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1. Similitude for Shaking Table Tests on Soil-Structure-Fluid
Model in 1g Gravitational Field

Susumu IAr

Synopsis

A similitude is derived for the shaking table tests on saturated soil-structure-
fluid model in 1 g gravitational field. The main tool used for deriving the similitude
is the basic equations which govern the equilibrium and the mass balance of soil
skeleton, pore water, pile and sheet pile structures, and external waters such as sea.
In addition to the basic equations, an assumption is made upon the constitutive
law of soil; i.e. the stress-strain relation is determined irrespective of the confining
pressures if appropriate scaling factors are intreduced for the stress and the strain
for taking the effect of the confining pressures into account.

Applicability of this assumption is examined by using the presently available
data under the confining pressures ranging from 0.05 to 1kgf/em?® (from 5 to
98 kN/m®) or 0.05 to 4kgf/em® (from 5 to 392kN/m?). The results indicate that
the assumption is applicable within the intermediate strain levels; ie. the sirain
levels which are lower than the strains at failure. In conseguence, the similitude
derived in the present study is applicable to the model tests in which the major
concern is directed toward the deformation, rather than the ultimate state of stability,
of the soil-structure-fluid system.

Key Words: Deformation, Dynamic, Earthguake, Barthguake Resistant, Foundation
Engineering [General], Liquefaction, Model Test

* Qenior Research Engineer, Structural Engineering Division
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Similitude for Shaking Table Tests on Soil-Structure-Fluid Model in 1 g Field

1, Imtroduction

Shaking table tests are often conducted in the 1g gravitational field in order to
understand the behaviour of soil structures and foundations during earthquakes. On
some occasions, the shaking table tests are conducted for the very complex models;
the saturated soil-structure-fluid models under earthquake loadings. The necessity
for such model tests is increasing nowadays because offshore and waterfront develop-
ment is urgently requested in the seismically active areas in the world, especially
in Japan.

In general, the similitude is necessary to interpret the results of the model tests.
However, the similitude for the saturated soil-structure-fluid system is not clearly
understood for the shaking table tests in the 1¢ gravitational field. There is a study
on the similitude of soil structures under dynamic loadings by using the ratios of
the forces (Kagawsa, 1978). There is another study on the similitude of nonlinear
dynamic responses of grounds by using Buckingham’s z-theorem (Kokusho and
Iwatate, 1979). Both of the studies resulted in the same similitude. However, the
result of their studies is applicable only to the shear deformation of soil structures.
There is a need to extend their similitude to a more general form in order to interpret
the dynamic model tests of the saturated soil-structure-fluid system. In what follows,
such a similitude will be shown by using basic equations which govern the dynamic
behaviour of the saturated soil-structure-flaid system.

2. Basic Equations

Among the basie equations which govern the behaviour of saturated soil-structure-
fluid system, the comstitutive law of soil is one of the most important equations.
Although the constitutive law of soil has been extensively studied as one of the
main subjects in the soil mechanics, it is still under controversy. Therefore, in a
strict sense, the basic equations on the behaviour of scil have not been fully

Fig. 1 Effective stress ¢’ of soil and pore water pressure p in
an element of porous material
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established. However, except for the constitutive law of soil, basic equations such
as those for equilibrium and mass balanee of soil skeleton, pore water, ete. have been
well established for the dynamic behaviour of saturated soil-structure-flrid system
as shown below.
2.1 Equations for Saturated Soil

First of all, let us regard the saturated seil as a porous material composed of
two phases: a solid phase formed by the particles of soil and a liguid phase which
fills the pore of the solid phase as shown in Fig. 1. The solid and the liquid phases
will hereatfer be called soil skeleton and pore water, respectively. Then, the behaviour
of the saturated soil is governed by the following equations (Zienkiewicz et al.,
1980):
Effective stress definition

O’=a"—mp ............ D)
Strain definition

de=Lda (2>
Constitutive law

doe=D{de—de"+mdp/3K.) e (3)
Overall equilibrium

Lfo+pg=piiteev (4
Equilibrium of pore water flow

—Vptpeg=k'%+pii+pst 000 (5)
and
Mass balanee

Viw-tm e+ pn/Kit (I—m)p/Ke~mTa’/3Ks=0  «coeeerene (6)

in which

% =(611, 623, Oaa, Tia, T23, T31) ¢ total stress
o'T=(a1), o2s', 03', 712, 23, 731) ¢ effective stress
m™={1,1,1,0,0,00

p: pore water pressure

=11, 22, a3, 712 723, T21) ¢ strain

] @ a
8% 0 0 0 %3
ad 3 2
T — - - —_
L 0 0%z 0X1  0Xs
2 7 i)
L ¢ 0 %3 9xz 0% |

uT={u, uz, ts) : displacement of soil skeleton

D : tangent modulus, which is defined by the constitutive law and generally depends
on histories of &', e, eic.

