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SUMMARY-1

Several important features of the drained & saturat  ed-undrained
stress-strain properties of soil in monotonic & cyc lic loadings
related to the seismic stability of earth-fill dam

@ Practical simplified seismic stability analysis needs appropriate
balance among the methods chosen in the following items:
1) Criterion to evaluate of the stability:
Global safety factor relative to a specified required minimum vs.
Residual deformation relative to a specified allowable largest.
2) Design seismic load at a given site:
Conventional design load vs. Likely largest load in the future
3) Stress — strain properties of soill:
Actual complicated behavior vs. Simplified model
4) Relevant consideration of the effects of other engineering factors:
- compacted dry density; soil type; etc.
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SUMMARY-2

Several important features of the drained & saturat  ed-undrained
stress-strain properties of soil in monotonic & cyc lic loadings
related to the seismic stability of earth-fill dam

@ Practical simplified seismic stability analysis needs appropriate
balance among the methods chosen in the following items:
1) Criterion to evaluate of the stability:
Global safety factor relative to a specified required minimum vs.
Residual deformation relative to a specified allowable largest.
2) Design seismic load at a given site:
Conventional design load vs. Likely largest load in the future

3) Stress — strain properties of soill: Main topic in this presentation

Actual complicated behavior vs. Simplified model
4) Relevant consideration of the effects of other engineering factors:
- compacted dry density; soil type; etc.

Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability | 2016 3



Stress — strain properties of soll:

(A) actual complicated behaviour vs. (B) simplified model

(A) actual complicated behaviour

a) Peak strength corresponding to
actual compacted dry density

b) Anisotropic stress — strain properties
as a function of &

c) Plane strain condition in many cases
d) Strain-softening associated with
shear banding with the thickness
iIncreasing with D

e) Progressive failure as a result of d)
among others.

‘ Peak strength only at a certain €

(A) ‘ Strain-softening ‘

Residual strength

‘ Constant strength irrespective of €

&

Shear band * 0-1
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Stress — strain properties of soll:

(A) actual complicated behaviour vs. (B) simplified model

(B) simplified model (explained in this
presentation)

a) Design strength corresponding to
conservatively (but not excessively)
determined compacted dry density

b) Isotropic stress — strain properties

c) Strength by triaxial compression test
at 6= 90°

d) Strain-softening associated with
shear banding with the thickness
Increasing Ds,to account for the
effects of compaction & particle size

e) No progressive failure in the limit
equilibrium-based stability analysis

Good balance is required among
simplifications a), b), ¢) and e)
d) is to encourage good compaction

‘ Peak strength only at a certain €

(A) ‘ Strain-softening ‘

Residual strength

‘ Constant strength irrespective of €

&

Shear band * 0-1

Discussions on

these topics a) - e)



Conservative determination of design soil shear strength

under drained conditions- 1

The deqgree of compaction
P 4 (In-situ)

Average of actual
shear strength

Allowable lower bound of py(e.g., D.=
90 %) in field compaction control

\

Design shear strength

D, = X 100 (%
“ (P g)max (Iaboratory tests) 0)
A P4 (in-situ) in actual constructio/
< € easurement
2
g (pd)max ..
% ..........
> e, i
&) .
Zero air voids (S,= 100 %)
s
/ Wopt Water content, w

Laboratory compaction curve by specified

compaction energy level (CEL)

- Often employed, but
too conservative
when well-compacted
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Conservative determination of design soil shear strength

under drained conditions- 2

—e— CBGL1) Chiba gravel (1)
—=— CBG2) Chiba gravel (2)
—v— CCA) Crushed concrete aggregate
—%— CGR) Crushed gravel (for full-scale
| GRS integral bridge model)

—O— RGYY)Round gravel for rock-fill dam
80 F (Shin Yamamoto dam)
—o— RGSZ) Round gravel

(Mt. Fuji Shizuoka Airport)

100 [+

—a— NS) Narita sand
—&— IS-1) Inagi sand |
—=— |S-Il) Inagi sand Il

[ | —=—IS-1V) Inagi sand IV
40 L —4— TS) Toyoura sand

| | —— DG) Dokigawa gravel (cut grading)

NS, IS-1,
IS -IV & IS-lI

60 -

20+

Percentage passing by weight

1
0.0l 0.1 1
Particle diameter, d (mm)

TC angle of internal friction, ¢peak (deg.)

Design shear strength is often
determined to correspond to the
allowable lower bound of D,
used in field compaction control
= conservative with better
cgmpacted soll

Drained TC at 0’3= 50 kPa

Ghea= arcsin[(a’;- a’3)/[(0’ 1"'0 '3)lmax

70 T |
1E_ (compacted atw }&
ittt 1]
sheared saturated Saturated -
1 . | well-graded !_
' Saturated l 5 Sfald)"ic{i |_ 1
| well- graded | = S /
: gravelly soil ' - O"%-’QQ_% B L
50 00 b=----z- bl B
'i’\«f ’f‘*io."- ’f..- j
. . f' - % ‘@, - ﬁ - -
e 2 W _m'g‘ N
40 E . -7 - - . EE
.,_\h e A E.g_"’: ----------- |
) i3 E" _fﬁ' ! Saturated poorly- i
' = 1 graded sand |
30 | /./ '{Toyc:-ura sand) |
\'i o TTTEEmmmTm
20 1 L 1 1
85 90 100 105
Degree of compactlon D_.. %
Typical aIIowabIe Average of

lower bound actual values
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Conservative determination of design soll shear strength

under drained conditions- 2

=-J
o

Drained TC at 0’3= 50 kPa
Gheak= Arcsin[(a’;- 0'3)/[(0°1+0"3) | max

—e— CBGL1) Chiba gravel (1)
—=— CBG2) Chiba gravel (2)
—v— CCA) Crushed concrete aggregate
—%— CGR) Crushed gravel (for full-scale
| GRS integral bridge model)

—O— RGYY)Round gravel for rock-fill dam
80 F (Shin Yamamoto dam)
—o— RGSZ) Round gravel

(Mt. Fuji Shizuoka Airport)

d

100 [+

()]
o

—a— NS) Narita san
—e— IS-1) Inagi sand |
—=— |S-Il) Inagi sand Il

[ | —=—IS-1V) Inagi sand IV
40 L —4— TS) Toyoura sand

| | —— DG) Dokigawa gravel (cut grading)
NS, IS-1,

60 -

&)
o

nternal friction, ¢peak (deg.)

rcentage passing by weight

20+

I
o

IS -IV & IS-lI

1E_ (compacted atw }&

r 1
sheared saturated Saturated

| well- graded ||
| sandy soil

o e mm—

_________

' Saturated
! | well- graded
! gren.*ell'_;.r soil

The use of the deS|gn peak shear
strength that is slightly lower than
the value that corresponds to the
target of D, set equal to the
anticipated average of actual
values, together with the residual
shear strength, is more realistic and
can encourage better compaction
(explalned later)

: Saturated poorly- :
1 graded sand :
! {Teyeura sand) I

e e e e e e — o

|
100 105

Degree of compactlon D_.. %

Average of
actual values

Typical aIIowabIe
lower bound
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Inherently anisotropic stress - Drained PSC, saturated Toyoura sand

strain behaviour under
drained conditions- 1
Pluviation through air
SN s
A o, direction hb, N
v v v v g
9 4]
0
o
\ 17
IS
N Horizontal bedding plane §
& |-

