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.Chairman: H.B,Poorooshasb (Iran)
Vice-Chaiman: Yu.K.Zaretsky (USSR)

Participants: C.P.Wroth

Vice~Chairman Dr.Yu.K.Zaretsky

Ladies and Gentlemen, dear Colleagues,

Allow me to open Specialty Sesslon No.2.
The pro§ram of this Session is known to you
from Bulletin B. Our alm is an exchange of
opinions on the development of the nonlinear
problems of plasticity, creep and the conso-
lidation of soils. I would like more comments
to be made on the methods of calculating the
stressed-strained state of a soil base in all
radges of loads, up to the limiting ones,

To our great regret the Chairman of this
Seasion, Professar H.B.Poorooshasb could not
come to the Conference, but he has sent us
his opening speech. We will begin by liste-
ning to it.

I want to remind you, dear Colleagues,
of the time schedule and to ask you to keep
strictly to it. Five reports will be made.
The time alloted ends at 3.40 p.m.jthen there
will be an intermission until 3.55 p.m.j;af-
ter which discussion will begin,and last un-
t1l 5.15 p.m., Fourteen persons have registe-—
red fa the discussion,and,I assume,there
will others,who will wish to speak on the
problmes being discussed.If each speaker will
take not more than 5 minutes,shall be able
to finish in time.

Now we shall ask Mr,Barvashov to read Prof~
Poorooshasb's speach,in which a rivew is ti-
ven of the written reports submitted to our
Specialty Session.

Prof .HeB,Poorooshasb (Iran), Chairman.
Gentlemen, - .

Papers were accepted in three areas. Those
dealing with the deformation theories, those
dealing with the application of such éheori-
es to the particular case of foundations
(e.g. consolidation,settlement and stress
distribution within the soil body) and those
dealing with other problems of non linear
80il mechanics.

I shall present a brief account of papers
submitted in the firat two areas. Then ask,
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EU-K. ’ P.L.anaby (U.Ko).
A.L.Goldin (USSR), L.Suklje (rugoslavia),
I.Kisiel (Polend), A.Drescher (Poland)
Je.Feda (Czechoslovakia), H.Ohta (Japans,
R.J.Marsal EMexico), N.Moroto (Japaa),
E.H.Wiener (GDR), Se.Se.Vjalov (USSR),
E,F.Vinokurov (USSR), K,Yasuhara (Japan),

B.ReThemm (FRG), V.I.30lomin (USSR),
A,0.Uriel (Spain), A.A.Mustafayev (USSR),
GeGudebus (FRG), P.A.Rochette (U.Ke),

I.N.Ivashchenko (USSR)

from the audiance,two questions which I con-
sider of importance and whicn I hope w1l
be answered in this aession.

The paper by Dr.Fekete discusses the sett-
lement of foundation beams and slabs res-
ting on an elastic half space. It considers
the cases where the magnitude and distribu-
tion of loads and properties of foundation
and supporting.media are such that separati-
on of the two media takes place (i.e.,the
settlement of ground is larger than that of
foundation) and/or when local plastic failu-
re occurs. An iteration process is proposed
by means of which the solution to various
types of elastically supported foundation
beams and slabs 18 obtalned.

Professor Suklje's contribution discusses
the possibility and need of using isotaches
(i.04,representing the consolidation test
results as contours of e=constant in the e-
@ space). He derives equations representing
such depenciea in the forms e=e(e,& ) assu-
ming various known equations relating e,G
and t, the time parameter. Any of these equa-
tions when used in conjunotion with equatioms
of continuity and compatability may be uti-
lized to solve consolidation problems,given
the appropriate boundary conditions.

Chang and Nair announce the development of
a single general finite element computer
program which incorporates non-linear mate-—
rial properties and is suitable for incremen-
tal analysis of plane problems in soil me-
chanics and rock mechanics.

Ohta and Hata, assuming the clay layer to
be non linear elastic plastic material havirmg
work hardening or work softening propertises
and an associated flow rale discuss the mode
of its consolidation when subjected to spe-
cified boundary conditions,

Professor Hisao Aboshi reports on a series
of consolidation tests on a number of geome-
trically similar but of different size samp-
les and concludes, amongst other things that
the Cy value increases somewhat with sample
thiclness and hence the predictions of con-
solidation of actual clay layer from the stan-



dard oedometer test may lead to underestima-
tion of its settlement rate.

Professor Mikasa presents a new formula-—
tion for one dimentional consolidation of
highly compressible clays. He derives a li-
near equation (the Fourier's) in terms of
compression strain (not U) assuming the va-
riation of k and m, being proportional

He further demonstrates that if the lineari-
zatlon assumption employed in derivation of
Terzaghl equations are not made,a highly
non-linear differential equation obtains. He
reocommernds the usage of this equation when
dealing with solution of consolidation prob-
lems involving soft clays.

In a very interesting contrlbution, Murray
compares the measured and calculated relatiocns
between settlement and time at two road em-
bankment sites. He concludes that the major
source of error in these cases was the diff-
erence between the measured field and labo-
ratory coefficients of consolidation and the
wse ol & noa=iiusar theory had relatively
small influence on the settlement predictions.

Professor Viggianl presents some solutions
of the Davis-Raymond consolidation equations
which include the depth effects. Two cases
are treated (i) uniform surcharge over a lar-
ge area on the soll surtface and (ii) lowe-
ring tho wator table thus producing a triangu-
lar excess pore water presmare distribution,
The results of the analysis show some devia-
tion from the clasaical theory.

In his paper Professor Gorbunov-Possadov
assumes the soll supporting a strip footing
to consist of elastic perfectly plastio ma-
terial,the yield limit being defined accor-
ding to Mehr-Conolomb criteria. The method
of attack is quite novel and the results of
analysis for & strip load acting on such a
balf space is presented showing the boundary
between the elastic and plastic zone.

Professor Ter-Martirosyan oconsiders the
problems of a layer of clay subjected to a
monolithically increasing time dependent ex-
tended load acting on its upper surface. The
general equation governing the process of
oonsolidation is presented from which solu-
tions to prescribed boundary conditions can
be obtained.

Professor Vinokurov in collaboration with
Drs.Kuzmitzky and L.G.Shulika present a so-
lution for foundation resting on the surface
of an aniasntvapic elastic half spaoce. Aniso—
tropy is defined by the ratio,Ey/Ez the ra-
tio of elastio modulii., The results of ana-
lysis for four cases of Ey/E,=1/1 (the iso-
tropic case) 1/05, 1/3 and 271 are presen—
ted where some variation i1s observed between
the isotroplc and anisotropic cases.

Professor V,G.Fedorovaky and his collabo-
rators discuss the stability of methods of
solutions of non-linear analysis as applied
to foundations. They propose a variant of a
combined incremental-iterational method of
polutions which poases increased stablility,

Professors Konovalov and Salunikov report
on a numbér of experiments carried out on
soft grounds. The tests consisted of (a) ome
dimentianal consolidation of a peat layer

and (b) two dimentional (radial symmetry)

consolidation ot a sand layer supported by
peat. They demonstrate,for example,the ef-
fect of rigidity of the top layer on re-
ducing the amount of settlement.

In his paper, I'rofessor Dinis Da Gama dio-
cusses the rationality of using linearly
elastic theory in solving said mechanical
problems. His analysis shows that the linear
approach is on the unsafe gide since the
bilinear theory leads to less stable condi-
tions associated with layer displacements
in the two cases cited.

An interesting observation is reported
by Professor Alexiev who discusses the
nature of collapse of a silty loess specimen
subjected to wetting.

Dr.Feda generally discusses the various
constitutive relations and suggests that to
him, based on the existing evlidence these
should be constructed phenomenologically
with a necessary and plausible interpreta-
tion with respect to the structure of the
matarinl.

Dr.Aguime Ramirez, introduces the factor
"plastic component of noids ratio"” and by as-
suming this to be a function of stress obta-
ins a yield oritéria involving the effective
stress and a strain hardening parameter, it-—
self a function of the irrccoverable volumet-
tric strain,

Professors LelLievre and Matyas and Dr.¥ang
report on an extensive experimental program-
me completed ut University of Waterloo to
examine the uniqueness of the state domain
and the mode of ylelding of cohesive soils.

They conclude, amongst other things,that
different yield criteria are required to
define the onset of volumetric and distorti-
onal strain yielding.

Mr.P.¥.Mitchell using the bottom cylinder
compression machine to examine the behaviour
of a sand sample concludes that tho plastig,
potential is a ballet shaped surface of rue-
volution about the hydrostatio axis in the
stress 8pace,

Drs. Ivastohenko and Zakharov start from
the equation

ae?, = 6[a2/6 Jas

where del, is the plastic strain increment,

G the strain hardening function, & i bhe
stress and F" ... the function of J loading
test that 1s the equation of Loading locus
separating an elastic domain from a plastic
one in the space of stresseBs..''This I take
to mean the yleld function., They present

some evidence which is considered to confirm
the wvalidity of the above equation,

I wish to pore two yuestions, just to get
the discussion going. The first ohe what is
infact the nature of the yield function for
Boils. I believe, far example,that in the
case of sand the yield surface when traced
in the stress space should contain. the space
diagonal. Perhaps Dr.Ivastchenko or Zakharov
and Mr.Mitchell would like tc comment oa this.

With regard to the question of consollida-
tion no doubt certaein types of soils (e.g.
collapaible clays) the classieal Terzaghi
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theory fails to predict,even remotely,the
field behaviour. But in the madorify of ca-
ses, I believe, the discrepancy is due to
inadequate information regarding the various
involved factors rather than the inadequacy
of the simple theory. Would Drs, Murray or
Mikasa care to answer,

Vice—Chairman Dr.Zaretsky Yu.K.
Thank you very much ‘Mr.Burvashov.

Mr.Chairman,Ladles and Gentlemen,Colleagues!

Ppeparations for the VIII International
Conference. on Soll Mechanics and Foundation
Ingineering presented an opportunity for as-
sessing the state-of-the-—art in the theory
of base and foundation deaign. There have
been great successes in this field. One as~
pect is the increasing transition from purely
analytical solutions to ones utilizing to
the maximum extent the possibilities of elec—~
tronic computers. The popular method of de-
sign calculations which replaces differe.iti--
al equations by finite differences has buaen
sumpplemented by new methods that have
proved highly efficient when an electronic
computer is used. These include methods ba-
sed on finite elements and equivalents, vari-
ational~difference methods and,ln particular,
the very effective method of local variations.

The lack of a generally recognized design
model for soil, one that properly represents
its mechanical properties, leads to conside-
rable difficulties in foundation engineering
research.

The advantages of applying the orderly and
comprehensively developed theory of elasti-
city to so0ils has been lessened by the ob-
viously excessive values obtained for settle-
ments, deflections and bending moments of
structures erected on an olastic base. This
theory exaggerates the distributive capacity
of the soll., Various models of the base,such
as the .Jinkler model, compressed layer model
and others, have been proposed to take these
circumstances into consideration, to obtain
a decreased value of the distributive capa-
city of the soil, and to take into account
the substantially mdre rapid decrease in the
deformability of soils with the depth.

The real mechanical properties of soil ba-
ses are characterized by a nonlinear resis-
tance of the soil to loads, by different be=-
baviour of the soll under tensile and compres-
sive stresses, and by soil deformation which
is influenced by all the factors that are
revealed in soil tests under conditions of a
nonuniaxial stressed state. The problem of
taking the real mechanical propecties of soil
bases into accountv in structure foundation
design is by no means settled only by an at-
tempt to obtain a nonlinear settlement-loud
relationship.Taking account of the real me-
chanical properties in this way will have a
more essential iniluence on the diagrams of

the reaction preasures and Lhe values of
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the bending moments in the foundations of
Btructures,

The application of nonlinear laws of de=-
formation in problems concerning the inte-
raction of bases and strwe tures requires the
use of numerical methods of integrating the
principal equatlona. The great number of pa-
rameters in the physical laws of deforma=
tion, the variations in the boundary condi-
tions and the varlious geometric relation-
ships make the volume of calculations very
large. Besides, the question has not yet
been settled concerning the convergence to
a preclise solution of the iteration proces—
ses employed. Further work in this line
should consist in accumulating the results
of numerical solutions to reveal the basic
relationships, mainly of a qualitative natune.

Another important trend in dealing with
questions of the interaction between structu-—
res and clay bases is to take time effects
into acoount in every possible way. The prob-
lem here is to apply in design either the
laws of clayey soil creep, if the external
loads increase slowly and the soil has a low
degree of water saturation, or one of the mo-
difications of the theory of consolidatian,
if the clayey soil is water saturated and
the loads on the structure increase with suf=-
ficient rapidity. This trend in investiga—
tions is being intensively developed; a large
number of works have been dewoted to the
prediction of the course of settlement of
clayey soils with time, taking thelr consoli-
dation and creep into consideration. To date
various modifications that take some of the
additional factors into account have been
proposed for the theories of comsolidation
and creep. Of especial importance in inves-
tigating problems associated with the inte-
raction of elastic structures and soil bases
are works dealing with the problem of thrbde-
dimensional consolidation and creep of a lay-
er of soil acted on by an external load. A
detailed review of che investigations in this
field is given in the general report of Pro=-
fessor M.I.Gorbunov-lossadov and Professor
S.5.Davidov, ana bthere is no need for me to
repeat it here. I wish only to note that it
is of considerabl: interest, in my opinion,
to clarify the influence of the creep and
consolidation of a s0il base on the diagrams
of contact pressures under structures of fi-
nite rigidity, the transformations of the
diagrams with time and their dependence on
the load, The commonly held opinion that
"time heals all things"; that rheologlcal
processes and s0il coasolidation smooth over
concentrations of contact stresses and level
off bendins moman ts acting on a structure,
may turn out to be unjustified for "all pos-
sible cases". These problems await a prompt
solutiaon in the near future,.

In conclusion I would like to illustrate a
possible ’'practical outcome' of the results
obtained in a numerical solution of a certain
nonlinear problem in soil mechanics.

Let us assume that in a complex stressed
state the shear deformation of Lhe soil is
expressed by an equation of state of the
kind shown in Fig.l. "Then, in a system of
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specially selected coordinates, all the expe-
rimentally obtained creep curves should con-
stitute a single straight line. One such ex—
perimental relationship, plotted in the abo-
ve-mentioned coordinates,is shown in IMig.l.