% strain of soil skeleton due to creep, temperature, etc.

Ks: average bulk modulus of the solid grains forming the soil skeleton

g : acceleration of gravity; g™=(0, g, 0) (g=980Gals) if the second component of the
cartesian coordinates is taken pointing upward.

p - apparent density of two phase medium composed of soil and pore water ; i. e. density
of saturated soil

pe: density of pore water
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wT: (wi, Wz, wa) : Average displacement of pore water relative to the soil skeletion;
i, e. the ratio of the guantity of the pore water displaced over the total cross-
sectional area

] g @
Tﬁ e v Attt —
v (6}{1’ %z’ am)
k : permeability

n : porosity of the soil skeleton
Ki: bulk modulus of the pore water

The boundary conditions are given by the following equations;

8e=T on I's e (73
u=u on I's e (8)
p=p on s e (9
W=W on e e (10D

in which T, @, p, W are the traction force, displacement, pore water pressure, and
relative displacement of pore water specified at each boundary, respectively, and S is
a matrix which transforms the stress into the traction on the boundary ', Often
the boundary value W varies with time so that the value of w i.e. the rate of flow
of pore water, is specified on the boundary instead of w.
2.2 Equations for Structures

The structures usually constructed for offshore and waterfront development are
idealised into either a solid (i.e. a fipure which has three dimensions) or a beam (i.e.
a figure which has one dimension). The equations for the solid are similar to those
presented earlier if the variables of pore water are simply omitted from those egua-
tions. Therefore, the equations for the solid will not be explicitly written here. The
equations for the beam are applicable both te the piles and sheet piles and are
given as follows;

#'n™u

EI +onTi— o g+ nf8e=0 e (11)

an?
EAa

+ ot —outTg+tT8e=0 e a2

in which
Fl : flexural rigidity (per unit breadth)=Young’s modulus X second moment of
area (per unit breadth)
EEA: longitudinal rigidity (per unit breadth)=Young’s modulus X cross sectional
area (per unit breadth)

u: displacement of the beam

n: unit vector normal to the beam

t : unit vector tangential to the beam

%: differentiation in the direction of n

g—sz differentiation in the direction of t

op:  density of the beam (mass per unit length and breadth)

8. a matrix which transforms the stress into the traction on the beam
¢ ; stress acting on the beam

Boundary conditions for the beam are given as follows;

—_— g —



Susumu [Ar

u=i at Ps e (13)
be _

__ag u_3 at s e (14)
n
2.7 .

EI aaxrllzu =W at 's e (15)
2

Rl aarrllsu =8 at s e (16)

T
BA 82511 =F at g e an

in which @, 4, M, 5, and F are the displacement, inclination, bending moment (per
unit breadth), shear force (per unit breadth), and axial force (per unit breadth)
specified at each houndary, respectively.
2.3 Equations for Fluid

The behaviour of the water such as sea during earthquakes can be approximated,
by ignoring the viscosity of water and the wave generated by the motion of the
structures, as follows (Lamb, 1932);

O S ot
Vip-+ K ——H=0 (18
in which
32 92
|- N
V= 2+ aXz axaz

p: Dpressure of water
or;  density of water
Ki:  bulk modulus of water

At the boundaries between the structurves and the water, the following equation is
satisfied for the mass balance of water:

0P _ s
= =i a9

in which
n: unit vector normal to the boundary between the structures and the water
i : acceleration at the boundary

Other boundary conditions are given by the following equations;

p=p at 'y e 20!
e =] at s e (21)
an

in which p and i are the pressure and the hydraulic gradient specified at each
houndary.