Axial strain, €, (%)
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Inherently anisotropic stress -
strain behaviour under
drained conditions- 2

@8 )/ (3= 90°)PSC

Summary

1.00

o
®
o

Dense
e,o=0.685-0.714
(except a with 0.666)

Average (D)

392

O PO x O

by
o
o

0.95

Loose
e,9= 0.770 — 0.805

" except b (0.839)

z
~
/ \

& ¢ (0.836)

Average (D)

— Average

40 50

80 70 80 90

Angle, o (in degree)

Oi

Principal stress ratio, ¢’,/0’5

TI ¥ T I

Drained PSC, saturated Toyoura sand

Axial strain, €, (%)
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Inherently anisotropic stress — T e
strain behaviour under . /
. . g 60 /
drained conditions- 3 : Y I—
§ 20' SILICA (NO.5) I I,’-, I KARLSI:I:):?EREY
A similar trend among different 10 —
Drained PSC
poorly-graded sands collected 3= 78.4 kPa

from different countries,

with and without a minimum

at 6= 20° — 30°, where the shear
band direction coincides with
the bedding plane direction.

® Toyoura sand
O S.L.B.

O Silica

B Karlsruhe

A Monterey

A Ticino

< Hostun

& Glass beads

@0(3 )/g0(3= 90°)PSC

08 | X . , , ) . . .
0.0 30 60 90
011 ' 101 Angle, J (in degree) o‘ll_

/7 7 -
VA i—
a4
/7 7
a4
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Inherently anisotropic stress —
strain behaviour under
drained conditions- 4

Shear band ; 0-1

A similar trend among different
poorly-graded gravelly soils
produced by vertical vibratory
compaction

@0 )/@y(0= 90°)psc

1.0

o
©

Percent passing by weight

3

80} Gs | 265 N / /
U |133 } Isomi
[ “emas_10.709 / ’/ <
60F e, (048 \
N
: _| Koushu A—W: 665
40|~ |{Dso(man)) 3.51 ~N "Gs_| 267
| _Gg | 2:60 " I _Ug 121
- e:Uc 046 / | o {0634
| max | f 0.459
0.1 1 10 100
Particle diameter (mm)
= Air-dried gravel
(* vibro-compacted)
| (0;=785kPa) |lIsomi*
L gl
/ Hime
- K _®
- Drained Koushu* Koushu
PSC -
X T Isomi |
o —— l_-!-l--r .
? Drained TC
Drained TC
| 1 1
0.0 30 60 90

Angle, J(in degree)
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Inherently anisotropic stress —  _"[Ba=iz Line [/ // /
. . S 80 f-}—28 : -
strain behaviour under A | | f' [
. .. Z 60k emin 1048 | ’ &
drained conditions- 5 > | " Kousha ) TS
.c% 40-0_«%:“:“) ;;}J ~ = "Gy 267 |
_ = | e ey j —
@ Cmax | 1.046 , / equn 10459
Shear band ; 0-1 § o | L_Cmin_{0.692} ,/ R SO Ry 0" ‘S?I‘“
: % 1 10 100
\" N Particle diameter (mm)
5
..... 10 M Air—Qried gravel
........ I_.—/ Plane strain conditions (* vibro-compacted)
o | (0'5=78.5kPa) Isomi*
D { 3 gl
60“ / Hime
_ . o + N
The TC strength (8= 90°) is 409 T omned’ [ousho | [Kousha |~
similar to, or smaller than, the | £ e P
S N — A
average strength along a S Vi Drained TC
circular failure plane under 0p | OO
l i 0.0 30 60 90
plane strain conditions. Angle, &(in degres)
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Inherently anisotropic stress —
strain behaviour under
drained conditions- 6

Air-pluviated Toyoura sand

Shear band

b o

#%(°) when e, 4= 0.7

#®(°) whene, = 0.8

1.0 'r—— ' T T
Drained PSC \
Void ratio, e, 4 45 1 40
095 [ ]o o785-0801 ——
j le osse-omis > The TC strength (5= 90°)
c S o : :
& 09 SN | IS noticeably smaller than
1 . ~ -
S oss L AL e /“\ Srained TC 77| =| the average strength
- WL " & oda et al. 1978) along a circular failure
=2 0.8 ' & g, 4=0. atsuoka e
S Inferre: based on A eyT 07 ;l-t(198k6a)t plane under plane strain
curve
0.75 e conditions.
0.0 30 60 90 4 30

Angle, o(in degree)
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Inherently anisotropic stress —

strain behaviour under
drained conditions- 7

@= arcsin[(c’'y- 0'3)/[(0"1+0"3)]max
values in the direct shear test and
the PSC test (0= 40°-50°) are nearly
the same, because both tests are
plane strain tests with similar
anisotropy effects.

Theoretical value

@ and @, (in degree)

Air-pluviated Toyoura sand

50 T =T
\h\\ @ (PSC, 0’;= 49 kPa, 8=90°)
A !
: -4/
@(PSC, '
45 | 540050) N g(1C, 0049
/ > kPa, 3=90°)
‘ %
. / N
A A
\.\

40 e @(TSS, 0',= 98 kPa;

o's= 35— 44 kPa)

@, =arctan

Sin% ECOSQd )na//i/v
1-sing, LBInG, ).,

\
>
®

s

> <—>£nI:O
py |

1]
Measured @..=arctan(t../o’,) (TSS, o’,= 98kPa :
Stress condition in TSS test ®s (Tal0'a) (when ra/cr’ -ma>)< e
at’ a—
o' when o¢’,/0’;=max
\Tﬁt<__a g 1'* -
A 30 | I et ey 1 L
0.6 0.7 0.8 0.9

Void ratio, e (converted to the value
measured at 0’;= 4.9 kPa)
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Inherently anisotropic stress —

strain behaviour under
drained conditions- 8

@= arcsin[(c’'y- 0'3)/[(0"1+0"3)]max
values in the direct shear test and
the TC test (6= 90°) happen to be
nearly the same due to cancelling
out of the effects of anisotropy and

(0',-0'3)/(0', - O5).

@ and @, (in degree)

Air-pluviated Toyoura sand

50 T T ' ]
\h\\ @(PSC, 0’;= 49 kPa, 3=90°)
A !
e _A/ 1
@(PSC, \
45 + 0=40°-50°) s .

', @®(TC, 0'5=49

,

> kPa, 3=90°)
: b
: ™

A
"\.\

@ (TSS, 0’,= 98 kPa;
o’3= 35— 44 kPa)

40 PY

@, =arctan

Sin% ECOSQd )na//i/v
1-sing, LBInG, ).,

N

351 |
( 3

Stress condition in TSS test

Measured @.;=arctan(t,/0’,) (TSS, o’ ,= 98kPa)

