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ial testof Nevadasand( .0/�1�2 3 %) with an imposedstatic(initial) deviatoricstress(after
Arulmoli et al. 1992).

4�4



−10

−5

0

5

10

Superstition Hills 1987 Earthquake, Wildlife Site

(k
P

a)

NS

−1.5 −1 −0.5 0 0.5 1 1.5

−10

−5

0

5

10

S
he

ar
 s

tre
ss

Shear strain (%)

EW

Figure3: Wildlife-RefugeNS andEW shearstress-strainhistoriesduring theSuperstitionHills 1987
Earthquake( ZeghalandElgamal1994).

5 6



−10

−5

0

5

10 NS, 13.55−14.05 Sec

Superstition  Hills  Earthquake,  Wildlife  Site

NS, 14.35−15.25 Sec

−10

−5

0

5

10 NS, 15.45−17.00 Sec

Sh
ea

r S
tre

ss
 (k

Pa
)

(1)

NS, 18.65−20.38 Sec

−1 0 1

−10

−5

0

5

10

(2)

NS, 19.40−21.80 Sec

Shear Strain (%)
−1 0 1

(4)

EW, 25.55−28.00 Sec

Shear Strain (%)

Figure4: Shearstress-strainhistoryduringselectedloadingcyclesof theSuperstitionHills
earthquake( ZeghalandElgamal1994).

7 8



−1
0−50510

W
ild

lif
e−

R
ef

ug
e 

Si
te

NS Shear stress (kPa)

Ev
al

ua
te

d 
fro

m
 a

cc
el

er
at

io
n 

re
co

rd
s

−1
.5

−1
−0

.5
0

0.
5

1
1.

5

−1
0−50510

NS Shear stress (kPa)

N
S 

Sh
ea

r s
tra

in
 (%

)

C
on

st
itu

tiv
e 

m
od

el
 s

im
ul

at
io

n

Su
pe

rs
tit

io
n 

H
ills

 1
98

7 
Ea

rth
qu

ak
e

Ev
al

ua
te

d 
fro

m
 a

cc
el

er
at

io
n 

an
d 

po
re

 p
re

ss
ur

e 
re

co
rd

s

0
10

20
30

40

C
on

st
itu

tiv
e 

m
od

el
 s

im
ul

at
io

n

Ve
rti

ca
l e

ffe
ct

iv
e 

st
re

ss
 (k

Pa
)

Figure5: Wildlife-RefugeNSshearstress-strainandeffective-stresshistoriesduringtheSu-
perstitionHills 1987Earthquake(evaluatedfrom accelerationhistoriesandcomputed).

(afterElgamaletal. 1995).

9 :



-10

0

10
Su

1.25 m

Rensselaer Model 2

2 612 sec

-10

0

10
Su

2.5 m

2 4 6 8 10 12Time scale sec

-10

0

10 Su

2 4 6 8 10 12Time scale sec

3.75 m

S
he

ar
 s

tr
es

s 
(k

P
a)

-10

0

10
Su

5 m

2 4 6 8 10 12Time scale sec

0 2 4 6 8 10 12 14

-10

0

10
7.5 m

Shear strain (%)

Su

2 4 6 8 1012 sec

Figure6: RPIModel2 shearstress-strainhistorieswith superposedstaticstressdueto incli-
nation(Taboada1995,Dobryetal.1995,Elgamaletal.1996b).

; <



plane

σ3

σ2

σ1
σ2

σ3

=
=

σ1

3 a

σ1

σ2
σ3

Deviatoric or

=

πEffective principal stress space

p α

> ? @ A B C D E F G H ? I J K L ? C K M N A B O J I C ? H P B ? H I ? P J K N Q B C N N N P J I C J H M M C R ? J S
Q G B ? I G B T P K J H C U V B C R G N Q W X Y Z [ \ J I L W X Y ] [ V J B B J W X X ] ^ _

1
3 s:s

Failure surface

τoct

p

Phase Transformation (PT) surface

plane

σ3

σ2

σ1
σ2

σ3

=
=

σ1

3 a

σ1

σ2
σ3

Deviatoric orπEffective principal stress space

p α

1
3 s:s

Failure surface

τoct

p

Phase Transformation (PT) surface

` a b c d e f g h a e i j k c l m n a o l p l j q r p s e n d p l s k o d t p n a o l i a l e u v p d d p w x x y z {

| }



−5 0 5 10 15 20
0

50

100

150

200

Axial Strain (%)

P
W

P
 C

h
a

n
g

e
 (

k
P

a
)

0 5 10 15 20
−20

0

20

40

60

80

Time (sec)

q
 −

 D
e

v
ia

to
ri
c
 S

tr
e

s
s
 (

k
P

a
)

0 5 10 15 20
−5

0

5

10

15

20

Time (sec)

A
x
ia

l 
S

tr
a

in
 (

%
)

0 5 10 15 20
0

50

100

150

200

Time (sec)

P
W

P
 C

h
a

n
g

e
 (

k
P

a
)

−5 0 5 10 15 20
−20

0

20

40

60

80

Axial Strain (%)

q
 −

 D
e

v
ia

to
ri
c
 S

tr
e

s
s
 (

k
P

a
)

0 50 100 150
−20

0

20

40

60

80

Mean Effective Stress (kPa)

q
 −

 D
e

v
ia

to
ri
c
 S

tr
e

s
s
 (

k
P

a
)

~�� ����� ��� �"� � ����� � � � ���"������� ��� � � ��� � � � ��� ����������� ��� �����"� � � ���0� � ��� � � � � �
� � ����� ��� ��� � ¡ � ¢ £ � ¤ ¥§¦���� � ��� ¨ �'��©'¤ ª

« ¬



−150

−100

−50

0

50

100

150

Stage 1 Stage 3
Stage

2

8.0 m, N46W

Port Island, Kobe (Japan); Hyogoken−Nanbu Earthquake, Jan. 17, 1995

−150

−100

−50

0

50

100

150 24.0 m, N46W

Sh
ea

r s
tre

ss
 (k

Pa
)

0 5 10 15 20 25 30 35 40

−150

−100

−50

0

50

100

150 57.5 m, N46W

Time (sec)

Constitutive model prediction

Evaluated from accelerations

Figure10: Port Islandshearstresshistoriesestimatedfrom accelerationhistoriesandcorresponding
constitutivemodelprediction(at8.0m, 24.0m, and57.5m depths),afterElgamaletal. (1996a).

­ ®


