 5-2 0.6 m 
0.3 m 30 m 2.5 m

40

5.2.3

921 4000
1 4A 9 11 12

1 4A 19
11 9 11 
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10~15cm
10~20cm 

5-2 9-11 (  2.5 m) 

5.2.4

1) 2)
3) 4)

5) Finn 6)
7)

1.

9 11 
 ( 5-2) 45×19 131 48
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30m gen line 

2.

(2000)
(2000)  (2000) 

601 )(N =22

601 )(N =10 5-1 5-3

3.

x
x y 2m

4.

6m
30m 10

5-2
Mohr-Columb 

5-3 5-4

5. Finn

0.03~0.05MPa
Finn

soil 2 Finn 5.1 601 )(N =10

10-7m/s
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6.

Rayleigh 2% Hardin
5-1 free

field
x y

(Quiet Boundary) 

7.

4.7km
 (TCU059) 921

 (NS) 35 ( m/s)
( (g)) 5-5
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5-1

Soil 1 Soil 2 Gravel

density(kg/m3) 1800 1800 1900 

Shear Modulus (MPa) 80 30 140 

Bulk Modulus 

(MPa)
133 68 310 

Cohesion(Pa) 50000 0 0 

Friction angle(degrees) 33 30 40 

Dilation angle(degrees) 0 0 0 

Dilation angle(degrees) 0 0 0 

Hardin ref 0.01 0.08 -- 

Finn Parameter C1 -- 0.49 -- 

Finn Parameter C2 -- 0.82 -- 

5-2

Elastic
Modulus

(Gpa) 

Moment of 
Inertia

(m4)

Cross Sect. 
Area

(m2)

Mass

Density 

(kg/ m2)

Pile

Perimeter 

(m) 

Beams 2.0 2.364×10-3 0.305 2000 — 

Piles 2.0 6×10-3 0.212 2000 1.88 
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  FLAC (Version 5.00)        

LEGEND

    5-Nov-06   2:02
  step      3166
 -7.278E+00 <x<  1.383E+02
 -4.878E+01 <y<  9.678E+01

User-defined Groups
wharf:soil1
'wharf: gravel'
wharf:soil2

Grid plot

0  2E  1      

 Marked Gridpoints
 Fixed Gridpoints B

X
X
X
X
X
X
X
X
X
B

B

Y

B

Y

B

Y

B B B B B B B B B B B B BB BB B B B BB BB BB B BB BB B BBBBBBBBBBB
X
X
X
X
X
X
X
X
X
XX
XX
XX
XX
XX

  X  X-direction
  Y  Y-direction
  B  Both directions

-3.000

-1.000

 1.000

 3.000

 5.000

 7.000

 9.000

(*10^1)

 0.100  0.300  0.500  0.700  0.900  1.100  1.300
(*10^2)

JOB TITLE : .                                                                               

CE-SD Lab.                       
NCNU                             
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  FLAC (Version 5.00)        

LEGEND

    5-Nov-06   2:03
  step      8071
Flow Time      3.9584E+05
  3.996E+01 <x<  1.076E+02
 -5.257E+00 <y<  6.243E+01

User-defined Groups
wharf:soil1
'wharf: gravel'
wharf:soil2

Grid plot

0  2E  1      

Net Applied Forces
max vector =    5.178E+05

0  1E  6      

Applied Pore Pressures
 O  Max Value  =  1.600E+05
Beam Plot
Beam Locations
Pile Plot
Structural Node Numbers

138

23

137

138

136

137

135

136

134

135

133

134

132

133

131

132

130

131

11

130

129

22

128

129

127

128

126

127

125

126

124

125

123

124

122

123

121

122

11

121

120

21

119

120

118

119

117

118

116

117

115

116

114

115

113

114

112

113

11

112

111

20

110

111

109

110

108

109

107

108

106

107

105

106

104

105

103

104

10

103

102

19

101

102

100

101

99

100

98

99

97

98

96

97

95

96

94

95

9

94

93

18

92

93

91

92

90

91

89

90

88

89

87

88

86

87

85

86

9

85

84

17

83

84

82

83

81

82

80

81

79

80

78

79

77

78

76

77

8

76

75

16

74

75

73

74

72

73

71

72

70

71

69

70

68

69

67

68

8

67

66

15

65

66

64

65

63

64

62

63

61

62

60

61

59

60

58

59

7

58

57

14

56

57

55

56

54

55

53

54

52

53

51

52

50

51

49

50

6

49

48

13

47

48

46

47

45

46

44

45

43

44

42

43

41

42

40

41

5

40

39

12

38

39

37

38

36

37

35

36

34

35

33

34

32

33

31

32

4

31

30

24

29

30

28

29

27

28

26

27

25

26

1

25

 0.000

 1.000

 2.000

 3.000

 4.000

 5.000

 6.000

(*10^1)