It is maintained tunat the solution of the
boundary value provlem,characterizing the
relationship between the displacement of a
structure and the external louad,can Le dpp—
roximately represented in a similar form.
As a matter of fact, the displacement of the
internal cavity of a soil cylinder acted on
by an external load can be represented in
this fom which follows from an exact solu-
tion (see Fig.2). This figure also shows ox-
perimental points obtained in the physical
simulation of the problem and plotted in the
same coord}nates.

yn
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Ice-so0il ¢ylinder, p=40 kg/cm2

In the report of Malyshev,Zaretsky, Shiro-
kov and Cheremnykh at the present conference,
the results of the numerical solution ob-
tained by the method of finite differences
for the problem of embedding a rigid round
test plate into a bulf-space, can also be
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Fig.3.Plate Settlemonts vs applied load and
a) stabilized state time
b) gor the time t= 041 uay and t=0.3
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approximated well in the farm of the relation=
ship given in Fige.3%. It should be noted that
the proposed integral reclutionship has been
repeatedly confirred by the data of observa-
tions in the field.

This iilustrative example shows the possi-
bility of and the necessity for analyzing
the results of the mathematical simulation
of complex problems of nonlinear soil me-
chanics.

'Thanz You!

Now I invite Mr,#roth from England to make
his contribution. Mr.Wroth, will you,
please,

Mr. Ce.P.droth (EBngland)

As part of the oontinuing programme ot res-
earoh in soil mechanics at the University of
Cambridge,Rostoe (1970),work has been in
progress on developing computational methods
whioh allow solutions to be obtained to boun-
dary value problems using non-linear models
of soil behaviour,Thie contribution out-
lines some of the recent developments.

Simpson (1973) has oarried out finite elament
computations which have been based on the
famlly of soil models developed at Cawbridge.
The approach adopted by Simpson has been to
keep the computational side of the work as

simple as gossible by concentrating on two-
dimensional problems and employing constant

straln trlangular elements. In contrast,
however,a great amount of effort has been
put into the development of mathematical mo~
dels which provide an adequate description

of s0il behaviour;these models need Lo be
complex in order to obtaiu satisfactory solu-
tions to real boundary value problems for
real soils. :
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In some circumstances an elastic model may
be adequate,but in others it will not,and a
complex elastic/plastic model will be neces-
sary to arrive at an acceptable prediction.
An example of the former would be an excava-
tion in an overconsolidated ¢lay for whic

e stress changes and deformations experien-
ced by the soil are small enough for the be-
haviour to be considered quasi-elastic.Account
may need to be taken of the marked increase
of Young's modulus with mean effective stress-
that is with increase of depth-and of aniso-
tropy along the lines s eated by Wroth
(1972) and Atkinson (1973). But theae featu-
res of elastic behaviour can readily be in-
corporated in a finite element computation.

In contrast,the problem of the construotion
of an embankment or structure on soft normal-
ly conso ed clay can only be satisfactori-
ly solved if an elastio/plastic model is used.
This not only means that incrementally a bi-
linear response is obtain Tom soil
(with the Eﬁfe of response depending on the
state of the element in question and whether
it is being loaded or unloaded)but also that
proper aocount is taken of the rotation of
the principal stress directions. Wroth and
Simpson (1972) have used such a model with
soil parameters taken from a routine site
investigation, in an atteumpt to match the
field data of a trial embankment reported by
wilkes (1972). The model is such that for
every increment each element of soil exper-
iences both an elastic and a plastic strain-
increment; the principal axes of the elastic
component coinclde with those of the assoclia-
ted stress-increment whereas the axes of the
plastic component coincide with those of
stress for the beginning of the increment.
Use of a pleocewise linear approximation to a
non-linear but elastioc stress-strain curve,
such as the model adopte ough and Dun~
can (1971), would lead to a very different
displacement field computed for the ground
under the embankment.

Another area of great difticulty 15 the mod-
elling of the strain-softening behaviour of
soils.Most stress-atrain curves for real
80ils display a peak with a subsequent loss
of atrength as the soil approaches a critical
or residual state. The strains will vary con-
siderably along any incipient rupture surface
in a s0il mass} some elements will have been
strained beyond their peak strength and will
bhave 'failed' (although they are being held
in equilibrium by neighbouring unfailed sle-
ments) while other el ements will not have
been strained sufficiently to mobilise their
peak strength. Overall failure of the soil
mass will occur in a progressive manner.

One method of overcoming these difficulties
has been developed by Simpson whereby the
computer generates extra elements by sub-
division of the mesh at various stages of the
computation.The choice of elements to be di-
vided is governed by the amount of either
strain or displacement that they have experi-
enced. In this way,extra,small elements be-
come concentrated around an incipient ruptu-
re surface,and pogressive failure of the

real situation is directly modelled in the

computation without previous quesswork on 59

the part of the operator. Simpsan and Wroth
(1972) show that for the case of a rigid

retaining wall beinE rotated about its top
into a sand bed in e passive mode, ]

peak in the Toad-rotatlon curve obaerved ex-—
perimentally for the wall can be reproduced
in tbe computation by using this mesh-for-
ming technigue. Witbout mesh~forming a peak
is not obtained.

In parallel with finite element computations
an alternative approach using finite diffe-/
rence calculations based on the method of
characteristics has beon under development
at Cambridge and Madrid.This method links
together assoclated fields of stresses and
velocitlies (or stralin~increments) =0 that

the stress-strain progertiea of the s0il are
satisflied throughout the soil mass. The ium-
portant development has been the modification
of the basic diftferential equations to take
account of v ing stress ratio throughout
the stress field and varying amount of dila-
tation throughout the-strain-increment field.
Some solutions to particular problems of re-
taining walls have been reported by Serrano
(1972) and James,Smith and Bransby (1972) and
the general method described by ¥roth (1972)
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Vice=Chairman Dr.Yu.K.Zaretsky (USSR)

Thank you very much Mr,Wroth., The next
will be Dr. Bransby (England).

Dr.P.L.Bransby (England)

I wish to describe briefly the method of
assocliated fields,a caloulation method which
is an alternative to the finite element me-

thod and which has some advantages.The method

of associated fields 18 based an the finite-~
difference calculation of Sokolovski,but the
Bokolovaki calculation is extended to take
account of variations with strain of the mo-
blilised angle of internal friction.The cor—
responding displacement field is developed
simultaneously with the stress field so that
a solution can be obtalned for stresses,dis-
placements and strains.

The field of stress characteristics for a
retaining wall is 1llustrated in Fig.l,toge-
ther with the associated field of displace-
ment characteristics. The complete solution,

oonsisting of the linked stress and displace-

ment fields,satisfies (i) equilibrium (11i)
kinematics and (iii) the stress-—strain law
for the soll (which maz be non-linear and
can incorporate realistio volume changes of
the so0il). The mebthod is desoribed in detail
by Serrano (1972) and James,Smith and Brans-
by (1972).

WALL

SAND SUR FAC;,/E

(a) Pleld of Stress Characteristics

(b) Field of Displacement Characteristics

Fig.l. Typical assoclated fields of stress
and diasplacement characteristics for
the passive earth pressure problem

Two of the advantages of the method over
the finite element method are as followst

(1) the method lends itself to simple and
realistic hand calculations of stresses and
displacements for certain simple problams

of praotical interest,e.g.the displacements
and stresses near a retaining wall or a
sheet pile wall that can reasonably be takem
as smooth,

(2) the method is intrinsiocally well suited
to deal with stress or displacement fields
with a singularity (or a strong discontinui-
ty) of stress or displacement, such as occurs
near the top of a retaining wall.

The method can easily be extended to deal
with inertia forces,seepage forces etc.

These features of the method of assoclated
fields suggest that it has considerable po-
tential both in research and practice,espe-
clially as it builds on much accumulated ex-—
perience of plasticity in metals and in soils.
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Vice=Cheirman Dr.Yu.K.Zaretsky (USSR)

Thank you Mr, Bransby. Now I pass the word
to Mr, Goldin (USSR)

A.L.Goldin (USSR)

To evaluate the stress—-straln state of
earth-struoctures and foundations a model is
most comonly used of a linear deformable
elastic medium. However recently it has be-
oome evident that soll mechanics problems
must be solved with due regard for a non~li-
near relationship between stresses and stra-
ins. In the USSR the problem is investigated
by refining both analytical methods (M,V.Ma-
lyshev, Yu.K,Zaretsky, V.I.Solomin, V.N.Shi-
rokov, A.L.Kryzhanovsky,etc.) and numerical
methods (L.A.Rosin, L.M.Rasskasov, etc.).

According to the author among numerical
methods the finite element method seems most
advantageous. The use of the finite elanent
method enables stress-strain computations
for non-homogeneous domain of a complex geo-
metry to be perforumed.

The paper deals with physically non-linear
elastic media. Assuming moderate non~lineari-
ty and using G.Kauderer model the following
relationship be applied for a plane strain
oase

6;'5Ke°+2(;x(+¢)(ez -@.),
Gy=5Keq +26 ) t4o)(¢~05 ), L
T.-.aa Gx(%)X:d

)
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where there is a correlation between three-
dimensional deformations and average stress-
es while the intensity of deformations due to
shear is nonlinearly related to the tangen-
tial stress intensity,

K,G- confining pressure and shear moduli

Ass (¥%)=1-8: %2 and presenting
stresses,strains and splacements as series
with respect to a very small parameter
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we get for a zero- and first-order approxima-
tion
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where V, E - Poimson's ratio and elasticity modulus.
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In the temnsor form we have

(6*))=[D1(") (3) (6")= [D1(E") - (T*) (3a)
where
i-¥v vV 0 ) Z(ZG::'-QM)
- — _ J_E lo o
Pl gwin | ¥ S |4 (7%) s L\ 229 ;,e;‘ (4a)
2 3 ¥xy

The finite element method may be effectively
used for solving problems with the stress-gt-
rain relations of the type (3)=(3a). The exim~
ting finite element programs, in particular
the program doveloged by the Mathematical La-
boratory of the B.E,Vedeneev All-Union Rese-
aroch Imstitute of Hydraulic Engineering,allow
to evaluate stress and strain components of
the zero—order approximation (a linear problem
of the elasticity theory). To obtain the basio
equation for the lst-order approximation com-
ponents the Lagrange principle for minimizin
the total energy of the system may be applied.

By describing the variation of the work
done the int ernal forces over the corres-

onding strains for the total elament assemb-

of a certain domain S the following equa-
tion combining the nodal forces and the nodal
displacement of the lst~order approximation
oan be deriveds:

g") - (2%) = (3)

where [kK] .
systaa

(5)
stiffness matrix of the

(‘):") - nodal displacement of the 1st-
order approximatian '

(") - nodal forces of the lst-order ap-
: proximation

Q)= § (87 (T*) ds

The following matrix [B] oan be obtained

from the relationship
"

X
2"
k]
2w, 28
=
Using a set of equilibrium equations in the
finite element formulation and presenting the
nodal force vector EF; and the generalized

nodal farce vector (f) corresponding to the
forces prescribed on the contour

of the domein as a series with respect to a

e")- - [8) (17')



emall parameter, two sets of equations can
be obtained

[&] { (?M) - (jh)) } *0 and

where (E(] - an identity matrix with zero

elenments all "offdlagonal’ positions and
ugity elament on each of the diagonal posi-
tions.

The correlation between the vector of the
displacement of the element points and the
nodal displacement vector can be presegted as
an equation

(w) = [U(g)

where (U] is the approximation matrix.
Using the expression for the work of the
nodal forces along thepossible displacements
we got a set of lst-order approximate equa-~
tians

(?)

(£ 1{D0g") - (2")) =0

Thus, the vector components (q(l)) can be
found from Eqs (?) at 31\(9 vectors of fic-
titious nodal forces (£L{0)) After evaluating

(q(l)) the mogentg (< (l)), §25'(1)) and (u(l)g'
o B e S0 1 (e

co nents considering
(u?gs).

Vice~Chairman Dr.Yu.K.Zaretsky. (USSR)

ghnnk you Mr., Goldin. I want to jnvite Prof.
uklje to make his report. Prof.Suklje,
will you,please.

L.Suklje, (Yugoslavia)

In my written contribution {o the problems
of non~linear consolidation of saturated 50
118 I have discussed analytiocal expressions
for experimentally obtained volumetric rheo-
loglcal relationships for soils and their
consideration in the differential equation
of oansolidation.

According to Florin (196l1), this equation
acoounting for one-dimensional consolidation
of partly saturated solls (including satura-
ted aoi{s as a Bpecial case) has the farm:

de _ l+e My oqtiey . am

TE:T'—‘_J%- (x 9z ° mMa+pm° It

when,besideg the internationally agreed sym-
bols e,t, w, k, z the following notation
has been used: H for Henry's coefficient of
the solubllity of air in water, u® for the
pore grpasu.re including the atmospheric pres-
sure but exoluding the excess—-pore pressure,
and the suffixes a and w for alr and water.
Eiuation (1) has been deduced with the simp-
lifying assumption that the air-pressure equ-
als the water-pressure. -

The followlng conmections between the de-
pendent variables bave been considered:

G =6-w

62

[EJ{(?"‘) _H_u))} -0 (6)°a

e=e,+e'
Ead » —ELOE °
2(8:0) Frohs M (a.t)fﬁ

(cf.Buklje 1969),where
tial saturation degres.
18 assuned to be knownt

O =6(z,t)=Go(z)+2(t)

The numerical solution of the equation (1)
can be given far an arbitrary rheological
relationship

32 - £(e,6")

€]
a(z.o)+e(z.o)ﬁ

S,.. denotes the ini-
fﬂe total stress

5

10))

In order to elucidate the effects of: the
initial saturation degree,the initial poro -
8ity ( previous secondary consolidation),

the load interval and tne length of the seepas
ge paths, J.Kozak bhas programmed, in collabo--
ration with the Writer,the above defined
problem for the following form  the rbheolo-
gical relatidnshipes '

’
/
£( 2,6 )= €,0Xp Atll_n_g.’_‘.__:e

C+D ln g @

(-]
where e_, 4,B,C,D,6, are the constants cor-
respondgng to the experimentally obtained
isotache set. Furthermore,tbe simplifying as-
sumption k=const had been taken and the fol-
lowling boundary conditions considered:

M (o,t)=¢M (h,t)=0 (8)

G (o), 8_%?) ={[3§+J;,e(;,o) j{.,;]:[ﬁe(z,o}]} Iw (9

Figs 1 and 2 represent same results of the
numerical calculations made according to the
prepared programme, considering the isota-
che set (parameters 1n equation 7) correspon-~
ding to a lacustrine clay (see Suklje~

&1& 1972, Fig.2)and to the boundary values
shown in Figure 1,

~The oomparison of pore-—pressure versus
time plots (Fig.2) proves that the influence
of the initial porosity amd of the load
interval onto the pore-pressure development
is equally or even more important than the
influence of the degrse of saturation.