3. Similitude

Let us denote the geometrical scale 2 and the time scale 2.3 namely,

=20 m, (De=2®a . (22)
in which
xT=(xy, Xz X3): cartesian coordinate
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Fig. 2 Displacements u, effective stresses g’ and pressures of pore water and
external water p in the model and the prototype

and subscripts m and p denote model and prototype, respectively.

Then, the following relationships are are derived, between the model and the protype.
for the differential operators in the basic equations (1) through (21);

W=t W, (L) =2(2) D=3
("";F);,:,z%(”;T X etc. e (23)

Let us assume the following relationships, between the model and the prototype such
as shown in Fig. 2, for the variables and the coefficients in the equations (1)
through (21);
(&)o=2.LE)m, (eWp=2."("Im,
(0)p=12.(8Dm, (6" 3= 2:{0"Im,
(D>p=20(D)m: (KSDPﬁlks(KS)p,
(p)v"—"lp(D)ms (=2,
(W= 2()m, (Wlp=2wlW),
(p= {1 m, (Kero= 2 {K)m,
(EDp=2e1(EDn, (EA)s=Aza(EA)n,
(P)p'—‘za’(!’)m; (Pf)mePfCPf)m, {ow)p=Am{ ool m,
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Fig. 3 Stressestrain relations of soils in the model and
the prototype

(T__)pzk'r(if)m, (_l_l)p”—“tzﬁ(gizms (ﬁg_p=lp(i_32r_n: (ﬁf_)_p:;fw(ﬁ'_)_mr

(a)p”—“ﬂ'é(g)m: (M)pml.\‘l(M)m; (S)p':zQ(S)m; (F)p"-—“‘ZF(F)mJ
Among these assumptions, the assumptions on the stress and the strain play a
crucial role in deriving the similitude and may well be called Rocha’s assumptions
for paying homage to his pioneering work (Rocha, 1957). An illustrative example
of Rocha’s assumptions is shown in Fig. 3. Applicability of Rocha’s assumptions
will be discussed in the following chapter.

The similitude ig derived as the conditions for the equations (1) through (21)

being satisfied both in the model and the prototype. For example, let us regard
Eq. (1) as the eguation for the prototype as follow;

(op=CD—m{pde s 19
By subsutituting Eq. (24) into Eg. (1), we can get
2(@Dn=2/0)n—2omPIn e a”n

In order to satisfy Egq. (1) in the model as well as in the prototype, the following
equation should be satisfied;

(0)m~—~(0')mh-m(p)m ............ am
Comparison between Egs. (17) and (17) gives
Ru=2g"=1p ............ (25)

Similarly, the following conditions are derived from Egs. (2) through (21);
From Eq. (2)

=X/ (26)
From Eq. (3)

At=qole= A =202/ e @n
From Eq. (4)

L/ A= =R/ =00/ 22 e (28
From Eq. (5)

Aof A= Aoe= D/ QAedi) = Qotde/ A =Rpcde/ 22 e 29
From Egq. (6)

Awf 2= 2= Qodn/ Ixe = Ap/ Mcs=Aadp/ Aks =2 [ Acs  reeeeeeeees {300
From Eq. (7)

Ae==dT e (31D
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From Eg. (8}

From Eg. (8)
A==As e (33)
From Ea. (10)

Awm=ade e (34D
From Eg. (11)

et/ B=AmA/ 28 =2oy=2, e (353
From Eg. (12)

Apate/ =R de/ 22= 20y =2e e (36)
From Eg. (13)

A=A e (37
From Eg. (14)

AfA=33  ees (38)
From Bqg. (15)

AmA/B=2n e (3
From Eg. (16)

Aetde/B=lds e (40)
From Eg. (17)

Izade/A=ds e (41)
From Eg. (18)

AfAB=0eie/ O AE) e 42
From Eg. (19)

Afd=ieds/ 2E e (43)
From Eq. (20)

Q=2 e (44)
From Eqg. (21)

/A=A e (45)

