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Proceedings: First International Conference on Recent Advances in Geotechnical Earthquake Engineering and Soil
Dynamics, April 26 - May 3, 1981, St. Louis, Missouri

Soil Model of Effective Stress for Seismic Loadings
Wang Zhiliang and Wang Yuqing, Research Engineers

General Research Institute of Building & Construction, MMI, Beijing, China

SYNOPSIS The Generalized Masing Curve,
the effect of pore
pressure generation
valent cycle method,

pressure on shear modulus

can be adopted to avoid

INTRODUCTION

Most analyses of s0il seismic response usually
employ an iterative linear visco-elastic ap-
proach. However, there is a trend evolviupg non-—
linear analytical methods. Up to now, the test
data of so0il properties {or seismic loadings
are available for uniform stress or strain

cycles., In order to apply those 1o solving

s0il dynamic and liquefaction problems, a more
valid viscoelastoplastic soil model of effec—
tive stress is in urgent neeod,

GENERALIZED MASING CURVE FOR
ANALYSIS

TOTAL STRlEss

Many writers adopt
curve of Masing

nonlinear
type to

stress—strain
describe hysteresis

loops for unloading and reloading, First, the
skeleton curve is constituted by shear modulus
curve G(7):
ep
T= (7)) = G(7)” or 7= 17 (T (1)

in which, ’C”—(\lus(op]:xs(,i(‘ part of shear siress
y 7 -shear strain, and for unloanding
(’t’” ‘}’,) by Masing Curve, i,e,.,

Crom point

—_
]
~—

Some of different function relations I“(’CeP) or

r(y) ave adopted, such as hyperbola, R-0 curve
y N=lincar and so on,
We express the influence of so0il vi scosity by

Voighit relation, then,

T =T+ t‘%% =0 (7) +H»g—1- (3)

in which - viscosiily factor,

There is a problem in all of these methods,
hysteresis loop curve (2) is defined onl y by
shear modulus curve G(% ) s but is not related to
damping ratio curve 2(7%) at all. Thus, the
damping ratiomn 7‘(7) corresponding to Masing

the

recently proposed,
and damping ratio.

the iterative computation,
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has been improved in this paper to involve
Fraction cycle method for pore

which is necessary in equi-

Curve (’3) generally disagrees with test damping
ratio curve (7).

We defined a

() = () /2(7) K = x(F(7)) (1)

Fig.1l,2 show some G(7), 7(?) curves and the com-
parisons of damping ratio 7]'(7) corresponding to
Masing hysteresis loops with test curve 7](7).

The

damping ratio degradation factor:

or

divergencies between them are obvious,
1.0
F— At 2
G/ G R D
/4 . \e B 7 x| k=p, A
i o
—- i € -
0.0 T 1
hokb— - -
T . L 8
{0) S ’ o
- - . 0 A ; . .
S T = —r
ol L 10% 167 167 107 107 2
10 10 10 10 10 r
Fipmele Shear Modulus Fig, 2, Damping Ratio
and Dampinge Ratio Degradation Factor
Generalized Masing Curve was proposed by Wang
et al, (1978, 1980a):
oy T T % v 2,
7= = M T) (=) -2 (- 1,) )+ (T 1)

(5)
in which (’L’m, }’m) is the coordinates of maximum
stress points Figre3 shows the GoM.C,
. It obvious that the damping ratio cores-—
ponding to G.M.C. is !((’}’)7],(7’) =7(7), which is
consistent with test curve 7](?).

meaning of
is

GENERALIZED MASING CURVE FOR EFFECTIVE
ANALYSITS

STRESS

Owing to the application of cyclic stress, pore

water pressure of saturated sand increases, The

generation of pore pressure causes the degrada-
A



tion of soil stiffness, even in the same magni-

tude of shear strain amplitude, Many authors
adopt a simple formula to evalunte variations
of" soil stiffness, i,0c.,
Glo) _ (o )" (0)
§.(0.) .
in which G —clastic shear modulus, Q’,,(—i,nit'jnl

effectiive stress, ' -effective stress,

Skeleton Curve

F=F(1%)

T
T

éé;:::fyf

| Generalized Masing

Curve )

L kR E)-F I+ E
-—
~ 7=2F(%)

2FE)-E

Fige3., the Meaning of Generalized Masing Curve

Now we
ate the
due to
is

supepest o general
of

pore

to evalu—
sthtear modulus, which is
: -~ ;
Suppose G{Y,0)
shear strain
stress level,

presentation
depradation
increased pressure,
modulus at
average effective

secant shear any

amplitude and

it can be expressed as

G(7,0) = a( 0)G(Y) (7)
in which (;(’)’)—shenr modulus at initial pore
pressurec and o(( g')-modification factor of porve

pressure for soil stiffness,

«(g') =

c+(l—C)('—g—;)“ (8)

in which expoeriment
Ty, it that the
fective stress analysis
pore waler pressure
be expressed as