References:

FLORIN, VeA,(1961), Osnovy mekhanikl gruntov
(Pundamentals of soil mechanios,in Russian),
2,Gosatroyizdat ,Leningrad-Moskva, 543 pp.

SUKLJE, L. (1969) ,Rheological aspects of soil
mechanics,Wiley-Interscience,London~
New York, 572 p.

SUKLJE,L.and M.Simon&id (1972). The use of
isotaches in the numerical analysis of ra-
dial consolidation, Acta Geotechnlica, Uni-
versity of Ljubljana, No.4l, p.1l=57.
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Vice=Chairman Dr,Yu.K.Zaretsky (USSR)

Thank you very much Prof, Suklje. The next
will be Mr, Kisiel from loland.

I.Kisiel, (Poland)

The Coulomb's condition of the limit state
of so0ils and all its posterior modifications
are applicable only to the soils with limi-
ted clay content. The internal friotion be-
comes negligible in the case of very cohesive
80ils; this fact appears evidently tihe
Skempton's "@=0- method",

The reason of the mentioned fact are the
rheological properties of clay fraction being
quite different from properties of granular
fractions: gravel,sand or silt., The clay
particles show an oriented shape /platelets
or neodles/, whereas the grains of all other
mentioned fractions have a compact shape,
The clay particles have very small dimensions
and very large apecifjc surface. The indivi-
dual particle of cla{ gontaina ve ema 1l
emount of material /10° times smaller as the
silt particle/. In the state in-situ the olay
fraction is always fully saturated and has
therefore the properties of a viscous suspen-
saion. At the same time all other fractions
are charaoterized by exiastence of fric-
tion between the grains. Therefore the olay
fraction makes not only a binding material
between silty and sandy grains,but also some
kind of grease between tgem,whloh fuollitates.
their shearing displacement with respect to
each other,
displacement with respect to each other.

By amount of clay fraction exceeding 2%
the cohesion in the soil ooours. By incrou-
sing of clay content the cohesion also incre-
ases; if the clay content exceeda 20% the
influence of friction becomes negligible and
this is connected with a considerable alter—
nation of rheological behaviour of soil,

It is well known, that the minimal porosity
of sand and the minimal porosity of the densi-
est arrangement of equal spheres are the same:
Dpin=25,9%. If one puts between the big sphe-
res 1in such arrangement the smaller spheres
which will represent the silt gralns and '111
contact with the blig spheres not disturbing
the arrangement of the latest /fig.l/,the

the porosity of such arrangement is egqual

to npmin=20,8%, what is near to the value of
n=20%, mentioned above. If all pores of

such arrangement will be filled by clay-wa-
ter mixture,the properties of the arrange-
ment will not changej in particular there
will be no change in the friction between big
spheres, although the cohesion will take
place. if however the content of clay frac-
tionexceeds 20%, then all the grains do not
contact with each otber. The influence of

dry friction will diminuish rapidl{ with in-
crease of clay content. When the clay content
exceeds the maximal porosity of grain skele-
ton, the grains become a part of filler of
the clay-water mixture,what will manifest in
inoreasing viscosity in comparison with the
viscosity of pure clay-water mixture.

One should keep in mind,that the foregoing
reasoning is of greatly approximate charao-
ter: the grains of sand or sllt have no sphe-
rical shapo. Nevertheless the coincidation of
calculated and observed results is of course
very interesting. Recently some experiments
of the rheological properties of soilswere
performed in Poland. It was stated, that by
oxceeding of 20% content of clay fraction the
properties of -oils were changed in a fundamo-
ntal mannor. The mentioned results will be
published soon.

It follows from the foregolngs,that to un-
derstand correctly the properties of the
clayey soils one should know at first the
properties of oley-water mixture.The knowl ed~

e of mentioned properties would be an ab-
gect of the research of the new braunch of
applied mechanios,which is proposed to call
a "oclay mechanicsa®.

The fundamental assumption to be made in
the clay mechanics is the assumption on the
geometry of clay structure. A model o alruc-
ture of a normally oonsolidated undisturbed
clay was proposed by Tan Tjong—Kie,l954hl959
and was called "the cardhouse structure
(fig.2). Since tho claywater mixture iB a

Fig. 2

disperged medium, to investigate its proper-
ties one should apply the principles of the
statstical physics; in particular for such
medium the following laws are valid:

a/ If the clay sample under consideratian
ocontains n partioles,then the probability,
that np particles contact immediately with
each other /so—called "mineral-to-mineral"
ocontact/ is equal to:

;E = [}+exp (- ﬁ%ﬁ_ )] -1' /1/

b/ the rate of deformation u of sample is equ-
al ©Q1mykr P

. - 3 ﬁ

de2 2T omp - HE sin n( Syl ) /2/
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In both mentioned formulas from whioch the
£irst was proposed by Resendiz,l1965,and the
second Murayama and Shibata,1958,1964
the denotations are:

AE= AP+ o(q the experimental energy of activ-
ation /Mitchell et al.,1968{

AF is free energy of activation,

i« is the parameter,depending on r), see be-

ow,

Q 18 an external loed acting on individual

particle,

is the number of particles moving in the

direction of acting -load

is the average distance between the par-

tioles in contact,

k 1is the Boltzmann's constant,

h is the Planck's constant

R 18 the gas constant,

T 18 the absolute temperature.

Ueing the mentlioned laws one could develop
the formulas for the elasticity and viscosi-
ty moduli of clay. Obviously,one couldn't
oalculate directly the values of mentioned
modulil by use of formulas,because they can-
tain the statistical values np,n; and r.
Nevertheless the formulas give wvaluable in-
dications, which mamner of dependencles ani
which physical factors influence the values
of rheological parameters and how the expe-
riment should be performed to obtain these
parameters of the macrovolume of clay.

Murayama and Shibata have proposed the sta-
tistical method to obtain the rheological
parameters of soll. Mitchell and co-workers,
1964,1968, gave valuable eéxtensions of the
method. Regendiz gave a method to evaluate
the ultimate strength of clays. The mentioned
researchers have found,that the long-term
strength of oclays could be obtained by use
of the dependency between rate of strain
on maximal deviatoric stress Tpaxy /fig.3/.

4

By exceeding the long=term streangth the cha-
racter of mentioned dependency variep conal-
derably. The similar results were obtalned
by Dmitruk and Suchnicka 1964 /published 1966/
during investigation of clays of opencast
brown=coal mine s. Mitchell et al.,l968,gave
the method of direct determination of physi-
cal parameters occuring in the formulas /1/
and /2/.

Murayama and Shibata in their papers do nots
tal® into account the possibility of the phe-
nomenon of reversible creep,which is obser-
ved of course in all experiments by small
loading of sample. Resendiz doesn't make any
proposal of the rheological model of clay,
Therefore the more detailed description of
¢lay bebaviour is indispensable. There 1is
possaible to describe the clay behaviour as
follows:

l. In the first phase of small loading of
sample there exist both the instantaneous and
the delayed defomations being fullyreversib-—
le. The nonlinearity in this phase 1s negli-
gible. As a rheological model the standard
Zener's model with constant elasticity and
visoosity moduli oould be used /fig.4 ..

@ Y
g &

! 16"
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"y Fig.4

2. When the load exceeds some value vhich
could be called "Tan's limit" /Tan,1954 ob-
served it at first/ and denoted by ,
the irreversible deformation becomes observa-
ble. This deformation increases with time and
increasing load up to the value of loang-term
strength of clay,dencsed by 6% .In this pha-
se the modulus of viscosity changes by compa=-
rison with the previous phase and becomes
nonlinear. Nevertheless both the first and
the second phases could be deacribed at least
for practical purposes use of rheological
model M/V, developed 1958 and independently
by Folque, 1961 /fig.4b/. One could assume
the constant rheolggioal parameters.

The both described phases are of maximal
practlical imforbance.

3, If the lcad exceeds the value of 0%
the viscous flow begins. This flow is distin-
guished by strong nonlinearity. To represent
the rheological behaviour of clay in this pha-
8¢ a modified nonlinear Maxwell-model of fluid
could be used /fig.40/.

Introducing the degree of orientation of
clay particles gy which values are: gp=l by
parallelly oriented particles and gn=0 by



randomly oriented particles,one could intro-

duce g instead of n) into the farmula /2/.
loas.tns of clay tbe value of g, changes
with time and intensity of load. The partic-

les will re-arrange more parallel to each
other and perpandicularly to the direction
of load. Then the formula /2/ becomes:

28.+1 kT AP odq
=2 B 1 - —— —
u > oxp( R:E)si-nht( k‘l')

/3/
Because of grqr(q,t).the formula /3/ gives

the possibility to examine the change of vie-
cosity modulus of clay with time.

More detalled investigation of this prob-
iaml;%‘]il be published in "Studia Geotechnloca"

n .

I am of meaning that the problem of funda-
mentals of clay mechenics is of significant
theoretical and practical importance and 1
am pleased with the possibllity to submit
this point of view during the present Confe-
rence.

Vice-Chairman Dr.Yu.K.Zaretsky (USSR)

Thank you Mr.Kislel for your discussion.
The next will be Mr. Drescher (Poland)

A,Drescher (Poland)

Reffering to the subject of the present ses-
sion let me make some remarks concerning the
desoription of the mechaniocal behaviour of
granular media,which do not exhibit the time-
scale effects l.e.rheological effecta., In the
every-day engineering practice the distineti-
on between Lhe range of small deformations
and of advanced flow of a material is usual-
ly made, and the theory of elastioclty or
plaaticity is apglaied respectively. In or—
der to describe the material in both ranges
by one constitutive relatian it seems there-
fore natural to oombine these theories. This
concept, known for several years,may lead,
however,to various constitutive relations de-
pending on the assumed simplifications regar-
ding real behaviour of a material. In our
approach, which I would briefly discuss, the
following two experimental facts are taﬁen as
the basig for the theoxry: 1/ the current bpe-
haviour 18 loading or deformation paths de-
pendent, 2/ the material response is diffe-
rent for loading and unloading process,what
can be observed even for very small cycles.
Both facts lead to the following inoremental
oconstitutive law

d\> 0 for £=0, df=0
ax o 40 or £=0, d£ <0

(1)

It 15 now assumed that any material function
appearing in /1/ may depsends on density va=
- - f

riation
=‘P +j’ = c.fj}\f‘ = dé-kk

ta reversible and irreversible portions
.f"” . For isotropic 4;4x) moduli matrix

t bulk modulus K and shear modulus G
can be introduced

€))

or i
-7
)

EK(f, £°) 3)
GG (p', p")
The yiald dandition f is assumed to be a clo=-

sed surface in the stress space,depending
on p*

-f
£=£(Gy 4, f ) )

) , - -
a5 gt SO - -3 35 petct
Roscoe et al, 18 assumed. lieaving aside the
discussion of the yield oritérion and flow
rule let us ocanfine our attention om reversib-
le strain inerement,

There c¢an be distinguished two extremal
ocases for A - matrix or moduli K and G
1/ Kand § &gg%nd on reversible density va-
riatian @', 1i/ K and G depend on total
density variation éﬁ =p't+/", For 1/ no coup-
ling of reveraible and irreversible deforma-
tion exists, while for ii/ coupling is pre-
sent., To demonstrate the influence of coup=
ling consider purely hydrostatio stress sta-
te Figl. When no coupling 1s assumed the
unioad g curves do not depend on irrever—
sible defommation,and their local inclination
depends on stress level only. In other words
each of the unloading curves is obtained by
translation of the virgin elastic curve
along the &wx axis. If the 11/ hypothesis
is assumed the unloading curves depend on
irreveraible deformation, and are obtained by
translation of the virgin elastic curve along
the G'kx.axis. The above shifting rules hold
true for proportional stress ors strain paths.

Ir order to verify the oconcept of ocoupling
the experiments in uniaxial strain state were
carried out. Pig.2 presents the loadirg and
unloading curves for sand, plastic spheroids
and wheat grains It is seen that the unloa-
ding curves do not obey the horizontal
shifting rule valid for case 1/ and thus may
indicate the existence of ooupling. The detail
discussion of the proposed constitutive re-
lation and of the test results is made in

Ref. /l/.

/1/ T.Hueckel and A.Drescher— Description
of nop-linear and inelastic behaviour
of granular media. Int.J.Solids Structe.
/to be published/.
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Vice=Chairman Dr.Yu.K.Zaretsky (USSR)

Thank you very much Mr.Drescher. Now I pass
the word to Mr.Feda (Osechoslovakia)

J.Feda (Czechoslovakia)

Plastic strain increments of solls may be
evaluated by means of plastic potential fun-
ctions. Those proposed are not identical and
when deciding which of them should be used
for constitutive equations it 1s important
to know what are their differences and why
they differ.

Fig.l presents the form of some plastic
potentials in the

1-LONSTANT VOLUME CONDITION
8.CAM* CLAY §.¢30°
2- STRESS- GLATANCY RELATION
T
3-STRESS-OILATANCY RELATION
¥ 20
& -MOOWIED . CAM® CLAY, 4pu 30
a-STANDARD TRIAKIAL STRESS PATH

[ -] "
[SUFEY
Fig.l. Plastic potential curves according
to different theories
(T plane for

S oct) ally symetrical
(trgg;;:{al) g%gto of stress'a."ncurve T“:as

deduced from the inoremental relatian of the
Bishop's energy equation (Bishop,1950) and
coincides practically with the piastic poten—
tial for "Cam" clay (Roscoe and Burland,1968)
Its equation reads

Toct S°oct
toct | 4z g1 1 S-028.
Goct & ﬂr s 6 oct &t

(6°oct - hardening parameter, @',- residual
or constant volume angle of internal frictionm)
For "Cam" clay tg #', should be replaced by
M Y2/3 where
6 sin ﬁ'r
3-8in @',

Curves 2 and 3 follow from the stress—dila-
g;nsg relation (Rowe, 1962; Barden and Khayatt

°

= (S2r .y 281
6 r

(Ga' Gr - axial and oell pressure,Gor-hardo-

ning parameterg o, @
(45%+ . )

/2/

/3/

K= %g /4/

(8'=22,5° for curve 2 and 300 £on gurve 3).
on Fig.l are the second basio

+ and I
inva;Iant of" the stress deviator amd the
first invariant of the stress teasor.