Among Eas. (25) through (45), there arve apparently 37 equalities but number
of the equalities which are independent from each other are only 25. For example,
it is possible to identify that the following equalities are not independent from the
rest of the egualities; the third and the fourth equalities in Eq. (29), the first, the
third and the fifth equalities in Eq. (80), the second equality in Eq. {35), the second
and the third egqualities in Eq. (36), the equalities in Eqs. (87), (42), (43), and (44).
On the other hand. number of the scaling factors appearing in Egs. (25) through (45)
are 28 as understood from Kgs. (22} and (24). Therefore, Egs. (26) through (45)
will be solved for three independent scaling fators. Let us regard the following
sealing factors as the independent ones; the geometric scaling factor 2, the scaling
factor for density of saturated soil 2, and the scaling factor for strain of saturated
soil .. Then, from Egs. (25) through (45), the similifude is obtained as shown in
Table 1. In the special ease in which 2,=1 and 2.=2%% the similitude is reduced
as shown in Table 2. In this case, the similitude for the soil skeleton becomes the
game as that developed by Kagawa (1978) and Kokushe and Iwatate (1979).

In general 1. can he move accurately determined if the shear wave velocity of
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Table 1 Similitude for model tests in 1g gravitational field

Items Scaling factors
{prototype/model)

X length A
0 density of saturated soil 4,
& strain of soil 2.
t time (A2
&° strain of soil due to creep, temperature, etc. A,
a total stress of soil Adp
o' effective stress of soil FrR
D tangent modulus of soil, which generally depends on histories of

effective stress, strain, etc. A/ A,
K. bulk modulus of the solid grains of soil /2
P pressure of pore water and/or external water A3,
k permeability of soil (A2.3%%/1,
u displacement of soil and/or structure A,
i velocity of soil and/or structure (22,0
it acceleration of soil and/or structure i
w average displacement of pore water relative to the soil skeleton A2,
w rate of pore water flow (a2)%s
n porosity of soil 1
Ks bulk modulus of pore water and/or external water 2,/ 4,
Ei flexural rigidity (per unit breadth of the beam) M2./2,
EA  longitudinal rigidity (per unit breadth of the beam) B2,/2,
[ inclination of the beam A
M bending moment of the beam (per unit breadth of the beam) B2,
5 shear force of the beam (per unit breadth of the beam) 22,
F axial force of the beam (per unit breadth of the beam) 22,
01 density of pore water and/or external water 2,
o density of the beam {mass per unit length and breadth of the beam) A2,
T traction acting on the soil specified on the boundary A3,
o displacement of the soil and/or the beam specified on the houndary A2,
W average displacement of pore water, specified on the boundary,

relative to the soil skeleton, often specified as rate of flow on

the boundary A,
) inclination of the beam specified at the bocadary A
M bending moment of the heam specified at the boundary (per unit

breadth of the beam) 282,
B shear force of the beam specified at the boundary (per unit

breadth of the heam) 22,
T axial force of the beam specified at the boundary (per unit

breadth of the beam) 32,
T hydraulic gradient of external water specified at the boundary Ay

e 14
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Table 2 Similitude for model tests in 1g gravitational field in the speciai case in which
A,=1 and = a"®

Items Scaling factors
(prototype/modet)}

x length a
e density of saturated soil 1
€ strain of soil 0.8
t time A0-75
e® strain of the soil due to creep, temperature, etc. A3
o total stress of soil A
a’ effective stress of soil A
D tangent modulus of soil, which generally depends oa histories

of effective stress, strain, etc. 20:5
Ks  bulk modulus of the solid grains of scil 008
P pressure of pore water and/or external water A
k permeability of soil AnT
u displacement of soil and/or structure Arss
u velocity of soil and/or structure A0.75
i acceleration of soil and/or structure 1
w average displacement of pore water relative to the soil skeleton ALed
W rate of pore water flow A8-78
n porosity of soil 1
K¢ bulkk modulus of pore water and/or external water Ahs
El  flexural rigidity (per unit breadth of the beam) ' A8
EA longitudinal rigidity {per unit breadth of the beam) aLs
[} inclination of the beam 208
M hending moment of the beam (per unit breadth of the beam) e

shear force of the beam {per unit breadth of the beam) a-
F axial force of the beam (per unit breadth of the beam) At
O density of pore water and/or external water 1
[ density of the beam (mass per unit length and breadth of the

beam)