<
u :j 0

. =
@
when t,/0’ ,=max
when o’,/0’;=max
1‘1 ."
30 L — 1 L
0.6 0.7 0.8 0.9

Void ratio, e (converted to the value
measured at 0’;= 4.9 kPa)
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Inherently anisotropic stress —

strain behaviour under

Air-pluviated Toyoura sand

. .. 50 i1 N | 1
drained conditions- 9 N\ @(PSC, o', 49 kPa, 5909
_ . =, |
In ordinary direct shear tests, 0 A -
— . ) ) ) ) = PSC, 3
= arCSln[(O 1~ 0 3)/[(0 1+0 3)]max § 45 k- 5%;(400-500) % @(TC, 0'4= 49 .
cannot be measured, but only < . S kPa, 5=90°)
Q= arctan(T,/0’) e IS measured. | & '_ N,
X o
S 40 \\
. [ 3 @(TSS, 0',= 98 kPg;
Theoretical value /' o's= 35 — 44 kPa)
i |1
@, =arctan— % ECOS_Qd b
1-sing [5ing, )., .
o
35 F _ 1
M d @ =arctan(t,/a’,) (TSS, o’ .= 98kPa) _I B
Stress condition in TSS test easured @s=arctan(ta /', when rat?c’ e [ S
- when o’,/0’,=max
\Tat ia gy 1" — e
A 30 = _ s 1 L
. I—O 0.6 0.7 0.8 0.9
E ‘ ' \' " Void ratio, e (converted to the value
U'ZJ measured at 0’;= 4.9 kPa)
Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability | 2016 17




Inherently anisotropic stress —

] ) Air-pluviated Toyoura sand
strain behaviour under g y

drained conditions- 10 2 K. @(FSC., o 49 kPa, 52009
Q= arctan(t,/o’y)max fromthe direct | © AN _é/ |
shear test is significantly lower than | 8 . | &gy IO
@ from TC test (5= 90°). £ / / kPa, 5=00°)

The use of @ in the slope stability | £ KRA
analysis is usually too conservative. z | G

S
»

@ (TSS, 0’,= 98 kPa;
o’3= 35— 44 kPa)

Theoretical value
@, =arctan— % ECOS_Qd b
1-sing, LBInG, ).,
35 l

N

, - g O
Stress condition in TSS test Measured qu,=arctan(ta/o's) (-\Cvizh(jr:t?o’ggi:i [ 2
\rat o o vyihen 0’,/0’;=max &
> ol . L
I—O 0.6 0.7 0.8 0.9
g ‘ ‘T’ b = Void ratio, e (converted to the value
U'ZJ measured at 0’;= 4.9 kPa)
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Inherently anisotropic stress — o

strain behaviour under —
drained conditions- 10 X

TC strength (= 90°)

#®(°) whene, = 0.7

®(°) when e, = 0.8

10 I —T T T 7
Drained PSC v
Void ratio, e, 1 40
095 [ |e o785-0801 ——
8 le osmo-0m3 .= arctan(t/0’,)max from
O 09 g, ' ! the direct shear test,
< o ) /‘g\ uj; w| | much lower than the
P 085 gk oo Drained TC 1 * | average strength along a
o [\ T J 0 J
% 08 T V7 e,4= 0.8 Tatsuoka et circular failure plane
Inferred based on e,o= 0.7 J al. (1986a) ] )
curve A under plane strain
075 0.0 | | 3:0 I\/I 6(; 90 % 1 30 COndItIOnS

Angle, o(in degree)
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Strain-softening associated with Uniform granular materials

100 —rrr

shear banding under drained _ | Gtess balotini—7
plane strain conditions- 1
'g) Karlsruhe /1
= SO Monterey-_/ i

The stress is plotted against =

“strain averaged for the whole s |

specimen”, not representative of ° :

L Particle diameter, D (mm)

the strain in the shear band.

10 " T T ) 10 . ' . ' . . . r . T .

9 __ Ua = 0 8 kgffcm {?8 4 kPa) _ 5 '__ G-3| - 40 kgfﬁ:mg (3922 kpa} :
v gp  Monterey Ela”? S 1 & al Monterey Sand ]
= L o3iun wan b = _t o Ticino Sand y
o 7 /l . //:f_,'l‘lcmo Sand s T \ X Hostun Sand y
oep /4% 3 _Tﬁﬂg S.L.B. Sand 1 1 s} ) ,..,,“rf” Toyoura Sand ]
[IH st/ e o b — Toyoura Sand ] U:.. 5 [ \/ ?*‘/E//‘ff;_ Karlsruhe Sand .
'% 4 d : fir_lir‘ghe;? and ) -_% al -8 LI_3 Sand ]
' PR 1 IR _
&N iy ] 1 a5y
g > L C“;“awa Sand Glass Ballotini ] g 2 'I"I"l"lﬁi'w\\ I|'r'|I )] Iﬁ!'l I|'ﬂ||'lrlll‘|' i1 4
@1 1 @ |l GlassBallotini  Ottawa Sand i

0 [ . 1 a - A L — 1 " 1 0 n - L X . 1 L I . 1 . |
0 5] 10 15 20 25 30 Q 5 10 15 20 25 30
Shear strain, v = € - € 3 (%) Shear strain, v = € ;- € 5 (%)
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Strain-softening associated with Uniform granular materials

shear banding under drained

100

Glass ballotini—#

plane strain conditions- 2 $
g e Karlsruhe
. = - Monterey-
Us. shear displacement along a shear band 3 Y
(Us)pea: Values of ug at the peak stress I B
(very small) s | Otawa-
0 PR
1, : Particle diameter, D (mm)
Peak =—»1.0
: - Ottawa
I : Wakasa
& | B Toyoura
3 = Hostun
x Karlsruhe
x I Monterey
! ¥ 0.5 - Glass ballotini |
~ Ticino
u e | Ug 1 © S.L.B.
. . - Hime
ae - |somi
8om [HH
Residual =—>0.0
0.
: "'ffﬂ o _']_'!“'_. lj 0 15.0
e b (US )peak (mm)
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Strain-softening associated with Large PSC test
shear banding under drained “TE
plane strain conditions- 3

PSC tests on many poorly- & well-
graded gravelly soils
100 ————r ——
Glass ballotini

- A Ch
Ticino*

Hostun*
Monterey*

Karlsruhe*

Toyoura*
[ Wakasa*
- Ottawa* f

Green
[ rock/
| CL

Hasaki*

* Ai Andesite 2 Andesite 1

Parcent passing in weight
a1
o

Isomi*

£ TN LN . Andesite 2
0.1 1 10 (Dsp=2.49 mm & U= 4.1),

Particle size (mm)
at e, = 4.25 %, o’s= 314 kPa
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Strain-softening associated with shear banding
drained plane strain conditions- 3

PSC tests on many poorly- &
w

100 —
=
2
()
=
£
o
=
9, 50 -
©
o
o .
o Andesite 1
o]
o
Isomi*
O ot Ll
0.1 1 10

Particle size (mm)

n

Shear stress level, R

O
o
a1

under

1.0 o T T T T
1\ Test name
‘ Poorly graded :::to::ui : s:gg
0.8 Kt granular materials toku -
i (Yoshida and —A—toku3 --x-- NIU8
11k % \i Tatsuoka 1997) 7 toku4 -=x-- NIUD -
IS \ --o-- NIlU1L —=—an2-1
0.6 |-\ Wy --0-- NIU2 —e—an2-2
\ -4-- NIU3 an2-3
2| AR \ Larger Dsg -v-- niua —v—an2-4 ]
0.4 |- || NI\ heks _
TN
‘\ “"‘:L‘ .‘ » N
0.2 \\ w \5@‘:\ \ (Us™) res 7
. \\' \*
e
0 5 10 15 20
*= 1 -
us - us (us)peak (mm)