Curve & represents modified "Cgn"olay (Ros—
coe amd Burland, 1968),i.e. the relation

2
G’ oct e
52 5 /5/
6 oct 2 +2f oct
262

oot

It 18 rather interesting to see the cur-
ves 1 and 2 (or 3) to differ not too much
although the way of thelir deducing are fun-
damentally different,

One simple possibility to test the relia-
bility of the respective plastioc potential
ourve 1s to oonsider the plastic strain inc-
rements at the peak strength. For dense sand
6.8. with the peak angle of internal frice
tion @'=459 and a rather high dilatancy rate
curve 1 seeams the most sultable, cutve 4
cannot be accepted.

Another simple possibility is to decide if
theyre }113 a corner on the & got—axis (i.%.

of £ 1/2, curve 1,2,3) or pot (o = /2,
ourve 4). The value of tsc[(rig.l) may be
expressed by the relation

€y

3

—

tgo{ = 8. octz ) /6/

(dotted symbols increments,exponent p-plas—
tic component). Far isotropic samples

é{=ip=é§-£’£ /3, 1.0, ég/ég a3 and from

€3.(6) tg =< , o= #/2. Presence of a
corner indicates therefore an anisotropic

saple with; P/ ¢ Pe3 (¢f<éf)

Fig.2 sbows the angle { from triaxdal
teats of sand evaluated from the boginning
of the stress-strain diagram (when T oot 18
quite smll on the stress path a of
Figel). An, empirical correction of measured
valuos of &/ 1 wac applied so that for

loose samples o(—>* /2, as observed with
the experimemts of Pooroshasb et al.(1966).
The results are therefore of qualitative va-
lue only indicating that for loose samples
the corner is gradually avoided.

On Fig.2 the effect of the stress level may
be seent inoreases at higher ocell preg-
sure what means that small shear stress in
these cases produces elastic distortion only
which is physically. acceptables —

The anisotropy of samples with (< # /2
results therefore not only from the sample
nature (original or inhereted anisotropy,®.g
for a sand sample from the mode of sample
preparation; but from the stress path (in a
broad sense) too (induced or deformation
anisotropy). Higher cell pressure partially

reduces the original anisotropy (if the mova-

H
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Pig.2, Measurement of the angle ot (Fig.l) of
Zbraslav sand (with empirical correc-
tion applied), standard triaxial comp-
reesion test

bility of sandy grains is sufficient,e.g.at
lower densities). This may explain the data
of Fig.2. Dominant hydrostatic pressure pro-
motes structural isotropy (see also Smith's,
1972, results).

One may therefore conclude that the plura-
lity of plastic potentials agrees with the
physical nature of soils and the respective
form depends on the inhereted and induced
anlsotropies of samples.

Although there are relatively small diffe-
rences between flaatio potentials of sands
and clays the views an their yield surfaces
differ substantially. On contrary to clays
the yleld surface of sands is often conaide-
red to be "opened", i.e.it does not contain
goints on thed B—a.xie (Poorooshasb et al.,
966; Roscoe, 138 s Barden, 1971). For the
game s0il it is difficult to imagine a closed
plastic potential and an open yield sur-
faces. Under hydrostatic pressure astrain
hardening must be principally admitted since
even for ideal random packings of spheres,
i.0. ideal granular materials,the structure
is found to be highly irregular (see @.ge
Bernal and Mason, 1960), so that isotropic
loading will induce anisotropic internal
etresses. Further on the mode of a sand
sample preparation determines a sart of its
loading history and for lower stress ratios
an almost elastic response may be expected
(at least for dense samples), Both these
gointa cover the results of Schlosser's (1965)
ests reproduced on Fig.3. The yleld surfa-~
ce for sand and glass spheres was measured
to be closed,

It seems to me that the proper form of the

ELASTIC REGION

AXIAL PRESSURE o

CELL PRESSURE G

Fige3s Yield surface of sand according to
Schlwsser (1965)

yield surface of sands necessitates further
exploration. This will decide if the respec-
ttvg flow rules are associated o6r non-associ-
ated,
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Vice-Chairman Dr.Yu.K.Zaretsky (USSR)

Thank you very much Mr.Feda for your contri-
bution. Mr, Ohta (Japan) will you,please,

Hideld Ohta (Japan)

I would like to talk about the non~lineari-
ty both in the current analytical method,that
is to say, Terzaghli's theory and the incre-
mental theory of three dimensional consolida-
tion whioh has been developed by myself, The
incremsental theory is based on the incremen-
tal stress-straln relations for anisotropi-
cally preconsolidated clay derived from the
stress-void ratio relations of clays under
two stress conditions, that is, constant ef-
fectlive mean xrincipai stress and proportio-
nal loading, brief example of the applica-
tion of the incremental consolidation theo
is given in my paper entitled “Immediate a:g
consolidation deformations of soft clay stres-
sed by uniform strip load" presented on the
Main session No.2 of this conferenca,

In my country, Japan, we have a discussiaon
on the effectiveness of sand drain method.

A lot of papers on the field observations
were presented. Gentlemen / attending this
meeting would be interested in these papers,
but they were written in Japanese unfortuna-
tely. About the half of the authors of these
papers insisted the effectiveness of drainage
by sand piles and another half were in oppo-
sltion. The estimation of the rates of disal~-
pation of pore pressure and consequent sett-
lement of the ground surface is lndeed very
diffioull iu the practical sense. In moat of
the designs of oconsolldation, the settlement
of the ground surface is linearly related to
the average degree of consolidation. If we
use the e-=log p relation in order to estimate
the settlement, we shall find the result is
differ from the linear estimation to the amo=-
unt of a few decades of percentage. To say
further, the use of the average degree of con-
solidation results a considerable error in
the estimation of settlement in the ocase of
normally consolidated clay. Of course,we al-
ways f£ind it difficult to decide the soil con-
stants prior to the deaign works.

In the ocase of two or three dimensional con-
solidation, the modified use of Terzaghi's
theory must lead to the results far from the
observation. Consolidation settlement due to
the expulsion of pore water is bhardly separa-
ted from the immediate settlement ch seams
to take place within ten days after the appli-
cation of load. The effeoct of dilatancy is
commonly neglected although it is considerab-
le, The incremental theory of consolidation
can describe the three demensional phenomena
at least more adequately than the moditied
use of Terzaghi's theory. It is vitally impo—~
rtant to estimate the distribution of the to-
tal stress throughout the clay layer in both

cases, The incremental stress-strain relations

on which the incremental theory of three
dimensional consolidation is based are es-—
sentially coincident with those derived from
the Cambridge original energy theory. Using
the incremental stress-strain relationms in
the estimation of total stress distrimtion
is rather laborious because of their comple-
xity in mathematical forms.especiallg be—
cause of their log functions., These log funo-
tions in the incremental stress-strain rela-
tions can be substituted by hyperbolic func-
tions with sufficient accuracy. By this
substitution, the undrained stress-strain
relation for normally consolidated clay
derived from the incremental stress-strain
relations is reduced to the hyperbolic stress-
strain relation proposed by Kondner,
Kondner's hyperbolic relation is useful to
estimate the total stress distribution and the
results can be easily compared with that giv-
en by the theory of elastigity

Vioe~Chairman Dr.Yu.K.Zaretsky (USSR)

Thank you Mr.Chta for your discussion.
The next will ‘be Mr.Marsal (Mexioo)

Raul J.Marsal (Mexico)

The stress-strain analysis of earth
structures requires that the modulus of def-
ormation (M) and the Poisson's ratio (v) be
known for different stress levels and strain
conditions. Frequently, Kondner's equation
is used to evaluate M and some law of varia-
tion of v is adopted. A brief account of ex-
perimental data obtalned in triaxial compres-
sion tests with rockfills and sand-gravels is
presented, in order to improve our understand
ing of the behavior of Pouissoun's ratlo.
Empirical Correlations. If radial (ey) and
axial (g,) strains measured in triaxial com-
pression tests are plotted in logarithmic pa-
per (Fig 1), points define linear relation-
ships which are valid for the whole range of
stresses, except beyond faililure for specimens
that show a peak stress. A similar result is
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obtained when logarithm of the deviator
stress (0,-0;) is drawn in terms of log €5.
To deal with dimensionless variables only,
the deviator stress is substituted by the dif
ference (r-1), r being the principal stress
ratio 0,/05, as shown in Fig 2. The linearity
of (r-1) vs ¢, fails near the origin and in
the vicinity of failure. Therefore,
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From these empirical facts, the follow-

ing equations are derived:

|A!x| |Ex| )
= = B|==| tececienaaa. (3
Kez €,

and,

v = n{r-10C tirriiiiineeaes (4)
where,

n=aga?

c = b(B-1)

Preload Stress. Similarlyto undisturbed clays
tested in one-dimensional compression, the
void ratio vs log pressure curves of most
granular materials show a change in behavior
related to stresses induced by a previous
load, e.g., compaction (Fig 3). The pressure
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at which the above change occurs will be call
ed the preload stress (gp) and the method for
its determination will be similar to that pro
posed by Casagrande for the preconsolidation™
pressure (p.) of a natural clayey soil. This
concept is necessary for the analysis of pa-
rameters B, n and c.

Parameter f. The results of triaxial compres-
sion tests on rockfills disclose that the pa-
rameter B ranges between 1 and 2, for confin-
ing pressures O, in the interval 1-50 kg/cm?
Materials that undergo substantial grain
breakage during testing have B-values varying
from 1.5 to 2.0,when o¢ increases within the
abovementioned interval. The parameter
tends to unity .for o¢< 0p. Sound, well-graded
sand-gravels in dense state show that 8 is
independent of oc and equal to 1.5, approx-
imately. Note that B = 1 implies that v = ocon
stant, or vice-versa, as occurs in a constant
volume triaxial test.

Coefficients n and c. The values of n and c
for a series of triaxial compression tests
are interrelated, as shown in Fig 4a. For con
fining pressures (o.) smaller than the pre- -
load stress (op), the coefficient n decreases
with the ratio ¢_/o_; then n attains a mini-
mum value for d¢ = 0Op, and from this stress
onwards increases steadily with o_.. The behay
ior of the exponent c is the opposite. Howev-
er, the product cn is not constant (Fig 4b).
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With the help of the empirical correla-
tions between €,, €, and (r-1) discussed be-
fore, values of n and ¢ for different granu-
lar materials were, computed. Upon these re-
sults, it was found that points fall within
a rather narrow band shown in Fig 5. The a-
nalysis of individual values does not dis-
close a clear trend for the points of each
material to concentrate on a certain regien
of the band or to follow a definite path
along it, when the confining pressure varies.
After a careful comparison of above data, it

was concluded that the spreading of (n,c)

points in the band mainly reflects changes in

gradation of the specimens due to particle

breakage.
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For practical purposes, it is tentative-—
ly suggested to compute Poisson's ratio se-
lecting the coefficients n and c, upon the
following guidelines:

1) Well-graded materials with hard
grains, have values located in the left side
of the band. 2) Poorly-graded soils with soft
grains, fall in the right end of the band,
for low confining pressures; but (n,c) values
tend to the middle reqion when oo increases.
3) Well-graded soils with medium-hard grains,
goncentrate on the central portion of the

and.

Vice~Chairman Dr,Yu,K,Zaretsky (USSR)

Thank you very much Mr.Marsal, Mr. Moroto,
will you, please,

Moroto Nobuohika (Japan)

The (e,p.q) state space has been used for
8oils. I think that state of granular mate-
rial will be more reasonably represented oy
an entropy spuce. Lhe covncept of entropy was
first introduced by Mogamli. Mogami's entropy
was obtailned from microscopic consideration.
While macroscopio entropy of granular mate—
rial has not be seen yet. Then, I propose the
macrosoopic entropy as

8 ='fJL!. = =2 o 1
P l+0 ‘;7 X- @
where W is inorement of plastioc worl done
P 1s mean pressure
is deviator strain
is stress raltlo (y/p)

Where the shearing strain is getting large,
Se =2 +7Ir (2

l+e

I represented state of the material in terms

g{ S’péﬁz-f Theogntropy gives a yield func-
on, orm PS would be an approxi

plastic potemtial., pproxinate

The entropy given -(2) may v 1
to Mogami's ent::mpy.b'y F2-(2) may Ue related

Chairman
Vice~Chairman Dr,Yu.K.Zaretsky (USSR)

Thank you Mr.Moroto for your discussaion.
The next will be Mr., Viener from GDR.

K.H.Wiener. (GDR)

From the results of numerous recent and
also older experimental investigations it
i8 known which effects of deformation ococur
on sand spmples when these are subjected to
different test conditians and especially to
different stress—conditions. It was tried to
mathematically formulate a stress-strain-law
which,wbhen applied to the usual test condi-
tions, leads to theoretical dependeces bet-
ween states of stress and states of deforma-
tion whioh are near experimental results.
This non-linear stress-strain-relation has
been get up in an infinitesiml form in order
to allow 1ts general application.

The explanation of the change of volume ba~
s8is upon tho following considerations, It is
supposed that this change 1s caused by the
superposition of three effeots:

1. An increase of the average of principal
stress is followed by deformations of the
grainA and, due to these, by 8secondary grain
displacements. This part is reversible; an
increase in stresses leads o a decrease in
volume,

2+ An increase of the average of prinoipal
stress gives rise to interlocking of the
grains,because part of these have an instable
position, especially in the case of low den-
8lties. This part is not reversible; an ino-
rease in atress being followed again by a
decrease in volume.

3. An increase in the stress deviator gives
rise to a change in volume,due to the kinema~
tic conditions of tho grain skeleton similar
to a system of mutually supporting spheres.
This change is talen as an increase,

The third effect of volume change,whitch is
commonly called dilatancy,leads simultaneous-
ly to corresponding shear strains. Referring
to this deformations the directions of atress
increments and the directions of strain inc—-
rements are assumed to be identiocal. The re-
lation is formulated in such a way that with
the occurance of a stress state 'Batisfying
a spatial fallure condition the lucremeut s
of shear strains gets infinite.

The, stress—strain-relation contains five
material constants,which can be determined,
for example,by means of suitable triaxial
tests. Anisotropy was not taken into consi-
deration. The constants depend on the mate—
rial properties of the sa and on the den-
slty at begin of the stressing.

The application of the theoretical rela-
tion on the conditions of triaxial tests
brought about results which greatly reflsct
the experimental bebaviour. The same is true
for oedometric tests,for which the known
effects of initial luading, unloading,reloa-
ding and of repeated loading and unloading

ould be theoreti simulated. The law
3 ch was guﬁd Ji%{dﬂ an gxpianat on for the

y9/¢
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difference of the angles of internal fric-
tion received by triaxial or plane deformatie
on oonditions. Furthermore, indications on
the value of moduli of deformation as function
of the spatial principal-stress-relations and
on non-linear behaviour of pressure at rest
could be derived which agrees to the results
of experimental research.