T traction acting on the soil specified on the boundary
i displacement of the soil and/or the beam specified on the

boundary s
i) pressure of pore water and/or external water on the boundary 2
W average displacement of pore water, specified on the boundary,

relative to the soil skeleton, often specified as rate of flow on

the boundary s
@ inclination of the beam specified at the boundary 08
M bending moment of the beam specified at the boundary {per

unit breadth of the beam) A8
s shear force of the beam specified at the boundary (per unit

breadth of the beam) P
T axial force of the beam specified at the boundary (per unit

breadth of the beam) A2
T hydraulic gradient of external water specified at the boundary 1
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the model ground (V,),, and that of the protoiype ground (V,), are available. The
shear moduli at the small strain level of the model ground (&,),, and the prototype
ground (G,), are determined as follows;

(Godn=C(plu(VIn® }
(G‘O)p = (p)p(vsjpg

These moduli give the scaling factor for the tangent modulus of soil as

2D2(p)p(Vs)pz/{(P)m(Vs)mz]
Elp[(Vs)p/CVs) m]2 ............ (4’7)

whereas the similitude in Table 1 gives

o=/ e (48)
Consequently, the scaling factor for the strain is given by

25:2/ [(Vs)p/(Vs)m]z ............ (49)

4, Applicability of Rocha’s Assumptions

For deriving the similitude in this study, Eq. (24) was assumed. Obviously,
most of the assumptions made in Eg. (24) can be understood as valid for deriving
the similitude. However, the assumptions made for the stress and the strain, i.e.
Rocha’s assumptions, should be carefully evaluated because, as mentioned ealier, the
constitutive law of the soil is still under controversy.

Recently, Tatsuoka et al. (1986) conducted plane strain compression tests under
the confining pressures ranging from 0.05 to 4.0kgf/em? (from 5 to 392 kN/m?2)
and obtained the relations between the axial strain and the stress ratio o,'/v.’ and
between the axial and the volumetrie strains as shown in Fig. 4. This result seems
to support the use of scaling factrs in the stress and the strain for studying deforma-
tion of soils. If the value of ¢, is regarded as the scaling factor which is proportional
to the confining pressure o,/, the compression stress ¢,” is already normalised by
the scaling factor ¢, in Fig. 4. If the axial strain in Fig. 4 is normalised with an

T - T

PLANE STRAIN COMPRESSION

SATURATED TOYOURA SAND,
s, AIR-PLUVEATED N

!
!
|
|
o
M

2

.t
(&) W
o -
=3 // 0.05 0.755 1-6
IO ————g.% 0.746 0
e O, 0,741 3
o 2?’ —— 1.0  0.748 14 E
o —--—40  0.752 o
iz :
o 2
o
=

O,

n
3
GO

AXIAL STRAIN, €q (%)

Fig. 4 Stress-strain relations of Toyvoura sand at the
confining pressures ranging fron 0.05 to 4 kgf/
cm® (from 5 to 392 kN/m?) {(after Tatsuoka, et
al, 1986)
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appropriate scaling factor which takes the effect of confining pressures into account,
the stress ratio seems to be uniguely determined by the normalised axial strain.
Moreover, if the volumetric strain, as well as the axial strain, is normalised with
the appropriate scaling factor, the normalised volumetric strain seems to be uniquely
determined by the normalised axia! strain. In short, Rocha’s assumptions seem to
be applicable to the test result in Fig. 4.

Obviously, the stress ratios and the volumetric strains at the range around or
beyond the axial strains at the peak stvess ratios in Fig. 4 cannot be uniquely
determined even if a scaling factor is introduced in the axial strain. This may be
one of the reasons why the similitude suggested by Rocha is not consistent with
the findings on the sealing effect of ultimate bearing capacity of shallow foundation
(de Beer, 1965; Yamaguchi et al, 1976). In the ultimate state of stability of soil
structures and foundations, Casagrande’s critical void ratio plays a major role. The
eritical void ratio depends on the confining pressures (Taylor, 1948). Therefore,
Rocha’s assumptiions are not applicable to the ulimate state of stability of soil
structures and foundations.

However, in the dynamic model tests, major concern is usunally directed toward
deformation, rather than the ultimate state of stability, of soil structures and
foundations. When the saturated soil structures and foundations are shaken by strong
earthquake motions, they will suffer some degree of residual deformations. If the
degree of residual deformation is very large, the soil siructures might well be
considered having lost their stability against earthquakes. On the contrary, if the
degree of residual deformation is very small, the soil structures might well be
considered having kept their stability. There are many cases in which the degree of
residual deformation is neither very large nor very small. Thus, in assessing the
stability of soil structures and foundations against earthguake motions, it is very
important to assess the degree of residual deformation.