Larger shear deformation of shear
band for larger D, why ?
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(Us*) (s INCreases with shear band

Strain-softening associated with

thickness, t,, for a similar shear shear banding under drained
strainin the shear band plane strain conditions- 5

r

Shear band thickness, t (mm)

S )res

Residual shear deformation, (u_

E 15 L I Linear fifting: I ' _
= y=07989x g (Ug*)es
R*=0.7288 .~
: Well-graded P "_'
(Okuyama et al. 2003) L CLRCLLLLELEY) :
10} \ 2 . T_ 5
" Non-linear fitti s
O(/)// y=02[]-4T*exa:’.r7slo "9 tr “ s
/// 2 _
. W (R=0.803) At the start of
L . i _ % ) )
%o residual state S0, (U*) (s INCreases with Dg,
Lo
e% \O : Poorly graded - : I - ! '
. (Yoshida and Tatsuoka 1997) . ©  Yoshida & Tatsuoka (1997)
Oo 5 10 15 20 ;\8 15+ o Okuyama et al. (2003) .
Thickness of shear band, t (mm) \3:’ Average .
. . £ g~ M-
t.increases with Dg, z
50 ————— ———————— ® 10k - = ]
I Q NS © c_LU) ‘ @)
////0 8 H ’ O ]
T . .- & Regression curve
@ O L _ 0.66
10¢ = . = ax
s ~ t= C(Dso)o.ee g 5L y 5 i
n S R"=0.89
© S . . .
Poorly graded 3 - g2 Slightly non-linear relation -
(Yoshida and Tatsuoka, 1997) 8 .
A& An2 (well-graded) x .
<& Chert (NIU: well-graded) 0 L ! L !
1t Green rock (Tokuyama; well-graded) 0 1 2 3
: @ (Destues and Viggiani, 2004) Particle mean diameter, D__ (mm)
0_5' . M| . P ' 750
0.1 1 10 24

Particle size, D,, (mm)



Strain-softening associated with shear banding under

drained plane strain conditions- 6

Poorly- & well-
graded gravelly soil

100

50

Parcent passing in weight

Ottawa*
Green
rock/

Andesite 1

Isomi*

1 7724 1
0.1 1 10
Particle size (mm)

Shear stress level, R

o
~

o
N

0.0

— Poorly graded sands & gravels
(Yoshida and Tatsuoka 1997)
Curves with symbols:
Well graded gravels
(Okuyama et al., 2003)

Normalization as u./(Ds,)°-° : still a noticeable scatter, but no systematic
effects of U, o4, density, strain rate,
Useful to infer the R, — ug relation for a given Ds,
to be used in the slip displacement analysis by the Newmark method.




Strain-softening associated with shear banding under
drained plane strain conditions- 7

On the other hand, the friction angle decreases with an increase in the
particle size in drained TC keeping the D, . /Specimen size constant!

This trend is inconsistent with our intuition that the slope becomes more
stable with an increase in the particle size.

Specimen size; 30.5cmd 91.5cmd

7.1 cmd X 76 cm h X 228 cm h
55 x 17.8cmh 2 ] \ 4

B _\L____ B l Crushed Basalt_(UC”:‘.le_)w

e e i = __._.,1_...___ I - ind
\Nr;,: 2.1 kgf/cm?

|
--.'L’- o5= 10.0 kgficm?
T

|
-L|og= 30.0 kgffem2 f—4— e

—

@, (in degree)
.S
n
I

Angle of internal friction to the origin,

0,= 46.4 kgficm? "T"‘““‘—-——-——* e
35 .
0.3 0.6 1.0 2.0 3.0 6.0 10
Maximum particle size (inch) University of California, Berkeley

(Marachi et al., 1969)
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Strain-softening associated with shear banding under
drained plane strain conditions- 8

On the other hand, the friction angle decreases with an increase in the

particle size in drained TC keeping the D, . /Specimen size constant!

This trend is inconsistent with our intuition that the slope becomes more

stable with an increase in the particle size.

Angle of internal friction to the origin,

@y (indegree)

55 [ ' ' 5 s Oroville da.m maferial (U = 40)
Pyramid dam material (U= 8) S ¢~
1, FRSSENSIS, S A el R ————— o - \_t\‘____________ % o
T 05= 2.1 kgflcm? .' ° \
- - .. . i oo -~—-<__.__L______“__| e el g CE. _M_.- s J; ’ = ‘
451 = 45} \l\ 10.0 kgflcm?
O —
‘\-HQIH“‘I"‘H—-—_'.___.________H i = t ] = i T T —t .~
| — E__H+ 0,= 10,0 kgffom” | & = mti\\ | 05=30.0 kgflem? |
- .T‘T‘:’a“—«.‘ ‘: E a _ o “—'-——t-__.h_ i LT T ey TR
05= 46.4 kgf/cm2 w @
35 58 15 l l
0.3 0.6 1.0 20 3.0 60 10 2E 03 0.6 1.0 20 3.0 6.0 10
c
<< Maximum particle size (inch)

Maximum particle size (inch)

University of California, Berkeley
(Marachi et al., 1969)
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Strain-softening associated with shear banding under
drained plane strain conditions- 9

On the other hand, the friction angle decreases with an increase in the
particle size in drained TC keeping the D, . /Specimen size constant!

This trend is inconsistent with our intuition that the slope becomes more
stable with an increase in the particle size.

T
Test name

One method to alleviate this . poorygraded I 1002 74O |
. . . . . ,IC : grﬁrsluia;rgﬁenas A toku3 %~ NIUS ]
conFradlctlon in the se|§m|c v ik Camuola 1907 7ok 5 NS
design, at least partly, is the PR o NIUZ —e—an2-21
. . . < Larger D - —v—an2-4 |
evaluation of slip displacement 5 ol Sl B gl -
. @©
by the Newmark method taking 2
. US* res
into account the effects of Dg, On o )
the R,, — ug relation. 005750 ——— .
0 5 10 15 20

*—
us - us_(us)peak (mm)
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Undrained stress- strain behaviour of saturated soill

1. Effects of dry density:
- much larger than those on drained strength; and

- become more significant by effects of preceding cyclic
undrained loading.

2. Degradation of the undrained stress-strain properties
and strength in the course of cyclic undrained loading:

- more when more cyclically sheared undrained; and
- how to model this trend for numerical analysis ?
Simplified model for simplified numerical analysis* vs.
Full model for rigorous numerical analysis
(* explained in this presentation)

Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability




Undrained stress- strain behaviour of saturated soill:
1. Effects of dry density - 1

r—-—IO cm——,

1.5 Torsional simple shear
Toyoura sand
Consolidated at

o',= 0= 98 kPa

Ve~

The figures
indicate D, (%).

E
L
s 10l | Range of drained
7 o) peak strength state
(()) = for D.= 33.6 % -
, | o 94.4 %
| | 2
| ; o
i @ @ 0.5F
L=""" —
| ©
)
<
0p

T -

L Drained
_91.7
— Undrained

|

|
0 0.5

1.0 1.5

Effective stress ratio, ¢’ /o’
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Undrained stress- strain behaviour of saturated soill:
1. Effects of dry density - 2

2.0 7 7 1
I :
! ’,«" Torsional shear, Toyoura sand
! a Isotropically consolidated to ¢’, .= o', .= 98 kPa
! )
| /
3 S L K
K ; /62.3 ;
L ; f 94 .4 Drained
< / / -
e ] / : < o
S / /| Drained S B
LT c 5
; n
< g o 55.1 T
n =
S 0.5 2 -0 e S
>
% 5
The figures >
indi D, (%). '
| S R 1 . . anl

Shear strain, y,,, (%) Shear strain, v,;, (%)

In drained tests, the peak strength is noticeably different with largely
different volume changes for different dry densities (or different D,
values) !