Vice~Chairman Dr.Yu.K.Zaretsky (USSR)

Thank you Mr.Wiener for your discussion,
The next will be Prof., Vyalov (USSR)

S.S.Vyalov (USSR)

At the present time properties of soils
are deéscribed by three separate models that
are not related to one another: Hooke's elas-
ti¢c body model which describes soll behaviour
in the pre-limiting state; Coulomb!s body
model which desoribes the limiting state
and the Kelvin-Terzaghli model, which descri-
bes percolation consolidation. This appro-
ach gives aufficientlz satisfactory results
for engineering practice,but,at the same time,
it has essential restrictions.
atituting a broken line,for the actial set—-
tlement vs load curve, we make seversl very
essential assumptions (Fig.l). In the first

=]
B
M)
o

—— -

Fis. 1,

place, in the pre-limiting state we consider
onlg a small part of the ourve,restricting
it by the proportionality limit, when in fact
the soll is subject to a much larger range
of loads prior to failure. In the second
place, in dealing with the limiting state we
omit the deformations and consider the stres-
a¢s only. In the third place, such an impor-
tant 80’1l property as-its internal friction
is taken into account only in ooaaiderins a
limlting state and is alto§etner disregarded
while considering the pre-limlting stage,al-
though it is evident that not only strength,
but the deformations as well depend on the
magnitude of the internal friction of the
soil. In other words, at small loads we regard
the soil as a Lody having elastic properties;
at large luads we regard it as a binding
medium having altogether different characte-
ristics. Thus,depending on the load,we deal
with two different kinds of bodies.
fvidently,it would be expedient to work out
a generalized 80il model which would take

into account: (1) the nonlinear relationship

Indeed, by sub-

between stresses and strains,(2) tbe influ-
ence of internal friotion on the process of
deformation, as well as on the strength,(3)
the influenoce of the shear stress on the
volume strain (dilatation), (4) the corre-
lation between the strength and strain cha-
racteristics, and (5) the development of
the proceass in time.

In the general form the equation which
takes 1nto account tha above properties
will be:

for the pre-limiting state

& =16:,6. M,t); & =P 66: mit) 1)
for the limiting state
Ei=const ; 65 P(6%,m,t)

Here G, = intensity of tangential stresses
&; = intenaity of shear strains

6’°-§ (G¢4#6,76s) mean normal stress

(2)

f,:i- (&, +E; +€s) mean strain

263G, :63
("= éa-f-'aj

t~time

Lode parameter

Equations (1) and (2) represent the fact
that both the shear strain {3 and the volums
atrain depend on the stress deviatar &¢
and on the hydrostatic pressure Go . The in-
troduction of the Lode parameter descri-
bes the dependence of the deformation pro=-
cess on the kind of stressed state. The in-
troduction of the time factor describes the,
rheological properties of the soil. The tran-
sition to the limiting state results from
the condition that this state is due to the
fact that the shear strain reaches its limi-
ting value Elzeg. These equations are shown
as curves in Fig.2: the first curve represents

6 6,:0
4 10,70 T
%, )
@o'o <& —
¢ -, €,

Fig.2

shear strains at various hydrostatic pres-
sures, the secamd curve represents volume
strains at various shear stresses. ftquations
(1) and (2) may have various specific forms.
ixporimental data are best Yepresented by
powser (3) and hyperbolic (4) gaws of defar-

mation and by the power (5) and linear (6)

3



strength conditions that follow from these
laws:

o (H"‘Go )n A &2
or
&= 1 ! )
1" 5+ Vo ‘—f—'m't(l-s E‘;"s)]
G =B+ Go) (5)
orc; o=(B+ Go)tg ¥ (6)

- Here H and ¥ =Mises-Botkin parameters
corresponding,
H= resistance to hydrostatic compres-

sion,
= angle of friction an an octahedral
area,
n,m.O(,,A,T.g, B, A = parameters

A very important question is raised: to
what degree does the nonlinear oharacter of
the strain affvot the Lebaviowr of the s50il
in bases of structures? This question can be
answered by me ans of test data obtained by
A.L.,Mindich and the autkor.

Tests were carried out by presaing a strip
loading plate into a la¥er of clayey soil
lying on a rigid base. The deformative and
strength properties of this soil were inves-
tigated in a triaxiasl compreasion apparatus
and are described by equations (4) and (6).

Test resulte revealed (Fig.3) that al 1l the
strain characteristics of the soll were rep-
resented in the nature of the settlement vs
load curve. As a matter of fact,the shape
of this curve is a good approximation of the
hyperbolic relationship whioch is similar to
the one obtained from the triaxial tests.
The following can be pointed out: the rela-
tionship between the hydroatatic pressure Go
and the volume strain B, for the riven soil
could,according to the triaxial compression
tests,be assumed linear. It would be natu-
ral to assume that the settlement vs load
relationship obtained in the tests in pres-
sing a loading plate into the acll,ls deter-
mjned by a certain combination of the hyper-
holic law (4) for shear strain and the line-
ar law Gp =KE, for volume strain. However,
the shear atragn had a greater effect on the
character of the setitlement vs load relation-
ship which is discribed by a hyperbolic func-
tion such as (4)

=B A=l _E._ @
E, 1-P/Ps
where parameter 8= --‘-’é—b- takes into ac-
1+8/h
count

the influence of the thickness h of the layer
being compressed and the width b of the plate.

74
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It should be pointed out that the magnitu-
de of the limiting load ps is -included in
the settloment equation. This magnitude, in
its turn, 18 a function of the strength cha-
racteristics 'l and ¥ , and the thigkrpess
of the layer being compressed: Ps= (Z,i, 5/6)

Thus,the settlement vs load curve can be
described in the whole range of stresses,
including the limiting state,by taking into
account the nanlinear stress-strain rela=-
tionship and by introducing the strength ine
t0 this relationship. This enables the real
ﬁopgrtieﬂ of the s0il to be more fully uti=

zed,

Vice=Chaiman Dr.Yu.,K.Zaretsky (USSR)

Thank you Praf.Vjalove Now I pass the
word to Mr, Vinokurov (USSR)

Vinokurov E,F. (USSR)

The research of stressed and strained state
of non-homoyeneous aunisotropic bases had been
performed. The theory of the work is based
on the book "Iteration Method of Bases and
Foundations Estimation by Computers™ written
by the author. The "Minsk-22" computer prog-
ram for the solution of axially symmetric and
plane problems is composed,

The estimated diagrams of soil basis are
glven in Fige.I, the character of the common
strain modulus changes by the depth of the
basis being variousé 1) and 2) -&:hﬁ%kg/om
and E =E, =200 kg/an< is isotropic mellium;

3) stTra modul% woere changed within
Eg=200+500 kg/m< and Ey=200+500 kg/cm?;

4) modulus was increased with the depth,

Ey 13 constaht; 5) and 6) the both moduli of
common straln were changed by a step-like

law. Bhear moduli were pomputed using Barden's
formula and the normal formula of elasticity
gheor,g. Poisson's coefficient was assumed to

e O. .

The results of estimations are presented
in Fig.2. Compressive stress sheets for esti-
mated diagrams I and 2 coincide with COMPre 5=
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sive stresses computed theoretically as for
isbtropic basis.The step—like changes of the
strain modulus with the depth involve uaeven
changea in compressive stress sheets.In case
when the upper layer is more compressive

®

i?

than the lower one,the compressive stresses
in the second lager increase greatly (diag-
ram S)as compared to estimated diagram N 1,
An inversely,when the second layer is more

compressive than the first one,the compres-—
sive stress sheet decreases (diagram 6)e

0
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along the loadi.ig axis for:

1l and 2-strain moduli being constant;
3 - strain moduli being constant,but varylng in values.

In the presence of a soft intercalation,
the compregsive stresses sheet has jumps at,
the boundaries of the Soft layer.The epures
of the vertical translation along the loa-
ding axls are given in the right-hand side,
The curves based on dlagrams N 1 and N 2

cuaracterize the shaded part with the results

for diagram N 3.
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Compressive stress sheets and the epures of vertical translation

Conclusion: The theory of linearly atrained
isotropic medium can be used as approximate
in the determination of stresses in anisotro-
pic basis for constant values of E, and E
only,as well as for particular range bx/Eg
relation changes. ''his theory cannot be
used in determining the components of trans-
lation,
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Vice=Chairman Dr.Yu.K.Zaretsky (USSR)

Thank you very much Mr, Vinokurov
The next will be Mr, Yasuhara (Japan)

K.Yasuhara (Japan)

1) It may be said difficult to estimate the
secondary compression of peaty soil as well
as 8ilty soll at the field, However,we sup-

pose to be able to estimate it Yg applying
the third expression in Table 1

proposed by us taking a
permeability between primary and secondary

to coeffi=-

cient of consolidation cI. Thedigpresaion was
arge difference of

compressions in consolidation. When we use
this expression, ¢y value shows approximate-
ly constent independently of the height of

spec imen,

2) We have found a fact that +the consolida-
tion of soft subgrade of road is progressed
under repeated loading of Lraffic,and they
made clear in laboratory that repeated loa-
ding brings about a large secondary compres-—
sion, by using an oedometer not only in 8il-
ty s80il but also in muck. However, its effaeot
in muck was smaller than in silty soil. Alao,
we have found another fact that precompres—
sian is increased with increasing of over-
consolidated ratio in both soils,

3) It can be sald important to investigate
the difference between. the secondary comp—
ression rate in muck under the one-~dimensio-
nal consolidation of laterally confining,
that is, K4- consolidation, and the shearing
creep rate in it in triaxial consolidation
to whigh lateral deformation is allowed.
Fig.ll) shows the relation between effective
stress ratio and logarithmic creep rate. As
seen from the figure,the two significant po-
ints are indicated as follows t 1) The value
of shearing creep rate is different from the
one of secondary compression rate, ii) #hem
we compare the shearing creep rate after iso~
tropic consolidation with the one after un-
isotropic consolidation, the latter is lar-
ger than the former, Thla difference may
be slgnificant at the field because its stress
condition 18 similar to the latter.

Table 1
Treatment of Secondary Compression on Oedo-
meter Toest

1) Terzaghi
— K
C =
Voo My fw
Cv: coef .of consolidation in total proceas
m,: coef.of compressibility in total process
2) Japanese Society of SM & FM (Prof.Mikasa)

= .Mhy) = K r =¢’ -r
S My fw My My & w v

where, my: coef, of compressibility in pri-
mary compression,
C'_ 1 coef.of consolidation in primary

oompression,
r ¢ primary ocompression ratio
3) The writers
k. m K+ |
C = ) . Vi, s C”. r—-——
v My Ew m, k) v o
o« al
k!

where, klz coef, of permeablility in primary
compression process
kZ: coef, of permeabiliéy in secondary
compression process,

C"vz coef. of consolidation in secon-
dary c¢ompression
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O Swaring cresp rate ofter anisotropc
consolidotion (K =041),

© Sheoring creep rote after isotropic
consolidation ( K = 1.0 ),

@ Seconday compression in K- consoli-
dotion. °
Sample ;

Gg:238 , W,_1695% ,
Orgonic matter content -

1,/ 883%
158 (%)

Logarithrmic cresp rote in of 7d logt or dE/d Togt (™)

25 30
Etfeciive stress ralio Z 4/ ¢
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Vice~Chairman Dr,.YusK.Zaretsky (USSR)
Thank Iou Mr. Yasuhara, Now. Mr, Thamm from
FRG, will you, please.

B.R.Thamm (FRE)

Mr.Chairman,ladies and gentlemen,

25 report is restricted on the calculation

initial settlements and initial excess
pore pressuraes developed during undrained
loading of a normally consolidated non-eensi-
tive clay.

The stress parameters selected for repre-
senting the state of stress are in terms of
octahedral stresses, where 4G oct 18 the
change in the mean normal stress
and AT oct is the c. e 1n shear streas.
The term A HENKEL uses in his pore
pressure equatian is supposed to be ma-
thematically wrong since 1967, but this equ-
ation unfortunately is used stlill in 1973 by
many authors,

For practical purgosas up to a stress level
of 0.5 (where the stress level is defined
the current value of (Gs —~G3 ) over(6s-Gh
at failure or better a factor of safety of
2.0) Ay =4G ot and we have an almost
linear elasti8 solution of the probleme

For stress levels between 0.5 and 1,0 how-
ewer, we use a non-linear elastic approach
similar to DUNCAN and CHARG in combination

with a non-~linear pore pressure response,
where the pore pressure parameter is a
funotion of the current stress level. The
halfspace investigated by a finite element
program consists then of a non-homogeneous,
non-linear elastic, 1lsotropic,saturated and
porous media,

The first slide shows the initial central

i (W 19 i ! I riied feetiay
Prenra
q
Lo
s < | —— ]
~ | e
- e s m
~ L Vireer sle N e
. e cpro. 18 A "o
L |
! N
.
. L_'ﬁ_._. +
o ¥ s
. PR N | -
N 5% of 1 1ced
“ ' - ez
' o
. '
.
{en y -
F . -
: AT
L 16vel yiantie
! ‘e 1WLUENCL OF EISE OF LOAD IACAGMESTS T L1AS-SITTLENUNT CLAVE
-

settlement of a circular footing over the
applied footing pressure and compares the
results with an ideal elastic-plastic ap-
proach. You may note,that the finite element
model with above assumptlons is somewhat
stlffer beyond 0,25m settlement than the
ideal elastic plastic approach,

Load increment £ isd.0 /i
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WORMALIZED EXCESS POURE PHESSURE DISTRIAUTION



Here, the discretization technique has to
be developed and investigated more clearlye.

In the second slide the excess pore pres-
sures AU are normalized by the applied foo-
ting pressures for different load increments.
Load increment 2 being in the almost linear
elastic range and load increment 6 being in
the plastic range.