The importance of assessing the degree of residual deformation against earth-
gquake loadings stems from the specific nature of the behaviour of saturated sand
under earthguake loadings; the undrained behaviour of the sand. TIf the effective
stress state of soil skeleton becomes close to the failure, the effective confining

o
E -
5 |
~
= 4
X
oy
vy
11}
o
= J
w
E -
wo- UNDRAINED TORSIONAL
in SIMPLE SHEAR TEST |
| ec=0.671
_10 Il 1 1 L] 1 ] I |2 2
AXIAL EFFECTIVE STRESS ({kgf/cm®)

Fig. 5 Stress path of Toyoura sand under undrained
torsional simple shear test (after Pradhan, et al,
1987)
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Fig. 6 Typical stress-strain relations under cyclic loadings,
the secant shear modulus, and the hysteretic
damping factor

pressure becomes large due to the dilatant nature of the soil skeleton except for the
extremely loose sand. If the effective confining pressure becomes large, the shear
strength becomes proportionally large. Therefore, it is difficult for the saturated
sand to achieve the failure under earthquake loadings. An example of the effective
stress path obtained at the undrained simple shear test under earthquake loadings
is shown in Fig. 5 (after Pradhan, et al, 1987).

Consequently, the behaviour of saturated soil under earthquake loadings is
generally governed by the behavior of soils within the limited range of strains which
are smaller than the strains at failure. Thus, the test results shown in Fig. 4 is
considered one of the test results which seem to support the use of Rocha's
assumptions.

More definite test results which support the applicability of Rocha’s assumptions
are available for the soil skeleton under drained cyelic loading conditions. During
the cyclic loadings, a stress-strain relation usually becomes a hysteresis loop as
shown in Fig. 6. The main characteristies of the hysteresiz loop are inclination and
roundness of the loop. These characteristic are usually expressed by the normalised
secant shear modulus G/G, and the hysteretic damping factor h; G/G, is defined
as the ratio of secant modulus at the reversal stress point against the shear modulus
at the strain level of 10°¢ and h iz given by h=4W/(4zW) in which AW is the area
within the hvsteresis olop and W is the virtual elastic strain energy as shown in
Tig. 6. In general, G/G, and h depend on the shear strain amplitude y (i.e. shear
gtrain at the reversal stress point). Kong, et al. (1986) conducted cyclic forsional
shear tests under the confining pressures ranging from 0.05 to 0.84 kgf/? (from
5 to 82kN/m?®) and presented the results together with the test results under the
confining pressure of 1kgf/em® (98 kN/me®) obtained by Tatsuoka et al. (1978).
The results indicate, as shown in Fig. 7, that, if the shear strain amplitude is
normalised by the scaling factor 7, which is the shear strain amplitude at G/G,=
0.5, G/G, is uniquely determined irrespective of the confining pressures. The
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Fig. 7T Normalised secant shear modulus of Onahama and Toyoura sands as
a function of normalised shear strain amplitude at the confining
pressures ranging from 0.05 to I kgf/em?® (from 5 to 98kN/m?) (after
Kong, et 2], 1986 ; Tatsuoka, et al, 1978)
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Fig. 8 Hysteretic damping of Onahama sand as a function of normalised
secant shear modulus at the confining pressures ranging from 0.05 to
0, 84kgi/em® (fron 5 tn 82 kN/m®) (after Kong, et al, 1986)

simijlar conclusion is drawn upon the damping, which is, as mentioned earlier, the
measure of the roundness of the hysteresis loop. As shown in Fig. 8, h is uniguely
determined from G/G,, which is, as mentioned earlier, determined irrespective of
confining pressures from the normalised shear strain.

Thus, there are several test results which support Rocha's assumptions. Con-
sequently, if the deformation, rather than the ultimate state of stability, is of
major concern, Rocha’s assumptions are considered applicable.