Undrained stress- strain behaviour of saturated soill:
1. Effects of dry density - 3

2.0 ]

Y
<
]

o
ol

Torsional simple shear

o, changes at a constant volume'!

Shear stress ratio, 7,,/0"',,

Shear strain, y,, (%)

i | Toyoura sand
;’ Consolidated at /
i ;a' —o =0 =08 kD V4 15 Torsional simple shear
1.5 {917 / Tve 7O TOne =I0KED ~|) Toyoura sand The figures
; J; _ 2 \Consolidated at indicate D, (%).
; B ‘(u'=o},;:98 kPa
;' Il ~ _
/ / . $ 1 .0H Range of drained
/ /| Drained s paak strength state
= 0f -
94 .4 S f904 D[% 33.6% Effective stress paths
= .
'O,B sk ,_— Drained
8 |91.7
P = — Undrained
47.3 .- P |
: - @
Undrained | _ Q |
The figures n % 0.5 1.0 1.5 2.0
indicate D, (%).! . : :
A ~— 228 . r.( ) Effective stress ratio, 0"/ 0".
0 5 10 15

In undrained tests, the effective stress path is largely different with
largely different peak strengths for different densities !



Undrained stress- strain behaviour of saturated soill:
1. Effects of dry density - 4

Comparison among

(A)drained strength in ML,

(B) undrained strength in ML and

(C) undrained CL strength of Toyoura sand

0.9
A: drained peak stress ratio i//
0.8
0.7} Number of loading G B A aAAAARRAR R N T
/ cycle, N.=5 g et pafi i
/ sz ol LT | ¥ U
- 0.6 X jos 20| PR VIR TIR VAR VIR Vvyy Yy IARVAR VRRT R TARY
o B: undrained peak stress O S s u——
=~ . =3 10 10 seconds A~ an
S o5k ratio necessary to develop J G2 s o ANANNNN
" 15 % shear strain 5 = el ”UL:LI'L Ll.l:'”a:s_ :
E 04_ ,4// ?Alsgu ]ll" lj ’I llil' '[l‘plrl|]'j
CCD | %g L// ?t]b \/ U\‘L‘ ________ I
o / = < 50
= / g3 i :
20 75 ° Undrained cyclic test
@ e 9
Qo A x +/ 100 v
5 02f,, —X
C: undrained cyclic loading strength
0.1F necessary to develop 15 % double
Toyoura sand; ¢’ .= ¢',.= 98 kPa amplitude shear strain
1 ] ] ! | 1 1 |
0.0 3¢ 40 50 60 70 80 90 100

Relative density, D, (%)
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Undrained stress- strain behaviour of saturated soill:
1. Effects of dry density - 5

1) ML drained shear strength
- increases with D,, but the
+—"| increase is not very large:
e.g., only about 10 % when
D=70 % — 90 %.

A: drained peak stress ratio

0.7+ Number of loading

/ cycle,N=5 ‘ 2) In the stability analysis
0.6 ! X .
2 B undrained peak Stess based on the draln_ed shear
:—; - ratio necessary to develop 10 j strength, the benefit of
0 ' ) . .
- 15 % shear strain compaction is large, but not
o] B 20
> 04 // as large as the one when
(O] .
% o3k / '/~ | based on undrained shear
— /
© 100 strength.
% 0.2f /'J / { J

C: undrained cyclic loading strength

0.1F : necessary to develop 15 % double
Toyoura sand; ¢',.= ¢’,.= 98 kPa amplitude shear strain
0 0 | 1 1 1 | i 1 I
’ 30 40 50 60 70 80 90 100

Relative density, D, (%)
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Undrained stress- strain behaviour of saturated soill:
1. Effects of dry density - 6

1) ML undrained shear

0.9

0.8

0.7

0.61

0.5

0.4

0.3

0.2r

Shear strength, t/c’y

0.1

A: drained peak stress ratio

strength significantly

cycle, N.=5

B: undrained peak stress
ratio necessary to develop
15 % shear strain

x

Number of loading

20
/ 50
/ 100

el

Increases with D,: e.qg., by a
factor of three when D,= 40
‘ % — 60 %.

}] 2) Inthe stability analysis

based on the undrained
shear strength, the benefit
of compaction is significant.

10

—

C:

Toyoura sand; ¢’,.= ¢',.= 98 kPa

undrained cyclic loading strength
necessary to develop 15 % double
amplitude shear strain

1 1 1 1 1

1 |

0.0

30 40 50 60 70
Relative density, D, (%)
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1
80 90 100
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Undrained stress- strain behaviour of saturated soill:

1. Effects of dry density - 7

Shear strength, t/c’y

1) Undrained cyclic shear

0.9

A: drained peak stress ratio

strength increases with
D,, significantly when D,
becomes larger than a

0.7+ ) Number of loading . .
j cycle, N.= 5 ‘ certain value: e.g., by a
0.6f e — Sowp— i factor of three when D,=
> u |
0.5k ratio necessary to develop 10 }j 70 % — 90 %.
| 15 % shear strain « | 2) Significant benefits can
0.4 L 20 be obtained by
/ . .
oal / VA compaction to D, higher
. / .
' gl than a certain value.
0.2F 7 — 1
” C: undrained cyclic loading strength
0.1F : necessary to develop 15 % double
Toyoura sand; ¢',.= ¢’,.= 98 kPa amplitude shear strain
0.0 10 50 60 70 30 30 100

Relative density, D, (%)
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Undrained stress- strain behaviour of saturated soill:
1. Effects of dry density - 8

Shear strength, t/c’y

These undrained shear

Relative density, D, (%)

Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability | 2016

0.9
A: drained peak stress ratio vl StrengthS’ B & C’ are o
0.8t necessary, but not sufficient,
. ot on to evaluate the residual
' [ oeengs | deformation by:
0.6} / x |a) slip displacement analysis
B: undrained peak stress ]
0.5k ratio necessary to develop 10 }j by Newmark-D methOd’
' 15 % shear strain { and
0.4} L »/ /| |b) residual deformation
. / v analysis by pseudo-static
o/ non-linear FEM
100 .
0.2 , s / l
” C: undrained cyclic loading strength
0.1F : necessary to develop 15 % double
Toyoura sand; ¢',.= ¢’,.= 98 kPa amplitude shear strain
0.055 40 50 60 7 50 50 00
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Undrained stress- strain behaviour of saturated soll to
evaluate the residual displacement/deformation-1

Residual displacement/deformation

2. Slip displacement
obtained by the

I
I
I
| ‘\ : displacement; plus
1\ . 2. Slip displacement
. I
I

Perfect-plastic behavior without degradation
during seismic loading is assumed

3. Total residual displacement/deformation:
1. Residual deformation not including slip

Estimated total ultimate residual
) displacement/deformation

1. Residual deformation obtained by
pseudo-static non-linear FEM not
Including slip displacement

" A

Newmark method

F. against Level 2
design seismic load

»

ﬁ 1.0 Minimum safety factor by LE analysis, F,
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Undrained stress- strain behaviour of saturated soll to
evaluate the residual displacement/deformation - 2

T _ Apparent working shear stress, 1,
I\ Three consecutive /

Zero-crossing points S Actual Ty (: soil shear Strength, Tf)

decreasing by cyclic undrained loading

e

P
<

0 / Pulse n

»
>

> Time

Time history of apparent irregular working stress t,, obtained by total stress seismic response
analysis not taking into account both strength degradation by undrained CL and slip failure

T A
: : + L= i ~ i
Actual T~y behavior of soil » rs e p—Undrained 7 ~y relation

r DA,:':é o ">~ Initial
“Increments of slip displacement” o /Q | |
in all pulses where slip takes VA T ~~< Inpulse n

[ ! " ek EN . .