It is felt that one of the most important
developments in soil mechanics today is the
increased use and study of field measurements
and their relation to soll properties,

I hope that the developed program may fur-
nish the engineer to study field measurements
and thelr relation to results of laboratory
tests., Thank youl

Vice~Chairman ur.Yu.K.Zarétsky (USSR)

o BTt Ok s (AR 1328

V.I.Solomin (USSR)

Here are given some results obtained re~
cently at the Chair of Structural Mechanics
of the Cheliabinsk Polytechnical Institute
under supervision and with participation
of the Researoh Institute of Youndations and
Underground Structures in Moscows

The problem of action of a circular rigld
plate or a rigid strip on a sand soll was
solved by using symmetrical loads. For this
purpose physical equations were applied,they
were obtained in the three-axes—-pressure
instrumeats and establish the relationship
between the invariants of stressed and de-
formed states. By calculating there were re-
vealed some phenomena earlier observed only
in the experiments,they are: the transforma-
tion of the diagram of reactiom pressures
from a saddle-shaped to a parabolic one,when
loads inorease; the more rapid,than in a li-
nearly-deforming half-space,attenuation of
vertical displacements,deform tions and stres-
ses to the depth; the formation of a rigid
core and some others. The problem was calcu-
lated in the displacements by am el ectronic
computer using tho method of finite differen-
ces,
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Fig.l shows the diagram of reaction pressures
under the circular plate,they are the ratio
between actual and average pressures, I is
the linear solution for a half-space,2,3 are
the non-linear solutions with average pres-
sures of I and 2 kp/cm2 respectivelys

The results described as well as the
data of other investigations indicate that
the equations of continuous medium and the
methods of deformational theory of plastici-
ty are acceptable for 3ad solls.

Another problem takes into account the non-
linearity of deformation of reinfarced conc-
rete foundation structures. In most investiga-
tions devoted to this question the limited
stales of strength are cousidered in various
forms. It is necessary to develop the me-
thois of calculation of internal strains and
displacements occuring before plasticity
moments appear,since the requirements af
crack-resistance and the restriction of mu-
tunl settlements are more strict than those
of strength and usually determine the amount
and diameter of reinforcement.To solve this
problem there were used physical equations
suggested by the Research Institute of Conc=
rete and Reinforced Concrete in Moscow.These
equations give the opportunity to apply the
methods of deforuational theory.The investi-
gations done by an electronic computer in-
dicate good co-relation between the results
of zhe calculations and those of the experi-
ments.

The data obtained for beams and circular
axial-symmetrically loaded plates show that
even in those cases when stresses in the re-
inforcement do not reach a yield limit and
the pressures on soila do not exceed normati-
ve ones, the differences between the results
of linear and non-linear solutlons may be
significant. It is explained not only by the
decrease of the rigidity of a foundation:
structure bur also by the change of the re-
action pressures. '

Fig.2 shows the diagrams of bending moments
occuring ln the circular plate resting on an
elastic half-gpace and loaded with a ring-
shaped load. The dotted lines are the linear
solution,the solid lines are the non-linear so=-
lution,

The application of th~ non-linear physical
equations of deformation of soil and 1ounda-
tion structures allows to reveal significant
reserves of atrength of footings and founda-
tions.

Vice=Chaiman Ur.Zaretsky Yu.K.(USSR)

Thank you Mr. Solemin.Mr. Uriel will you
please make your discussion

A.00Uriel (SpaLn)

It is a well knowm fact that if we carry
out drained cylindrical triaxial tests on a
given sand, for different density conditions,
we get stress-strain curves of the shape rep-
resented in Fig.l. The dotted lines corres—
pond to the common definition of axial strain,



k7

LOOSE SAND

o~
5 PEAK STRENGTH
s
o ENSE SAND
(2]
w
4
& RE SIDUAL
§ ——====1=" STRENGTH
g
>
4

AXIAL STRAIN &

At
lo

LdL
d€ N

—-——— €

FIG.1

in other words, with relation to the initial
length of the sample. The oontinuous lines
correspand to the defimition of strain used
in this discussion, related to the length

of the sample at each instant of the test,
Dense sand exhibits peak and residual
strength, whereas loose sand has only resi-
dual strength. There should be a certain
oritical initial density which separates the
two -kinds of behaviour.

The first derivative of the stresas-strain
curve with respect to the axial strain glves
the variation of the modulus of deformation
in the direction of the maior principal
stress with the axal strain (Figd. The
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tangent modulus for the peak strength,in the
case of dense sand,is equal to zero and it
is negative from this point onwards. The
tangent modulus for the residual strength is
again equal to zero,

Consider the problem of the vibration of a
mass suspended from a spring,with a damping
force proportional to the displacement velo-
city, for the particular case in which the
damping parameter is equal to the square
root of the spring constant (Pig.3). If we
plot elongatian against time,we get the cur-
ves of the figure, depending on the magni-
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tude of the damping parameter with relation
to a certain value called critical damping.
There is a large silmilarity between these
curves and those of the previous figure. So,
the role of the initial sand density in the
stress-deformation process is equivalent .to
the damping in the problem of the vibrations,
The canonical form of the differential equ-
ation of the damped vibrations has been writ-
ten in the figure. By analogy,we can suppose
that the stress-strain relationship of the
sand under the cylindrical triaxial conditi-
ons ig governed by the same differential
equation, in terms of the tangent modulus:

2
eE GE_ 2 .
;.ET+ aAdE + A“E=0 (\>0) (1)

where \. is an intrinaic constant of the ma-
terial,likely related to the shape and size
distribution of the grains.

Let u)=—ﬁ°/E°. where E, and Eo are,respeoti-

vely,the initianl tangent modulus and the ini-
tial value of its first derivative,

Should the parameter)\of the dlfferential
equation be less or greater “than W ,there
will not be peak strength,



Let r_ denote the ratio between the initi-
al density of the sample (after intro-
ducing the cell pressure Gy ) and the criti-
cal density,which determines the existenoce
of peak strength. Then, r, is greater than
one for the dense sampies and less than one
for the loose samples.Therefore,w/A=f(f>0)

is a certain function uf the ratio
Toe 8SUCh that J;- 1l has the same sign as
r -10
oAssuming that the residual strength is a
material property,which does not depend on
the initial conditiona of the test (cell
pressure and initial density),and taking in-
to account the condition G'; equals Gz for
equals zero, we can integrate the dfffe-
rential equation (1), obtaining the following
expressions for the éangent modulus and the

deviator stress:
AC3 zein fr X[, Aa-2)] @

(2- o) 1-sin fr

2s8in @
oA -—E—-—rs;(i)
l-sin 3,

616 = 1o -AEEJ%E

The initial tangent modulus is:
o ,st 3 2 sin ﬂr
(<]

(2_§°) l-sin ﬁr

)

Equation (4) shows that E, is proportional
to the cell pressureG and increases
with the inoreasing 1n?tial density,as ex-
pected. Since E, bas to De poaitiva.,ﬁ, €2,

'the expression for the devialor stress cor-
responding to the peak strength 1s:

4
A 2si
(64—63)p’(4+ﬁ’ T -smy‘"
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and it follows from equation (5) that:

Se "

-1 sin ¢
(+] f l-Bin pr

(e)

It may be seen that the peak atrength only
depends on the residual strength and the ini-
tial density of the sample,and does not de-
pend on(a, 8ince the Mohr—-Coulomb failure
criterion” has been assumed,

The necessary strain for the peak strength
is:

S
& A@-1) ?

which decreases with the increasing initli-
al density and does not depend neither on
G3 nor on P

The 8
consatitu

in
a_.—“i.—: (1+

l-8in ﬁp

)
?ve equation of a granular material

sted semiempirioal approach to the

is not as simple as it would be deslrable,
but reality is more camplex. Compared with
other expressions slmpler than,this one,
such as the well known Kondner s hyperbolic
stregs-strain relationship, is has the advan-
tage of being able to agcount for the exis-
tence of peak and residual strength in the
densest conditions,and it may be useful in
analyeing certain froblems involving large
deformations, for instance the stability of
residual slopes,

Finally,it is interesting to say that the
volume change during the test may be predic-
ted in a similar way and, even,that this me-
thod can be extended to any stress path,bg
using a more general linear second order dif-
ferential equation with the appropriate ocoef-
ficients, which depend on the incremental
tendency of the stresses and are lnvariable
as long as the ratio of the stress increments
remains unchanged,

Vice=Chairman Dr.Ju.K.Zaretsky (USSR)
Thank you very much Mr.Uriel.

At the beginning of this Session we heard
Professor Poorooshasb's report. He suggested
two problems for dilscussion.

Let us formulate them agaln.

1) what is the nature and the form of the
yleld surface of soils? Does a yield surface
traced in a stressed space contain a space
diasgonal?

3§ The discrepancy between prediction by
means of the classical Terzagnhi theory and
prediction by means of experimental data is
usually explained in the majority of cases
by the inaccuracy of the initial information
regarding the soll factors involved rather
than by the inadequacy of the simple classi-
cal theory.

I now ask all tnose interested to take
the floor and express their opinlons on these
two problems, Mr, Mustatayev, will you,
please,

Mugtafayev A.A. (USSR)

The solution of non-linear problems of soil
mechanics of strained bodies as applied to
foundations on so0il i8 known to involve con-
siderable mathematical difficultles,thus Jus-
tifying the development of en 1neering methods
of their solution using the simplified foun-
dation modela.

In this communication,based on the princi-
pally new method of equivalent transformati-
ons, the method is reported for calculation
of foundation sett (according to the se-
cond threshold state) with consideration of
the real non~-linear regularity of soil medi-
um strain.

As a basis of the problem formulated ser-
ves a model of a medium consisting of soll
with a hypothetic property canvenient for
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calculation and differing from the real one
by the fact that the regularities of linear-
-~deformable uniform isotropic body are ap-
plicable to it in the whole range of stres-
sed state, to each stressed state of the
nonlinearly deformable foundation soil in qu-
estion (Curve 1) corresponding univocall

quite definite hypothetic state (Curve 2),cha-

racterized by linear strain module E and Po-

isson ratio Y (Fig.1). The real soil is
6
' én €
< K
\ t-te
£t 6!
4

Fig.l. The calculated diagram of the YEqui-
valent transmissions" method

declined from its hypothetical state star-
ting from the limit of proportionality (po-
int K) because of formation of strusturally
irpreversible strains in it,

The conditions relating the stress-strain
state of the two foundation soil models un-
der consideration, may be expressed both ac-
cording to strain and stress depending on
the problem in mind. The problem is solved
using a phenomenological method which allows
construction of a strain-stress curve for the
foundation soils concerned based on experi-~
mental data, and relating it with the linear
behaviour of a hypothetical medium, The
condition of soil strain adequac{ in its two
stressed oonditions under study leads to a
formula for distribution of packing stress
along the structure axis in the nonlinearly
stralned soil foundation:

%, ( 72 V50 R (£ pe@ Py

Here o{ and
ar strain o
by rectification of the experim
cu.rve.agproximated by the e=o(&"
on the logarithmic coordinate grid.

The G (z) function determines the verti-
cal stress distribution in the foundation in
keeping with the solutions of the theory of
uniform linearly strained body.

In case of unidimensional stressed state
of the foundation the experimentally found
strain-stress relationship for scils is a
compression curve. If in this case the foub-

dation contraction due to compression, is

are the parameters of nonline-
‘the foundatiaon soil,determined
tal €—- G

function

been as a two-dimensional stressed state
the intensity of the load applied may be
presented in the form

G(z)=6 = Sx*6y
7+ €
For a three-dimensional stressed state one
has :

G (z)=6'= 2% ’;?;ga

where ;: 7—2—;- is a coefficient of soil
lateral pressure.

The values of design parameterSc( /3 and
15 for the case of foundation loading' con-
cerned may be determined from the € -G cur-
ve constructed based on the data of field
testa which were made using an expgrimental
load of a standard rognd (F=600 cm<) or
quadratic (F= 5000 cm<) die. .

To study the regularities of nonlinear
80ll strain under unidimensional and three—
dimensional stressed experimental study was
made in laboratory conditions,

Evaluation of data obtained in numerous
experiments with cohesive soils of undistur-
bed struoture made on the stablilometer show
that the €~ @G, curves are similar to each
other over the whole range of variation of
borizontal main stress value (G, =6€5)

i.e. these curves are obtainable from ane
curve, for example,for the case of unobstruc-
ted free lateral expansion (G2 =63 =0)~
by multiplying its ordinates by some value
being a function of horizontal main stress.
Therefore the €-~G rolationship for the
spacial exdally symmetrical loading of foun-
dation soll may be presented a produoct of
two funoctions of which cne G¢) is a
function of only vertical main stress, while
the other Y (6,<6,)0f only horizontal one:

o= Y(6,) % (6226'5)

For the adopted powser approximation aof the
3’6; function graph, (2) is presented as:

e ’O((Gz =6'3)6'1 °
where 8¢ is a parameter of experimental
parabolic €-6y curve camstructed usi

the data of soil testing under the conditions
of unobstructed free lateral expansion,

AB theeé-Gycurve obtained based on the
compression testing over the whole variation
range 222G crosses all the curves af
the @-6&, family for axlally symmetric
loading of the same kiml of soil (Fig.2),
it 1s possible to determine the of para-
meter from the data of two simplest tests-
compression and crashing at G2 »G3 =0

The setting of a separate footing on a
nonlinearly strained soil foundation may be
calculated, on an analogy with the formula
accepted, using the expression:
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S= % h,d, 1ln _6_-:‘—&2 (%
i=1 1 ko 6°

whoere n is a number of horizontal layers con-
stituting the compressed foundation; h) is a
thiokness of the f-th so0il layer; 6 4 15 a
natural pressuge in Lhe middle part of the
given layer; @G (Z)- vertical normal pressu-
re in the midale part of the given layer,de~
termmined from formula (1); 4, - relative

o

compression coeffiolent,determined for the
i=th layer as an angular coefficient of semi-
logarithmic graph of compression curve,

The proposed method of calculation of
structure foundation strain presents no spe=
cjal difficulties,being very simple and al-
ways giving reliable results.
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Vice~Chairman

. . K.Zarataky

—— e P I w2

(NSSR)

Thank you ¥ery much Mr, Mustafayev. The next
will be Mr. Gudehus G. (FRG)
Gudehus G., (F R G)

The questions ooncerning elastic range
raised by Praof . Poorooshasd can be partly
answered for sand under cuboidal deformati-
ons in our apparatus. Strictly speaking sand
has no elastic range at all: due to the non-
linear behaviour of the individual grains
non-dissipative continuations of strain his-
tories are impossible. However, there are
ranges in stress space that can be reached
with rather small dissipation (pelow 20%
of the total work, say). The boundary of sudch
a range ("yield surface") is not very marked.
It is state-dependent and generally non-iso-
tropic. As far as we have made tests it con-
tains the diagonal in stress space. For fur-
ther details see our contribution in Proc,
Symp. on the Role of Plasticity in doil
Mechanics, Cambridge, 1973.