 0.450  0.550  0.650  0.750  0.850  0.950  1.050
(*10^2)

JOB TITLE : Wharf Beam and Pile                                                             

CE-SD Lab.                       
NCNU                             

5-4
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5-3 Mohr-Columb

 Normal 
Stiffness 

(GN/m/m) 

Shear
Stiffness 

(GN/m/m)

Normal 
Cohesion

(N/m) 

Shear
Cohesion

(N/m) 

Normal 
Friction

(degrees) 

Shear
Friction

(degrees) 
Soil 1 & 

Grav 
1.0 1.0 1000 1000 30 30 

Soil 2 1.0 1.0 1000 1000 30 30 

  FLAC (Version 5.00)        

LEGEND

    5-Nov-06   3:32
  step    148070
Flow Time      3.9584E+05
Dynamic Time   3.5000E+01

Table Plot
Accel
Velocity

10  20  30  40  50 60

-4.000

-2.000

 0.000

 2.000

 4.000

(10        )-01

JOB TITLE : Wharf: Input histories                                                          

CE-SD Lab.                       
NCNU                             

5-5 TCU059

5.3

5.3.1

5-6
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  FLAC (Version 5.00)        

LEGEND

    5-Nov-06   3:32
  step    148070
Flow Time      3.9584E+05
Dynamic Time   3.5000E+01

HISTORY PLOT
   Y-axis :
Top Xacc
Base Xacc
Slope Xacc
   X-axis :
   1  Dynamic time

23 24 25  26  27 28  

-3.000

-2.000

-1.000

 0.000

 1.000

 2.000

JOB TITLE : Wharf:Acce. Hist                                                                

CE-SD Lab.                       
NCNU                             

5-6

5.3.2

5-7

( 5-8)
ru

5-9 ru
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  FLAC (Version 5.00)        

LEGEND

    5-Nov-06   3:32
  step    148070
Flow Time      3.9584E+05
Dynamic Time   3.5000E+01
 -8.166E+00 <x<  1.408E+02
 -5.006E+01 <y<  9.889E+01

EX_ 5 Contours
        0.00E+00
        2.50E-01
        5.00E-01
        7.50E-01
        1.00E+00
        1.25E+00
        1.50E+00
        1.75E+00

Contour interval=  2.50E-01
Boundary plot

0  2E  1      

Pile Plot
Pile Locations
Beam Plot

2

3

4

5 6
7

8

9
10

1112 

13

14 

15 

16 

17

18 

19 

20 

21 

22

23

242526

27

28

-4.000

-2.000

 0.000

 2.000

 4.000

 6.000

 8.000

(*10^1)

 0.100  0.300  0.500  0.700  0.900  1.100  1.300
(*10^2)

JOB TITLE : Wharf: Max Ru                                                                   

CE-SD Lab.                       
NCNU                             

5-7

  FLAC (Version 5.00)        

LEGEND

    5-Nov-06   3:32
  step    148070
Flow Time      3.9584E+05
Dynamic Time   3.5000E+01

HISTORY PLOT
   Y-axis :
   5 EX_ 3 (  5,  9)
   6 EX_ 3 ( 20,  9)
   X-axis :
   1  Dynamic time

 5  10  15  20 25  30 35  

 0.200

 0.400

 0.600

 0.800

 1.000

JOB TITLE : Wharf: Front Ru                                                                 

CE-SD Lab.                       
NCNU                             

5-8 (20,9) 15m ru

15m 
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  FLAC (Version 5.00)        

LEGEND

    5-Nov-06   3:32
  step    148070
Flow Time      3.9584E+05
Dynamic Time   3.5000E+01

HISTORY PLOT
   Y-axis :
   7 EX_ 3 ( 36, 11)
   8 EX_ 3 ( 36, 18)
   X-axis :
   1  Dynamic time

 5  10  15  20 25  30 35  

 0.200

 0.400

 0.600

 0.800

 1.000

 1.200

JOB TITLE : Wharf: Front Ru                                                                 

CE-SD Lab.                       
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