5. Applicahility of the Similitude

In deriving the similitude, the basic equations are considered valid. However,
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in deriving the basic equations, the following idealizations or approximations have
beer adopted; (1) soil skeleton is regarded as continunm, (2) deformation is regarded
small so that the equilibrium eguation after deformation is the same as that before
the deformation, and (3) strain of the soil skeleton is regarded small so that the
linear approximation of displacement-strain relation by ¥gq. (2) holds true. Con-
sequently, there are following limitations in the applicability of the similitude;
(1) the similitude is not applicable to the phenomenon at which soil particles com-
pletely lose contacts among themselves such as ultimate siate of lquefaction, and
(2) the similitude is not applicabie to the phenomenon at which the deformation or
the strain is too large to satigfy the abovementioned approximations.

As mentioned in the previous section, it is usual that the major concern in
the shaking table tests of satruated soil-structure-fluid system is the deformation
rather than the ultimate state of stability. The degree of the deformation which is
useful to study in practice is not so large as to violate the abovementioned limita-
tions; if the degree of the deformation is specified in terms of shear strain levels,
it is about 10 percent, in the prototype, at the maximum. Therefore, despite the
limitations mentioned above, the similitude obtained in the present study has a
fairly wide applicability to such research subjects of practical importance as
assessing the degree of deformation of bulkheads due to earthguake loadings,
designing the area of ground reinforcement, ete.

6. Similitude Applied to Liquefaction

In the framework presented in Egs. (1) through (8), liguefaction of saturated
sand is nothing but a special case among the general hehaviour of the two phase
medium; increase of pore water pressure due to plastie volumetric sirain. Because
the liguefaction of saturated sand plays an important role in the earthquake and
geotechnical engineering practice, it may be worth io study some aspect of the
similitede derived here when the similitude is applied to the phenomenon of
liguefaction.

According to the similitude derive in this study, all the components of the
effective stress arve unigue determined by the scaling factor 1,. Thus, the shear
stress ratio, i.e. the ratio of the deviatoric stress component over the mean effective
stress, is uniquely determined irrespeciive of the geometric scale of the model

However, there is one factor which is rather diffieuit to control in conducting
the model tests in accordance with the similitude; the scaling factor for bulk
modulus of pore water. In what follows, the influence of the bulk modulus of pore
water upon the liquefaction will be considered.

Under the undrained condition, w=0. By regarding 1/K,=0, Eq. (6) gives

p=—E/wm™ e (500
in which
p: pore water pressure
Ki:  bulk modulus of pore water
n: prosity of the seil
mT™=(1,1,1,0,0,0)
e=(en1, €22, £33, 12 T2, 73u) 2 Strain

Let us regard the volumetric strain m%e as a sum of the elastic and the plastic
eomponents ;
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mte= (mT8>c3+ (mTS)pl ............ (51)
in which
(mTe)er: elastic volumetric strain
{mTe)p: plastic volumetrie strain

Let us denote the rebound moduls of soil skeleton as K, ie. a coefficient of a part of
the tangential stiffness matrix D in Eq. (3) which contributes to the elastic
volumetric strain of the skeleton: namely, by regarding de'=0 and 1/K:=0, Ep. (3
gives

dl/Dmte’l=Kd(m®e e (52)
Substituting Eq. {1) into Eq. (52) yields
dontdp=RKdm a e (53)

in which 0,={(1/3)mT¢: mean total stress

Eliminating the elastie volumetric strain (mZ%e),; from Egs. (50) and (53) yields the
following relation between the pore water and the plastic volumetric strain;

dp=—[1/Q+a)][Kd(m p+don] e (54)
in which
a=K/(Ki/n)

For most of the soils, the term e« is close to zero. Therefore, the similitude
derived earlier is also applicable for the liguefaction phenomenon even though the
bulk modulus of the pore water does not exactly follow the similitude. According
to the similitude, as mentioned ealier, the shear stress ratio is uniquely determined
irrespective of the geometric scale of the model.

At present, test data are not available to get a convineing conclusion whether
the shear stress ratio depends on the confining pressures or not. If the bulk modulus
of soil skeleton K (i.e. rebound modulug) does not exactly follow the similitude,
pore water pressures will be accordingly affected as understood from Eq. (54). In
this case, the similitude is not exactly applicable to the liquefaction. However, even
in this case, Eq. (54) suggests that the deviation of pore water pressures from
those given by the similitude is proportional to the small deviation of the bulk
modulus of seil skeleton from that given by the similitude. Consequently, the
similitude derived in this study will give, at least, a good approximation on the
hehaviour of the prototype which involves the liquefaction phenomenon.