Place (such as S_.)e) are , ‘;;",’"";‘-T-j-jj\-:- Continuous degradation by
mte_grated_to qbtalnthe ultimate 1 R initiall N7 | undrained CL
residual slip displacement L.

0} » Shear strain, v



Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 1:

Time histories of stress, strain and slip Laboratory stress-strain tests
Damage strain=
o T \ 1%.2%.5%....
E T )
@ 3 39
o2 05
n w2
> Lo
. A Time 25
oc | (b) O
g @ >
& J © l0g(N,)
a
> r

N
=
3
D
Z

Sail
strength
/ ,\: \ 7
~ soil
strength

(€)

(d) J
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N
7

_______________________________

Calculation of slip displacement
by the Newmark-D method

Slip
displacement

Time




Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 2:

Typical example of cyclic undrained triaxial tests on isotropically
consolidated specimens compacted to (D.)g.= 85 %; 90 % and 95 %

070 T———— \

gdamage:

N \ 3 ‘ 0 0 0 0
5, w o _oso{ N KX K Oouee S0 70 37
g 80 4 .| Hokota sand 'bE \ \\ \ \ 90% Xo = HL
= .| Ds=0.20 mm > 0.50 | NV \ om0 X. Ll - *_
> 6ol | Us=17.0 ] N, : '
= F.=13.6 % 2 0.40 1
g g 0.30 \
o -
% 20 @ .
o » 0.20 A
F o e O
0.001 0.01 0.1 1 10 g 0.10 -
Particle diameter, D (%) )
0.00 ——TT T — T —
0.1 1 10 100

Number of loading cycles, N,
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Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 3:

Time histories of stress, strain and slip Laboratory stress-strain tests

\

N

(a) 1%.2%,.5%....

. :
4_/ ' (e) og(N) !

(€)

(d) J

Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability

Seismic
load
N
7
|
3
@
4
Cyclic stress
amplitude

Damage
strain

SN
=
3
@D

rd

Sail
strength
/ /\: \ 7
ol
strength

N
7

_______________________________

Calculation of slip displacement
by the Newmark-D method

Slip
displacement

Time




Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 4:

] Definition of a pulse
6 Zero-crossing point
2t =1 -1
5 | CYycC,l max,| min,l
] T
4_ max,l )
_ //\ —/A Buffer zone (i.e.,
c — : : : : zero-crossing is
Tt £ S sl % - | defined only by full
2] crossing of this
14/ | Vi T zone)
01— Pulse i
-1 T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

t
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Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 5:

SR 4

Cumulative damage concept

Relationship between SR and “N,
necessary to develop a given damage
strain*” obtained by a series of
uniform cyclic undrained tests

SR, 4------

Damage for damage strain* by pulse i : D= (1/N))

N, log(number of loading c;/clic, N.)

SRi= 14, /0’9 Ccyclic stress ratio of pulse |
Teyci- Shear stress amplitude; and o’y: initial effective confining stress




Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 6:

SR {k

Cumulative damage concept

Relationship between SR and “N,
necessary to develop a given damage
strain*” obtained by a series of
uniform cyclic undrained tests

SR, o------

Damage for damage strain* by pulse i : D= (1/N))

N, log(number of loading cilclic, N.)

Total damage for damage strain* caused n n 1
by a series of irregular pulses until the end of pulse n: D = Z D, =Z—
If D becomes 1.0 at the end of pulse n, =1 =L
it is assumed that this damage strain * takes place in pulse n.




Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 7:

SR 4

Cumulative damage concept

Relationship between SR and “N,
necessary to develop a given damage
strain*” obtained by a series of
uniform cyclic undrained tests

SR, o------

Damage for damage strain* by pulse i : D= (1/N))

N, log(number of loading cilclic, N.)

Then, we can find the damage strain at the end of pulse n at which the
total damage D= Z— becomes 1.0.




Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 8:

SR 4

Cumulative damage concept

Relationship between SR and “N,
necessary to develop a given damage
strain*” obtained by a series of
uniform cyclic undrained tests

SR, o------

Damage for damage strain* by pulse i : D= (1/N))

N, log(number of loading cilclic, N.)

By this procedure, “a given time history of irregular cyclic stresses
causing a certain damage strain can be converted to “uniform cyclic
stresses with an arbitrary combination of SR & N, that develops the
same damage strain”.




Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 9:

Tw s Consecutive zero-

: - 1, (= soil shear strength, 7 )
crossing points &)e decreasmg by cyclic undrained loading

> Time

Pulse n

Uniform cyclic stresses equivalent to “irregular working stresses before the start of
pulse n” obtained by the cumulative damage concept.

Equivalentt~y behavior ! T Initial
after have been subjected to -8 ‘0:6 1
“equivalent uniform cyclic T~ In pulse n

stresses obtained by the [N 74/ h

1 " Tiits
cumulative damage concept nital

Shear strain, vy



Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 10:

Time histories of stress, strain and slip Laboratory stress-strain tests
L Damage strain= |
céz 5 A (a) \ 13/_°2ﬁ5_%~_
28

N

7

|

3

(9]
/\: \2 2

Cyclic stress

amplitude

Damage
strain

. :
4_/ ' (e) og(N) !

(€)

(d) J
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strength
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strength

N

v
=
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@D
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—h
~

Damage strain

Calculation of slip displacement
by the Newmark-D method

Slip
displacement

Time




Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 11.:

N

N Consoli-
dation

Undrained monotonic loading (ML)