7,50 =p (o))

iy C
floumnd

are constents, Similar~

is ratio in ef'-

friction
cyale,

damping
is a
every

of average

in too. It can

(9)
in which 7](7)—,(1;\1111)in(’; ratio at initial pore

pressure, ﬁ(G Y=modification factor of pore
pressure f{or damping ratio,

p(o') =

in which bh,d are experiment constents, Some of
test curves of factors oL( O') arcd ﬁ( O'/) are

de(1=a) (2P

= (10)

o

shhown in I“ip;.’&,'}, I't is found, for some silty
sand in a certain range of strain amplitude by
Li et al. (1980), that a = 1,0, b = 0.80,

If we apply the factor of "damping ratio degra-—

dation” in effective stress analysis
same in total stress analysis,

as the
then it has a
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New meairing: ratio decrensos

Thit

BTN

choanpd gy , while

i)()]'() pressure

() = T/ ) =
BLS HR(T)

incronses, s,

or ’}:(T) = {(11)

Bocause
Y= T = (TG o= p(T?) /(o) = (T, o)
(1:2)

We can improve Generalized Masing Curve (5) 1o
involve the pore water pressure, i,e., G,M, O,
for effective stress analysis is pressented as
~ ot Yo ( ep. T P
Y~ W= KT (28 () - (T T e (T -G
2 T Tm .
(13)
~ , ,
in which  Yp= 1 Tw, 0) = F(Ta)/~(5'). Tt has

the _same form as formula (5), but the fuctions

K, F, 7m depend on pore watcr pressure,
v T : : ) 10
_— ~ ’ . .
~ —_— <;/u=<).ol;+(>.<m(%_) (/G
™ - ;, T
}s\ ~ G/6=(3)
average of tests, \\(/ ‘ o0
o™ o *
~x ~
pore ratio ° ™~ < ~ O,
o =0, 72 ° AN
20,65 N N \ 1
X ¢=0e D) o 0.0
o 0=0,060 o
. , I . . . . ; 0,0
0.6 O 0, 2 0.0

L, O /g O, B

Fig,te shear Modulus=Effective stress Curve

+ v — ~ T 1.0
’ )
oy 0.8 ~
Wp=0.2h+0.76( <) 2/
° 10,8
4 0.6
pore ratio O,
e« 0=0_,72
e=0,065
X 20 0,2
o ©=0,060
N . L L s " - 0,0
% O 0,72 0.0
1.00//0,0 O, 0.6
FigeHe Damping Ratio-Effective sStress Curve

STRESS=-STRAIN RELATION FOR IRREGUILAR CYCLIC

LOADINGS

Suppo se (’Tm, Vm) is "maximum
a given moment, (Tr %)

stress point"

"roeversal

bhetf'ore

EN ~y % 1"
1= point™,

then for very time step At o judgement must be
madoe:

- e .
(1) 1r IRald 7 Tn, then stress point goes up to

skeleton cure 7 = F(T%, g,

(2) 17 ey <Tm, then stress point is on un-
loading and reloading curve (13),

(3) If the G.M.C. originated from ( Ty, ¥, ) meets



the G.M.C. originated from ( Tm, %m), and max | ¥}
less than %, , then the stress point poes over
to the second one,

The three rules are sufficient to limit a stress
point under skeleton curve, when a irregular
cyclic loading is applied to a soil deposit.

FRACTION CYCLE METHOD FOR PORE
GENERATION

PRESSURE

Up to now, many authors apply a concept of equi-
valent uniform cycles to the
mic response of soil masses. It is necessary to
perform a iterative computation, while the e-
quivalent cycle method is adopted. The fraction
cycle method for pore pressure generation is ap-~-
plied to evaluation of pore pressure direct

from irregular shear wave. When the quarter
cycle method is used, one might evaluate the
waved increase of pore pressure,

problems of seis-—

The main points of half cycle method
ly be described as follows: (l) pore pressure
ratio-cycle ratio (I“L —rﬂ) and stress ratio-
number of cycles to liquefaction (T/s5! -Ny ) are
basic experimental curves, But before performing
TS, -Ny curve must be transformed to ’t/ga' -1
curve, in which 1=1/2Ny is called as percentage
of damage of half cycle, Ny is the number of
cycles causing pore pressure ratio of 100%.

(2) computing the increments of percentage of
damage 41 according to the increments of shear

may brief-

stress 4T , adding it to {the initial one, then
the sum X41 is the percentage of damage at this
moment. ('3) compute pore pressure ratio f{rom
T, -ry curve by substituting rN=ZAl.

Fig,6 shows T/si =Ny curve after Martin and Seed
(1979), one of the curves (6,=1720psf) was
transformed into 1-7T curve as Fig.,7. 1In Fig,8

OABCD is a irregular half cycle.