Vice~Chairman Dr. Ju.K.Zaretsky (USSR)

Thank you Mr, Gudehus. Then I want to inw¥ite
Mr. Rochette (U.K,)

P.A. Rochette (U.K.)
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Summary. In addition to the very elaborated ,
mathematical formulations of a non-linear . °
response, it is proposed that there is room
for progress from approaches using simpler
tensorial models and realistic parametric

representations (including the struotural pro-

perties). For accurate results,the comple-
xity of the model appears less efficient
than the degree of representativeness of the
test procedure and boundary conditions. This
is illustrated on a simple usual model and
new basic non-linear properties are proposed.

1, Principle of solution for non-linear
materials, ﬁﬁen the response o 8 80
rock 18 non~linear, i.e.varies with the
straln, all the points of the soil mass give
a different answer,and the principle of su-
perposition does not apply. It is necessary
to integrate compatible stresses and strains
all through the mass in order to satisfy the
laws of motion and the mixed boundary oondi-
tions. The stepa are the following: -

a) Choice of a_stresg-strain relationship
framework. A preliminary study of the mate-
rIal should enable the choice of one or se-
veral approximate basic behaviours for which
solutions for stress and strain distributions
in a mass exist; for instance the material
can be tentatively considered as elastic,
viscoplastic,etc.

b) Testing programme to measure_the constitu-
tive parameters of tThe materlal. Only when
the Dehaviour Iramework has been chosen,the
parameters can be separate in speclal tests,
and measured. A testing programme of measu-
ring typical soil behaviours (shear,triaxial,
consolidation etc) wauld produce the overall
oeffect of unknown paremseters in unknown pro-
portions, as long as the empirical data are
plotted without the guidance of a framework
model. The relatianships empirically fitted
do not represent intrinsic properties; they
depend on the test procedures. Unless a fini-

Py log P P P

or

log P

te strain and stress incremens can be divided
into 2zom s of different mechanisms (the same
zones for all the varia bles chosen, in order
that each zone represents a unique particu-
lar mechanism), the parametric method is
arbitary and would give nonreproductible
results. An approximate, although ccherent
and basic approach for parametric represen-
tation will pe described in a following pa-
per.

4. Account for mm terial anisotro and
structural properties, In the case of satu—
rated so1ls and rocks,a. complex structure cen
be represented at least approximately using
constitutive properties which are directional.
For instance C.R.Calladine, 1971,distingui-
shes different ratios of eiastic and plastic

deformations according to the direction
around a given locatian.

5. Representativeness of the model for the
real Toadin;; conditlons and chanpges of beha-
viour with tlme., Practically the simples usu-
al stress-str relationship assumes a
straight line in the diagram "e-log p" (or
preferably volumetric strain "v'=log p). How-
ever the following comments show that sucha-
line isa highly variaple with the material and
the engineering problem: a) Interpretation

of the test_curve,

The diagram consists of a network of lines
(1) and (8) whioh each corresponds to a
different age (or history) of the mmterial
(see points a, a', a" in figure la)

The rebound lineB) is not necessarily ho-
rizontal éL.Bjerrum, 1967) nor nearly ho=
rizontal (L.Bjerrum, 1973),as shown on a
typical figure la. There is & locus (q1)
for the critical pressures. A slight change
of histo (change of line a" into a"p in
figure lc) could affect cwmsiderably The
value of the c¢ritical pressure.

- Figure 1lb illustrates how different histo=
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(c)laboratory load curves.



ries of erosion and deposition frou the
same state a% produce states which are all
situated in the locus (8") or (1").

A laboratory test carried out at a certain
rate corresponds to a line (8') and (1'),
that is to a certain time rate t'. Differ-
ent curves will be obtainéd on figure lec
depending whether the history of the mate-
rial in the field has a rate slower than
the test (curve 1"), or faster than the
teat (curve 1"g).
bit large variations for the critical pres-
sSure.

b) Basic_properties_from the constitutive
glagran

- Figure 2a shows how the material may exhi-
bit a consolidation or a heave,depending
on the previous history.

(109 P)

The differeat curves exhi-

The intersections of the critical pressure
locus (q)1) and (Qg) with the extreme pres-
sures determine ghe existence and the va-
lues of bthe maximum and minimum porosit

of the material for its given history. The
line (lz) and boundary conditionsj and even
a corregt integration throughout the mass
would lead to non-representative results,
unless if the sample and the tests excep=
tionally happened to be a true scaled-
model of the mass and engineering problem.

¢) Behaviour of the mass of the material un-

der_given or changiig boundary condltions
Since non-linear behaviours lead to relative-
ly complex formulations,the benefit of this
more accurate and realistic method would be
lost 1f excessive simplifications are used
in the determination of the mass behavioure
The classical numerical methods should be

Po (logP) pPg

(a)

3 \,
storage

v, field
Vﬁ sample

1

FIG2 Computation of:(a) time effects; (b) critical pressures q and extreme densities

(c) sampling effect.

considered, in particular the finite element
techniques for non-linear media. The numeri-
cal methods are summarised and selected for
instance in J.T.0den,1972, chapter 17,
a) Proposed solution for usual soils and
rocks, The simplest model assumes that 1T
The stress increment teusor (co-rotaticnal
streas rate), is a linear function of the.
strain increment (D is the stretching),
through the linear operator H(T). This cons-
titutive equation of ?y o-elasticity (C.Tru-
esdell, 1955) =H(T) pf » applies in any
$aae of anisotropy and non-colinearity of
2,T and D, providing that the model is repre-
Sentative of the material,in which case H(T)
is found an isotropic fuuction of T, Then the
stress increment can be represented by a form
of the second order in T(T;Tokuoka,19/l,equ-
ation 4.7), and the function H(T) can be
determined by experiments (the pacameters are
ge{éged in T.Tokuoka,1971, equations 4.10 to
The representation of the egquation for the

computation of T in the above tensorial form
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engbles a direct calculation of T whenﬂg_and
D are given,without any assumption on e
normalfty conditiona nor on colinearity bet-
ween the principal directions,

e) §im§;if;gg;gg}atiggsh;2. The following
conatitutive equation {3 useful for common
soil and rock engineering problems:

fca ftr D}1+ b ftr D T+ c D+ a(pr+ M
a,b,c,d are functions of the principal stress
invariants.

For a preliminary solution d can be neglec-
ted when the history of the soil is not too
complex (e.g. not 00 overconsolidated ),

2+ Rigorous solution for non-=linear soils

and rocks, The use of & "materlial element"
wﬁicﬁ 18 not oversimplified (infinitely small.
anisotropic,etc) is necessary to take account
of such phenomena as yield,hysteresis,gene-
ralised plasticity, imperfect memory. The

use of "interinsic stresses and deformations®
enable oonstitutive equations which are fra-

me independant automatically. This approach
is described in W.Noll,l97ét PP



5e¢ Parametric representation of a non-linear
behaviour. A parametric representsalion 18
often used to simplify the computation tech-
niques using finite elements. The accuracy
of the results depend an the convergence
(difficult to appreciate), and practically
on the physical reality of the simplifying
representations, Represents a closed cycle
(with identical rebound) as would bhappen af-
ter a very long time,at a geological scalse.
~Figure 2c shows the considerable variation
of the critical pressure and amount of volu-
me change,resulting from the history of an
tundisturbed" samplinge.
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¢) Basic_propertiss_for rebound and reload

conditions.

="The rebound (5) may vary between the elas-
tic and plastic cases (Begfigure 3a).

- The reload curves produce cycles as in
figure 3b

= A load and reload curve exhibits a three
slope oonfiguration whenever the pressure
step is large enough (see figure 3c)

d) Computation of the deformation.

= It is aceepted that the curve e-log p 1a
close to a straight line (fig.4: )

Now it is proposed that the curve e~log t is
approximately a straight line (fig.4b)

~The deformation involves three components as
as 1llustrated by figure 4c: the histary
cgmponent,the pressure term,and the time
effect.

™

FIG 3 Mechanisms for(a) rebound; (b) reload;(c) typical curve with 3 slopgz(po«q)
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Vice-Chairman Dr.Ju.K.Zaretsky (USSR)

nk you Mr. Rochette. Mr.Ivashohenko,
;l!'imu y%u please, make ;our contribution?

I.N.Ivashchenko (USSR)

Prof.H. Poorooshasb has touched on impor-
tant aspects associated with application of
flow theories for soils,

Our communication has dealt upon some spe-
cific features of the loading locus: conve-
xity, smoothness and asymmetry relative to
the spaoe diagomnal, Sand and clay soils test
have shown that drastic change of the loa-
ding direction causes not anly variation of
the shape and dimensions of the loading lo=
cus; but also the displacement of the whole
locus in the space of stresses. And the en-
velope Of all possible pusiiivus of Lbe
loading loocus is the limit surface,characte-
rising the strength of soil. It has been es-
tablished that limit surface is not a symm-
etric function of three invariants,but 1t
depends on the principal stress ratio., The
position of limlit surface is not significan-
tly influenced by the stress path inc¢luding
the paths of unproportionate streases.

At all possible displacements of the loa-
ding locus,space diagonal does not go beyond
its limits, At the sam® time the characte-
ristic feature of soils is their plastic
strains due to hydrostatic pressure. As a
consequence of this loading locus is closed
and convex in the direction of space diago-
nal and touches it from within.

The authors expresa thelr thamks to Prof.

Poorooshasb and Dr.Yu.Zaretsky for their

attention and comments to our communicatioxr—y

Vice=Chairman Or,Ju.K.Zaretsky (US3R)
Yu.KeZaretsky (USSR)

Concluding Remarks
Dear Colleagues,

Our Session has come to an end. We have
heard five planned reports and nineteen pexs.__
sons took part in the discuasion. The aim o g~
our Specialty Session was to discuss prob-
lems in soil mechanics that deal with the
nonlinear problems of plasticity,creep and
consolidation, and the application of theox~~,
to design. #¥e had no iunlenlivn of covering
lhe wulire scope of exiating problems. The—
refore,three problems were proposed for dis
cussion: N p

1, Computation algorithms for a nonlineax3) 3
deforming soil base. =

2. Analysis of the computation results,

3. Consolidation of nonlinearly compressi yy.__
le water-saturated soils.

The discussion revealed that a great nunb e o
of investigators are intereated in these
problems and we had the opportunity of beco..
ming acquainted with new solutions in this
field. However, we thought that there would,
be a more lively and interesting discussion
on problems concerned with the working out
computation algorithms and new research in
the application of numerical methods for sojz.._
ving problems in nonlinear s80il mechanics,
Only Mr.Wroth (Great Britain) and A.L.Goldip
(USSR) spoke constructively on this problemg
A.L.Goldin's and A.P,Troitsky's report dealy
with the application of the finite-elements
method to a physically nonlinear elastic me-.
dium. The possibility of efficiently apply~
ing the finite-elements method was shown fop
cases when the stresses and strains are as-
sumed to be expanded in a series with res-
pect to the mmall parameter.

In the discussion V.I.Solomin (USSR) re-

ported ocn the sclutiocns of several urgsat

problems in soll mechanics making use € the
finite-differences method. Problems were sow.
lved for physically nonlinear media having
substantial nonlinearity. E¢F.Vinokurov
(USSR) reported on the results of calculatiopg
on nonhomogeneous anisotropic bases in the
elastic zone, using the same finite-differen.
ces methode B.R,Thammn illustrated the appli-
cation of the finite-elements method for de-
termining the initial stressed-strained state
of a base and the jinitial excess pore pres=-
sure, which is related to the stress devia~
tor and the spherical streas teansor. Howevep
it should be pointed out that many mathematii
cal aspects of utilizing numerical methods
for problems in the calculation of physically
nonlinear media were not brought up in the
discussion. Such problems as the convergenoce
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of the iterative process to a precise soluti-
on, as the existence and uniqueness of Bolu=
tions were not mentioned at all. To our
regret, the local variations method,worked
out in the USSR, was not mentioned in the dls-
cussion, as well as other variational-diffe-
rences methods.

At the same time,many reports dealt with
the farmulation of the physically nonlinear
relationships applicable to so0il systems.,

Although this problem was not proposed for
this Seasion, I fully agree with the speakers,
sinoce in the final analysis this 1s the most
essential problem., Here we can note many in-
teresting reports presented by A.Drescher
(Poland), J.Feda (Czechoslovakia), Prof.Ki-
siel (Poland), R.Marsal (Mesico), A.O.Uriel

(Bxain).

pparently, sufficlient material has accumu-
lated at the present time to discuss this
problem separately. To our regret,the problem
of equations of state for soil systems is
stlill far from being solved.

I want to thank Professor L.Suklje (Yugosla-
via) and Professor M.Mikasa (Japan) for their
very interesting reports on the problem of
nonlinear consolidation and Profeasors
T, Yamanouchi and K.Yasuhara (Japan) for their
remarks on secondary consolidation. Prafessor
S.SeVyalov (USSR) presented laboratory test
data on pressing a loading plate into a lay-
er of clayey soil lying on a rigid base,

He approximates these test results by a pro-
posed relationship. In his report Professor
A.Mustafaev (USSR) sets forth an engineering
method for determining settlements of a base,
whose s80ils are subjeot to nonlinear laws of
deformation,

It is impossible to deal in detall with
all the remarks made in our discussian. It
will be expedient only to point out that
the discusslion concentrates our attention in
the future on the following: (gq) to expedi-
ently intensify the investigation of actual
mechanical properties of soils with the aim
of obtalning generaliged equations of state;
(b) to continue working out computation al-
gorithms on the basis of the finite-elemants,
the finite-differences and the variational—
differences methods,that have Justified our
expectation in practioce;(e) it is essential
to continue the investigation of problems de-~
aling with the oonsolidation of highly comp-
ressible solls and to work out methods for
calculating their settlements and the intera-
ction of atructures with a base, made up 'of
water-saturated soil,

In conclusion it should be emphasized that
the interest exhibited by specialists to the
subject-matter of Special Jession No.2 can
be explained by the fact that it becomes mo-
re and more evident that it is essential in
designing bases and foundations of struotures
to take into account the actual mechanical
properties of soils,

It is my opinlon that this Sesaion was
useful, fruitful and timely,

Allow me to close our Session,Thank you.
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H, Aboshi (Japan)

It is very important to establish the law of similitude in the
consolidation of clay including the secondary or creep settle-
ment, in order to apply consolidation test results in the laboratory
to the settlement prediction of actual foundations. There are
many theories on the secondary consolidation, however experi-
mental endorsement on these theories usually stands on the
oedometer or triaxial test of small size. There seems to be the
lack of data which fill the gap between iaboratory test results
and field observations. In order to make clear the change of
settlement characteristics with the thickness of clay layers, in-
cluding the effect of secondary consolidation, a series of oedo-
meter tests using different specimen sizes were carried out. The
ratio of thc diamotor to the thickneee of each specimen is k~pt
constant, to avoid the different effect of friction and stress
distribution on the side wall. The oedometers used and the
method of loading are tabulited below,

No. | 2 3 4 5

D cm 6.0 111 60. 120. 300.