N

Undrained ML

N~
7N

N et Selieieieiele °-
il f- e | Strength drop due

/1 Undamaged
! 1 peak strength

™
~~~~~
f

Undrained ML

[ITTTTITITIY

Deviator stress

AL

I
N &

v

i

to damage strain

by undrained CL

Damaged
peak strength

where damage

End of undrained CL,

has taken place

strain

A

Undrained CL = Undrained ML

> Time




Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 12:

?

7 : D Q

o i 17 .

o s 5

= | @ |

3 g Hie

> | .

a Strain © !

Strain

. 7
L Qo :
ks \ » | i o !
N ) — | : :
= - S | | | |
S g WL . = s |
S g ,' > | | e / s
C £ Q= —/ — Strain
©C b ‘\’,'
2 ;| Initial undrained PN
(7)) i } s
= _g shear strength |/ g
O @ — T N
== e
= O
TC T : :
5 S ; Strain that has developed by undrained CL
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Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 13:

Typical example: loose Hokota sand

Strength drop
- due to undrained CL | —
e lCJ:Edralned I: Undrained ML \ > ‘E
60 180 2
<
2~ 2
TE 40 120
$2 ‘ 2
40 _
‘o 20 Au/ / — 1 [% F
* % | q qmaxD —
18 g
v B0 - - ' 0 2
t S 0=1.44g/cmM(D.=85%), o)
g 20 0 =100kN/t, 70 (=0.112,| | . &
()] N:23’€damaqe:10%’ 0
(a) initial undrained ML: @ g, OAU s
-40 -120 Wi
-10 -3 0 ) 10 15 20

Axial strain, ¢, (%)
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Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 14

Typical example: dense Hokota sand

800 Mp=1.61g/cn(D.=95%), 1600
200 | [@m=100kN/n?, 74/ ;=0.258, | 1400
N=44, € 4amags10%, O | |
600 | |initial undrained ML:= g, Z4u 0 - 1200

500 |(b) . Strength %- 1000

E
=
X
a - |
= <]
Z )
> y >
S-f 400 ) or Omaxp | [ 800 g
(72 o
£ 300 . q - 600 &
@ e
S 200 L 400 S
© Undrained CL Undrained ML g
> 100 »L 200 &
& 2
O D'D I T O @
DO00ooooooHay | i
e |

-100 s 200 "

10 15 20

Axial strain, g, (%)
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Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 15:

Tdamage:

b .
O mi-

Undrained shear strength after cyclic

undrained loading becomes

significantly smaller as sand

becomes looser, due to:

1) lower initial undrained shear
strength;

2) larger damage strain by undrained
CL; and

3) a larger drop rate for the same
damage strain.

undrained shear strength after undrained CL
initial mean effective stress”

35
3 é]* ............. E .......... I.:| (DC)IEC: 95 %
B 2 5 | D 'I-i ................. @
-~ E .
o |
\%, 2 <= 1< initial undrained shear strength
g 151
@© 0
l-'c 1 Z_K_.A ..................... A{ 90 /0 ‘
051 I
0 (f*' ..... S - YT [ YT T @ sensenanas ,
0 2 4 6 8 10 12
Damage strain, DA (%)
1.2
= 0
1 u...ﬁ.......:::;%:::... - ,(/DC)lEC o
(% - e, E
e A v
(=) i 0,
) 0.6 e ./ 85 % " 90 %
O N
£ 04 R o
> ®
0.2 -
0 T T T T T
0 2 e 10 12

Damage strain, DA (%)



Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 16:

Undrained shear strength

after cyclic undrained

loading becomes

significantly smaller as

sand becomes looser, due

to:

1) lower initial undrained
shear strength;

2) larger damage strain by
undrained CL; and

3) a larger drop rate for the
same damage strain.

Strength ratio, t/c’ ;

40 T T T T T T

- Undrained tests: ¢’ ,= 100 kPa
351 Drained tests: “o’,, at peak stress’= ¢’ .. T
3.0} | + Initial undrained ~ .

s stren th
25} Tax S/g -

- | * Undrained S, when compacted
20} strength after A 50 % _

I undrained CL* V(S opt= 71 %
15} Tdamage’ % mi Drained strength -

- \ TmaxD/cym1c
1.0 A N

I A O N=3 O,@® Cyclic undrained
05 strength for DA= 10 %

- - Td/dmi
0.0 ' - - -

80 85 90 95 100 105
(Dc)lEc (%)
* 14/ 0'yi= 0.19; N.= 2
55
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Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 17:

Undrained shear strength

after cyclic undrained

loading becomes

significantly smaller as

sand becomes looser, due

to:

1) lower initial undrained
shear strength;

2) larger damage strain by
undrained CL; and

3) a larger drop rate for the
same damage strain.

Strength ratio, t/c’

1-0 Ll |

I/ | i A |
AV TmaxD/O’m1c -
0.8 Drained strength |
A
0.6 [ Initial O N=3 -
undrained
[ strength :
9 O,@®1y/d,
04H+ TmaxS/o’mi _
_,A Cyclic undrained
o N=10 strength for
O = 0
o2l —— DA=10% |
— —
X x .| Undrained strength
Tdamage/0 mi ft drained CL*
0.0 | . after undraine C .
80 85 90 95 100

* ’Cd/ O-,mi: 0.19; Nc: 2

(Dc) 1Ec (%)
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Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 18:

Time histories of stress, strain and slip

Laboratory stress-strain tests
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Different soil model

s for different Newmark methods
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Undrained stress- strain behaviour of saturated soll

- Undrained strength during cyclic undrained loading for slip
displacement analysis by Newmark-D method - 20:

Time histories of stress, strain and slip Laboratory stress-strain tests
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Slip displacement by Newmark-

Circular slide 2
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Very large ultimate slip displacement:

-Slip continues after the moment of
peak acceleration (t= 97.01 s) due to
continuing deterioration in the
undrained shear strength.
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Undrained stress- strain behaviour of saturated soll

- Undrained stress — strain relation in the course of cyclic
undrained loading modelled for residual deformation
analysis by pseudo-static non-linear FEM - 1 :

Cyclic undrained torsional simple shear ¢
test on dense Toyoura sand applying g
‘seismic’ random stresses at a constant
shear strain rate £g
Axial load, W [ :— Tvh y \ E
WToweT 22V 1 23,
T ‘,‘_.. . \“ Gé- % \OE
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\| o= &0 ; S s
R P 2
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Z ” \OE Hachinohe (NS)
% o
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Shear stress, t1,;, (x98 kPa)
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Shear stress, t1,;, (x98 kPa)
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Undrained stress- strain behaviour of saturated soll

- Undrained stress — strain relation in the course of cyclic
undrained loading modelled for residual deformation
analysis by pseudo-static non-linear FEM - 1 :
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test on loose Toyoura sand applying
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Shear stress, 1,,, (x98 kPa)
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Shear stress, 1,,, (x98 kPa)
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Shear stress, 1,,, (x98 kPa)
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The time history of the y,,, value at the peak 0.6 ,_ —— FD
T,,/0’, States after having passed the yielding |
point (e.g. the values at points f, h & |) can be
obtained by following respective ML stress-strain
relations starting from the origin, o, that have
degraded by respective preceding cyclic
undrained loading histories.
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— In a slope in which initial shear stresses are 0.6 ksl
acting, most of the respective peak vy, value Shearstrain, v, (%)
remains as the residual value upon unloading.
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The time history of the residual deformation of a
slope may be obtained by a series of pseudo-
static non-linear FEM analyses incorporating
gravity and seismic loads while using respective
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Approximatedly, the maximum value of this
deformation can be considered as the ultimate
residual deformation caused by a given seismic
loading history.
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A series of pseudo-static FEM
analysis of old Fujinuma dam,
which collapsed by the 2011

Great East Japan Earthquake
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The largest deformation
(att=100.14 s):

-not by the peak acceleration (t=
97.01 s), but later after the
stress-strain relation has
deteriorated more.
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A series of pseudo-static FEM
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Several important features of the drained & saturat  ed-undrained
stress-strain properties of soil in monotonic & cyc lic loadings
related to the seismic stability of earth-fill dam

@ Practical simplified seismic stability analysis needs appropriate
balance among the methods chosen in the following items:
1) Criterion to evaluate of the stability:
Global safety factor relative to a specified required minimum vs.
Residual deformation relative to a specified allowable largest.
2) Design seismic load at a given site:
Conventional design load vs. Likely largest load in the future