!
0.0 6 (psh
: 782
‘ 1720
o, rssia
0,2 \k\\: — B e —
—
0,0 e
1 10 100 1000y
Fig.6. Shear Stress Ratio-Number of Cycles
to Liquefaction
TUpsh)
)
HOO A C
200

ol 2AIA . t
VN

oo — — ——1
o 10 2o =g
(5)  (10) (4= Vany)
Fig.7. Shear Stress-— Fig,8, Irregular Stress
Percentage of Damage cycle
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that
in

also assumed the increase of
appears only
the absolute
The

Figme T,

1t is
pressure
in which
increases,
graph in Because the percentage
damage of interval D=6 in IFig,.8
the cycle ratio betore point G is I‘N=1A+llc—ls\.

pore
the stress
of

i =

intervals,
stress

1-T

of’

vialue shear

stress path shown in

is negligible,

Figra9 is an example of equivalent number of

uniform cycles after Martin (1‘)7()). The compu-—

tation results of cycle ratio-time curve is
shown in Fig, 10,
500
T
(=)L
O
-0
0 2 h G & 16
t (second)
Fig.9, Shear sStress Wave
13.1
1.0 “4
rN this paper
Q B
0. 10
7 /J\af'ter
0.6 647 Martin
[/ Twas= 420 psf
O 6. = 1720 psf
lye=0160,
O.2F Ny ~10
(),()l + -
0 1 2 3 o0 6
t{sec.)
Fige,a10, Cycle Ratio-=-Time
In application of quarter cvele method, it is

that
by iuncrease

assumecdd the increase of stross
the decrease
by less decrease
cyclic

npore

is attended
ol pore pressure
attended
data of
into plus
pore pressuarae
the
Figel2

ancd
stress dis
pressure, The
divided
minu s
dent that

to Uy —Tyo

of’ of pore
tests
ratio
it is

triaxial

are pressure [T
and ratio g, ovi-
ration rgis
examples of

pore pressure oquan

shows an

method, method and

me thod,

half cycle

in which n,ry,

cyele
cycle

cqui valent

, Ty are taken

which the

dust,

ffrom
burnt

Figell,
coal

expresses experements

0.0
0.0

EE

Ol

[

0,2 0,6 O

Fig.ll, Pore Pressure Ratio r, r and r

quarter

of



Yo | i i :
| 10
0.8 - T 7 ‘
-] l
SPCY I I .7/ VA N
3/
Ol My yzcy:l!
! - v eyl
O, 24— #AA—'—__Q_—\
; i
0.0 ‘ ' !
0 1 2 3 l 5 4(S€C)
Fig.,1l2 Pore Pressure Ratio-Time

BASE OF FRACTION CYCLE METIHOD

1f we suppose that the variations of pore pres-—
sure are mainly depended on the stress dincrements
and concerned with current pore
stress levels, thal is

pressure and

dU = o o,/ he (U)h, (T)- a7

(14)
in which U:u/d,,' -pore pressure ratio, T= T /50'
-shear stress ratio, c(6,), L, (U),1h,(T), unkown
fuction, Then it is found that (1980b)

h,(U) = dr /dr,, c(o)h, (1) = dair/ar

(15)

i.e,, they are the derivatives of test curves
Py~ Ty and ],—’C/o'.' .
EXAMPLE PROBLEMS OF LIQUEFACTION

The soil models have been combined with a compu-

Ler program LSR-1980, which includes dissipation
of pore water pressure, Four tesl curves and
four parameters are basic, named G=7, ¥-7, r, -ry

, T /gl -1, a,b,c,d, Fig.1l3 shows the developments

of pore pressure of a sand deposit, excited at
an uniform cycles of linear acceleration wave at
15m deep. The freqgucncy of the wave is 2,5, and
peak value is 100 gal. The differences of the two
precedures in Fig, 13 are due to the parameters
ay,byc,d, In the left a=0,5%, b=0.8, ¢=0,05,
d=0,0001, in the right a=b=1, ¢=0,0%, d=10 .,
9] O
a=0,.5,b=0.8 W < az=b=1l

- 10
_3 c=0,05,d=10 - ¢c=0,05%,d=10
—£ =6
—9 -9 4
~10 =12
-15 ~15 v -

0.0 0.5 1.0 1,58 0,0 0,5 .o 1.5 u
Zom) [Q/W)Z(m) ( ")
Fige 13, Development of Pore Pressure in time
The hysteresis loops ol o soil element of the
deposit at 5.725m deep are shown in PFigoilh, Ex-

amples of seismic loadings are pgiven in another
paper (1980c¢).
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a=b=1
c=0,0%,d=10

at 5.25m deep

Fig.14, Effective Stress

Hysteresis Loops of

CONCLUSION

The so0il model of effective introduaced
in this paper, visco-clastoplastic soil
model considering the eftect pore

pressure on stifCfmess and makes the

stress,
is a
of increased

damping. 1t

cycle dynamic response evaluation consistent
with the experimental curves, such as shear
modulus and damping ratio vs shear strain and

pore pressure, pore pressure ratio vs cycle ratio

and stress ratio vs number of cycles to lique-
faction, etc, The generation of pore pressure is
evaluated by fraction cvele method, which is
simple and recasonable, The soil models have been

applied to the computer programs SRISL-1978 and
LLSR=1980 respectively for total and effective
stress sitle seismic respones,

analysis of
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