The only reservation is, as mentioned earlier, that the similitude is not applicable
to (1) the phenomenon at which soil particles completely lose contacts among them-
seives, (2) the phenomenon at which the deformation or the strain is too large, and
(8) the phenomenon at which ultimate failure of soil is involved. As mentioned
earlier, assessment of intermediate deformation of soil structures and foundations
is often of the major concern in the earthquake engineering. Therefore, despite the
limitations mentioned above, the similitude obtaind in the present study has a fairly
wide applicability to the phenomena which involve the liguefaction of medium and
dense sands such as assessing the deformation of offshore and waterfront structures
due to liguefaction of medinum and dense sands, designing the area of ground
compaction as a countermeasure against liguefaction, ete.
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7. Conclusions

A theoretical consideration has been given to the similitude for shaking table
tests of saturated soil-structure-fluid systems in the 1g gravitational field, The
consideration is based on the basgic equations which govern the behaviour of the
saturated soil-structure-fluid systems under dynamic loadings. As a result, a
gimilitude has been derived.

Applicability of the similitude derived in the present study has been examined
by using the presently available test data. The result indicates that the similitude
will give a good approximation on the behaviour of the prototype if the deformation
of the soil-structures under earthguake loadings are of major concern in the model
test.

(Received on June 28, 1988)
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Notation

D: tangent modulus, which is defined by the constitutive law and generally de-
pends on histories of &, ¢, ete.
EA: longitudinal rigidity (per unit breadth of the beam)=Young's modulus X
cross sectional area (per unit breadth of the beam)
EI: flexural rigidity (per unit breadth of the beam) =Young’s modulus X second
moment of area (per unit breadth of the beam)
F: axial force specified at the boundary (per unit breadth of the beam}
G+ secont shear modulus at cyclic shear fest
Go: shear modulus of soil at small strain level
oT=(0, g 0): acceleration of gravity (g=980 Gals)
h : hysteretic damping factor; h=4W/(4x W)
i : hydraulic gradient specified at the boundary
K : rebound modulus of the soil skeleton
K:: bulk modulus of the pore water
K.: average bulk modulus of the solid grains forming the soil skeleton
k : permeability

7 2 )
ox1 00 %z 0 0X3
) 3 2
T . s e —
L 0 oxs oxy 0Xa
] 3 b7
L 0 0 X3 9Xs 0%1 |

M: bending moment specified at the boundary (per unit breadth of the beam)

m®= (1,1,1,0,0,0)

:  porosity of the soil skeleton

unit normal vector

pore water pressure

pore water pressure specified on the boundary

a matrix which transforms the stress into the traction on the specified surface

shear force specified at the boundary (per unit breadth of the beam)

traction specified on the boundary

. unit tangential vector

#(ay, Wz, Uy : displacement of soil skeleton and/or beam

displacement specified on the boundary

acceleration of goil and/or structure

ghear wave velocity

virtual elastic strain energy at eyelic shear test

ares within the hysteresis loop at cyclic shear test

wh=(w, Wz, wa) : average displacement of pore water relative to the soil skeleton;
i.e. the ratio of the quantity of the porve water displaced over the total cross-
sectional area

w: relative displacement of pore water specified on the boundary

xT=(x), X2, Xa) : cartesian coordinate

a 7 b7
V=5 75 )

=%
ss<dpm i eunou B3
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a=K/(K¢/n)
&"={e1s, 22, £33 712 T23, 310 1 strain

e': strain of soil skeleton due to creep, temperature, ete.

(mTe)e : elastic volumetric strain
(m¥e)m: plastic volumetric strain
1. geometric scaling factor
Av:  scaling factor for time, strain, ete.
p: apparent density of two phase medium composed of soil and pore water; i.e.
density of saturated soil

pr: density of pore water
po: density of the beam (mass per unit Iength and breadth of the beam)

Iy etc: boundary at which the value of 1@, ete. is specified
#: inclination of the beam specified at the boundary
%= (ayy, 932, 033, T12, T2z, T21) ¢ total stress
'T= (61, O, Oa3, 712, T2s, Tar) ¢ effective stress
on={1/3)m"0: mean total stress
subscripts ( Jm and ( DJp: model and protoype