3) Stress — strain properties of soill:
Actual complicated behavior vs. Simplified model
4) Relevant consideration of the effects of other engineering factors:
- compacted dry density; soil type; etc.

Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability | 2016 73



Design seismic load at a given site:

Conventional design load:

- specified in many old seismic design codes

- defined as Level 1 design seismic load in new seismic
design codes (introduced after the 1995 Great Kobe E.-Q.)

Likely largest seismic load during the lifetime of a given structure:
- defined as Level 2 design seismic motion in new seismic
design codes (introduced after the 1995 Great Kobe E.-Q.)

Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability



Japanese Society for Civil Engineers (1996) :

sLevel 1 design seismic motion: It is a seismic motion with a high
likelihood of occurring during the design lifetime of the concerned
structure. It is required that, in principle, all new structures have
sufficient seismic resistance to ensure "no damage" when
subjected to this seismic motion.

Level 2 design seismic motion: It is the strongest seismic motion
thought likely to occur at the location of the concerned structure
during its lifetime. It is required that the structure should not
collapse, although damage that renders it unusable is acceptable
If its functionality can be rapidly restored.

The relationship among “the design seismic load”, “design shear
strength of solil” and “stability analysis method (i.e., global Fs vs.
residual deformation)” is complicated due to historical reasons.

Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability



Actual behavior during severe earthquakes

B Well-compacted fill A:
Examples:
high rock fill dams
modern highway embankments
modern railway embankments
earth-filldams

B Poorly-compacted fill B:
Examples:
old soil structures before
introduction of modern design and
construction codes and methods

residential embankments
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Typical conventional seismic design of soil structure

Design seismic load (t,)4: k;,=0.15 (Level 1 seismic coefficient)
Design shear strength (t;)4*: Drained shear strength when D, by Standard
Proctor (1Ec) is equal to the required minimum value (e.g., 90 %)
— Required min. F by limit equilibrium stability analysis = 1.2, for example

B Well-compacted fill A:

The use of k;,=0.15 as Level 2 seismic
load is on the unsafe side. However,
the use of (t;)4* as the drained/
undrained strength of well-compacted
fillis on the safe side.

— These two factors may be balanced.

Shear strength of fill, t;

|

Conventional design of fill A:
1)Under-estimate of seismic
load

2)Under-estimate of soil
shear strength
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Typical conventional seismic design of soil structure

Design seismic load (t,)4: k;,=0.15 (Level 1 seismic coefficient)
Design shear strength (t;)4*: Drained shear strength when D, by Standard
Proctor (1Ec) is equal to the required minimum value (e.g., 90 %)
— Required min. F by limit equilibrium stability analysis = 1.2, for example

B Well-compacted fill A:

The use of k;,=0.15 as Level 2 seismic
load is on the unsafe side. However,
the use of (t;)4* as the drained/
undrained strength of well-compacted
fillis on the safe side.

— These two factors may be balanced.

Shear strength of fill, t;

‘ Realistic seismic design:

1) Use of level 2 seismic load
2) Use of realistic high soail strength

If only ki, is increased: i.e., if only (t,)4 IS
increased= Under-estimate of stability

by losing balance (i.e., collapse despite
actual stable performance against level)

Conventional design of fill A:
1)Under-estimate of seismic
load

2)Under-estimate of soil
shear strength

/7

éolution:

1) use of level 2 design seismic load; and
2) use of realistic high soil strength (t;)4
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Typical conventional seismic design of soil structure

Design seismic load (t,)4: k;,=0.15 (Level 1 seismic coefficient)

Design shear strength (t;)4*: Drained shear strength when D, by Standard
Proctor (1Ec) is equal to the required minimum value (e.g., 90 %)
— Required min. F by limit equilibrium stability analysis = 1.2, for example

B Poorly-compacted fill B:

The use of k;,=0.15 as Level 2 seismic

load is on the unsafe side.

Besides, the use of (t;)4* as “undrained
strength of saturated poorly-compacted
fill subjected to seismic load” is on the
unsafe side.

— These two factors are not balanced.

Shear strer

Realistic seismic design:
1) Use of level 2 seismic load
2) Use of realistic low soil strength

|

Only an increase in k;, is not sufficient,
but use of realistic low (t,)4 1S
necessary to duly evaluate the stability
against level 2 seismic load.

Conventional

design of fill B:

1)Under-estimate of seismic |~ (Stabl€)

load

strength

2)Over-estimate of soil shear D_j

Solution:
1) use of level 2 design seismic load and,;

2) use of realistic soil strength that is much

lower than the conventional value (t;)4* if

saturated/undrained during seismic loading

Performance
during
severe E.Q.
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CONCLUDING REMARKS -1

Several important factors that influence the drained &saturated-
undrained stress-strain properties of soil when subjected to
monotonic & cyclic loading histories related to the seismic
stability analysis of soil structures, including earth-fill dams, were
discussed. The following are the main conclusions:

1) Compacted soils exhibit significant strain-softening associated
with shear banding, resulting in progressive failure in a slope.

2) As the thickness of shear band increases with D, the rate of
strain-softening becomes slower with D, ,so the failure tends to
become less progressive, making the slope more stable.

3) Although the effect of dry density on the drained peak shear
strength is large, the effect on the undrained shear strength is
much more significant.

Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability



CONCLUDING REMARKS - 2

4) The drained strength of compacted solil exhibits strong
Inherent anisotropy in plane strain compression.

5) The strength obtained by different stress-strain tests (i.e.,
triaxial and plane strain compression and direct shear) could be
largely different due to the effects of different angles between the
0, direction and the bedding plane direction; different ratios of o,
to 0, & 03; and different definition of friction angle.

Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability



CONCLUDING REMARKS - 3

6) For the limit equilibrium-based stability analysis of a slope
under plane strain conditions, a practical simplified method that
assumes the followings, yet takes into account the effects of
compacted dry density and particle size, can be proposed:

a) Isotropic stress-strain properties exhibiting strain-softening of
which the rate decreases with an increase in Dg,.

b) Use of the peak & residual strengths determined by the
conventional TC tests at 5= 90°,.

c) Use of the peak strength corresponding to somehow
conservatively determined compacted dry density (i.e., slightly
lower than the value that corresponds to the anticipated average
of the actual values of D).

d) Progressive failure is not taken into account.

Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability



CONCLUDING REMARKS - 4

7) Under undrained monotonic loading conditions, loose & dense
saturated soils exhibit the shear strength that is significantly lower
and higher than the respective drained shear strengths.
8) The undrained shear strength decreases by preceding cyclic
undrained loading. The effects of dry density on the damaged
undrained shear strength are significant due to the following
trends with an increase in the dry density:

a) the increase in the initial undrained shear strength;

b) the decrease in the damage strain by preceding cyclic
undrained loading; and

c) the decrease in the degradation rate by damage strain.

Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability



CONCLUDING REMARKS -5

9) For simplified stability analysesof a slope having saturated
zones by “slip deformation by the Newmark method” ad “residual
deformation by the pseudo-static non-linear FEM”, the
characteristic feature of undrained stress — strain properties
described above can be modelled in a unified framework from the
same results of a set of monotonic and cyclic loading lundrained
stress — strain tests of saturated soill..

Stress-strain behaviour of compacted soils related to seismic earth-fill dam stability
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