H cm 2.0 4.8 20. 40. 100.

Load Loading Lever | Hydraulic Pressure | Direct
Loading

Place Laboratory In-situ

Careful und long lime preparations have been performed to
obtain homogeneous thick clay specimens for the present inves-
tigation. A trench of 10m x 15m with 1.5m of depth was
cut in the surface sand layer in our University and filled with
a sedimentary marine clay from Hiroshima Bay, in perfectly
slurry condition. This artificial clay layer was consolidated more
than 6 years with a thin sand layer on it, to make this test fill
homogeneous and to recover the structural strength among soil
grains to a certain degrec. Average physical and mechanical
properties are as followed,

Clay Silt Sand
27% 68% 5%

LL PL PI G
100.2% 58.2% 42.0% 2.65

. wn qu
80.0% 1.5t/m?

There ate many factors which influcnce the rate of secondary
consolidation, the consolidation pressure, preconsolidation, sus-
tained loading, temperature, rate of increase in effective stress,
sample thickness, side friction, etc.!”

Care has been paid on these factors, to clarify only the effect
of sample thickness on the settlement characteristics.

Loading steps were kept perfectly same in each test. Alter
preliminary consolidation, which is necessary to perform the
comparison test in a normally-consolidated region, settlements
of long duration by one loading step from 0.2 to 0.8 kg/cm?
lor each specimen are smeasured and compaied. To avoid the
effect of sustained loading, preliminary stage was limited up
to the end of primary or 100% consolidation, and to decrease
side friction, silicone oil was used. To keep the temperature
dnring the experiment constant was impossible because larger
ones were performed in-situ,
the year that the temperature change was very small, at least
during the primary stage. ’

Settlement curves are shown in the Figure and the main con-
clusions obtained are as followed,
1. The value of ¢, obtained from the consolidation curves
somewhat increases with the thickness of the specimens. So
the prediction of consolidation of an actual clay layer from the
standard oedometer test may underestimate its settlement rate,
2. The final settlement at the 100% primary consolidation
increases with the thickness, owing to the secondary consolida-
tion contained in the primary stage.

3. de/d logt or the gradient of the creep strain in each test,
gradually decreases to a constant value, so the creep settlement
curves of every tests become almost parallel in their final stages.
4. However lhese creep settlement curves do not coincide in
one line on the creep curve of standard oedometer lest, as shown
in Suklje’s Isotaches theory.?)

5. This seems to mean that the s.ate of clay structure at the
end of hydraulic retardation may be affected by the effective
stress history or the duration of primary stage, and on the other
hand, the rate of creep settlement may not be affected by it.

REFERENCES:
1) MESRI, G. (1973), “Coefficient of secondary compression.”
Jour. SM. ASCE.
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VOLUMETRIC FRACTURE OF SOILS - AN EMPIRICAL
APPROACH., A, P. Alexiev (Bulgaria)

4 physical theory of soil strength was ex-
posed in brief recently (Alexiev,1970). Its
basic concept has been that a"fracture sur-
face" defined by ratios of gaseous, 1liquid
and solid areel contents begins to develop
long before the occurrence of soil failure.
A fracure governing relation was obtained:

(ng ) ¥B] (1)
(W /g )/’(t) Temperature

where Wg,W1,Wg are soil phages contents on
the fraecture surface,-1<«(t)<1,=154(t)> 1
are composite time functione determining the
fracture surface topography in dependence m
solid particle eize and shape, solid-liquid
and 1liquid-gas intersotions (bonds).On this
bagis was shown that only four structural
states are possible.Changi properties in
dependence on these states 1s illustrated
by Smalley (1972) for flowslide systems.

In fact(1) 1s not uniquely defined so it
determines & volumetrio fracture zone ins-
tead of a surface one,which is well in ac-
cord with some recent general views on mate-
rial fraecture(Gilman,1969;McClintook,1971).
The coincidance of rupture surfaces with the
directions of zero-extension found by James
in sand(Roscoe,1970) may be an evidence for
the mechanism suggested.

An at{empt wees made to check experimentally
some of these conclusions in the case of a
three-phage silty soil(loees) representing
the"quasi-stable"structural gtate for which:

Wg/W1>1,W1/Wg<1; 0<xX($)<1,8(t)<-1  (2)

A relative non-gensitivity of soll strength
to water content ohange in this material has
been expected, and to be followed by a plap-
tieclty flow when the structural state of the
soll transforms into "quasi-liquid" one:

Wg/W1<1,W1 Mg>15=1<((£)<0,8(t)> 1 (3)

ag well as 2 return back to'"quagi-gtable®
gtate when the conditions (2) are restored.
A cylindrical loess specimen posed on a po-
rous disc and surrounded by mercury in a per~
ggex tube has been stressed axially,in plane
strain conditions(mercury level maintained
constant by means of air pressure change in
the triaxial cell shown in Fig.1),until the,
vertical stress in situ for this eoll was
attained.It 1s allowed then pressurized wa-
ter to enter the cell wetting the speoimen,
and a gradual transition to"quasi-1iquidibut
not collapsible behaviour has been observed:
a slow and almoet constant rate axial gtress
relaxation has beem ocourring.This strain
behaviour 1s similar to the second stage of
a"natural"loess collapse phenomenon,but here
the whole process has ooccurred by this way,
The common manner to return to(2)is to ex-
gel some water from the eoil, yet an alterna-
ive technics has been applied.The cell pre-
ssure wap decreaged and the specimen allowed
to expand under the action of pressurized
air entrapped in soill voids.A sponge struc-
ture(clearly seen in the upper part of the

8

gpecimen in Fig.2)hag been obtained and a
plasticity flow reduction has occurred gi-
multaneously.

Pig.1 (on the left). Generel view of appa-
mtus utilized,

Fig.2 (on the right).Specimen after testing.

So 1t 1s found again(for previous data gee:
Alexiev,A,P.,1969,Com,ren,A0ad.bul.80i,.T.22,
805 et 806)that a presumed typical brittle-
bond s0ill may restore its"quasi-sgtabletas-
preoct,after being in'"quasi-liquid"gtate,with-
out reducing of water content.Consequences
of the technios applied will be disocuassed
in more detail elsewhere(Alexiev,1973),but
not in purpose to obtain strong quanti%ative
oonclusions.,This is not pogsible to achive
by the tecHics desoribed nor by any other
if a pufficlently rigorous control of ther-
mel oonditions is not assured.But a more ge-
neral and detailed proving is quite feagib-
le having in mind some sophisticated tech-
nics existing,in paricular the last models
of the Cambridge simple shear(biaxial) ap-
raratus and any true triaxial apparatue.
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CONTINUUM THEORY FOR PLASTIC DEFORMATION OF
GRANULAR MEDIA /G,Aguirre-Ramirez/ (uUsa)
problems of mechanics of continua associated
with the constitutive relationships for
plastic deformation of granular media have
received considerable attention. Some of the
earlier suggestions to use the Mohr-Coulomb
failure criteria as a yield criteria
(Drucker and Prager 1952) have not lead to
acceptable models because predictions are
not in agreement with experimental results.
However, results of a remarkably intensive
experimental and theoretical program have
shown that the deformation of certain soils
can be described remarkably well by a simple
isotropic work-hardening idealization
(Roscoe and Burland 1968). The complex
rheological behavior of sands was also
compared with existing theories and it was
shown (Roscoe 1970) that the well known
methods of plasticity and physical interpre-
tation of the Mohr-Coulomb limit states have
to be modified.

This report deals with a phenomenological
theory for the mechanical behavior of gran-
ular media which shows stress-strain behav-
ior similar to that of an elastic work-
hardening plastic metal. The theory is a
mathematical generalization of the critical
state theory (Roscoe and Burland 1968,
Schoffield and Wroth 1968): In the theory

it is conjectured that the irrecoverable
deformation of the granular mass is
described by the plastic component £ of the
linear strain tensor and the plasilc compo-
nent &” of void ratio. In soil mechanics

the strain tensor & is related to the woid
ration ¢ by making use of the observation
that for most granular masses of interest
the compressibility of the solid skelton is
several orders of magnitude smaller than the
compressibility of the bulk material.

The theory is wholly dependent on the con-
cept of a critical state for the granular
mass. This concept (Rendulic 1936) is
equivalent to the assertion that there
exists a unique scalar valued function # of
the effective stress T such that

e=N(T) (1)

i.e., void ration is a function of stress.
In the report, instead of (1), the existence
of a unique scalar valued function A of the
effective stress ¥ such that

= M(T) (2)

is postulated, i.e., Lhe plaatic component
of void ratio is a function of stress. It is
then shown how to interpret (2) in order to
obtain a yield criterion of the form

F(T#)=0 (3)

where £ is the yield function and“ is the
strain hardening parameter which is such
that

A 406" (4)

L .
& being the irrecoverable volumetric
strain.

The theory is also put in terms of triaxial
stress parameters ,‘p defined by

paftel,

gra L AT, T T-pL 15

with the ,unit tensor. Given a yield func-
tion T @{p, 4 #) in g,p space the following
expression is obtained:

= BlpLA)T 6" (6)

-t
Ao L) -E ;} @G ,(Jl,a )(q, @0, ’w,l)) (M

for the increment of the pgastic component
of the deviatoric strain £”. The yicld func-
tion ¢ ) and yield criterion (J =¢ together
with a strain hardening function # (0] are

used to obtain an expression for @,
»
o' e"(Jp (8

As examples it is shown how to generalize
the Cam-Clay model (Schoffield and Wroth
1968) and modified Cam-Clay model (Roscoe
andeurland 1968) .

rinally as part of the rcport it is shown
how the resulting theory can be adapted for
Lhe use of the €inite element method in the
solution of boundary value problems.
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The design of offshore structures or bridge bents
on battered piles imvolves the analysis of highly non-
linear soil-pile interaction system, The proposed
method of analysis assumes that the linearly elastic
structure is two dimensional and supported by inter-
dependent nonlinear spring supports.

At present analytical prediction of the axial pile
displacement curve is difficult.” Often loading tests
have to be performed on full-sized piles at the site
to ensure the reliable curves before designing import-
ant structures. On the other hand analytical treatment
of the lateral pile behavior 1is regarded appropriate.
A finite difference scheme for a beam—colum (Fig. 1)
can solve for the transverse and rotational reactions
of a pile which is connected to the pile cap with
arbitrary degree of fixity (Awoshika and Reese, 1971).
In solving the lateral behavior trangverse subgrade
reaction curves which vary along a pile at different
levels have to be generated from proper soll criteria.

| 2 3 4 S
Fig. 2 Numerical Example

Fig. 1 Laterally Loaded
Pile

The algorithm developed herein consists of a suc-
cessive displacement correction wmethod or a tangent
wodulus method to f£ind the equilibrium conditions at
all the joints where plles are connected to the struc-
ture. A computer program was developed for the itera-
tive solution of the problem.

Given any set of static loadings, a spring supported
gtructure is solved for displacement by the stiffness
matrix method.

W = (s + K17H®) e
where (U) is the load vector, [S] is the structural
gtiffness matrix, [K] is the initial tangent modulus
matrix of pile reaction calculated by giving arbitrary
small displacement to pile top in each direction one at
a time, and (F) is the load vector. The unbalanced
joint forces are calculated for the initial displace-
ment obtained from Eq. 1.

(dF) = (F) - [K](U) - (R) 2)
where (dF) 1s the vector of the unbalanced joint forces
and (R) is the pile reaction vector., The unbalanced
forces are induced because of the nonlinearity of the
pile reaction and the superposition of different modes
of pile deflection to get the resultant pile action,
The displacement correction, (dU), necessary to dis-

N

solve the unbalanced joint forces 18 obtainea through
Eq. 3.
‘@) = 5 + K1 @ o)

The displacement 1s corrected by adding (dU) to (U),
The process represented by Eqa. 2 and 3 is repeated
until encugh comvergence is observed for (dU).

Assuming that the axial pile response is independent
of the lateral response, the tangent modulus matrix of
each pile is expressed by Eq. 4.

) Px 0 O
[kl = O qy 4qg 4)
0O my m,

vhere. px 1s the tangent modulus of axial reaction, and
dy, 9z, My, and my are the partial derivatives of the
transverse and rotational reactions with respect to the
y and z axes. These partial derivatives are calculated
numerically for an arbitrary small interval.

An example of a grouped pile foundation is illus-
trated in Fig. 2, A beam with flexural rigidity three
times as that of a pile is used for footing. Piles are
connected in three different ways, pinned, fixed and
rotationally restrained. Curvilinear axial pile top
displacement curves are employed. A set of bilinear or
curvilinear transverse subgrade reaction curves used
for the computation are generated based on the seil
criteria (Awoshika and Reese, 1971).

Computation results for the varying horizontal load
with a comstant vertical load are shown in Fig. 3,

z'6°‘ (a)/_ (b) ' " (c)
E; 455/ s a? |/ 500 T ﬁa
= | @ 1
a
is_aoq -EE%E"-— . a0 600
600 H, TON

H, TON

Fig. 3 Cowmputation Resultg. (a) Distribution of Axial
Pile Reaction, (b) Lateral Displacement of
Footing, (c) Deflection,

Fast couvergence was observed for the entire range
of loading. Equilibtim check between the external
loads and the total pile reaction was always proved
exact.

The method which is presented for the analysis of
elastic structures supported by battered piles 1s ra-
tional and efficient for use in designing. This method
accounts for the’ nonlihearity of soil-pile interaction
system in a rlgorous manner. " Sinde this method can
predict the exact behavior of grouped pile foundation
for the complete range of loading, it can distinguish
the most critical condition of the foundationm.
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THE PINITE ELEMENT SOLUTION OF CONSOLIDATION
PROBLEMS USING THE LAPLACE TRANSFORH,
I.R.Booker (Australia)

Previous investigations of the finite element
solution of consolidation problems Christian and
Boehmer 1970, Yokoo et al (1971) have used a '
"marching"” technique to obtain solutions. Such
techniques although suited for calculations at small
times are not efficient for large time calculations.
The author Booker (1973) has devised a method, based
on the Laplace transform, which overcomes this
difficulty.

For simplicity consider a porous elastic soil
occupying a volume V, tractions T act on portion of
the surface Sp while the remainder Sp is fixed;
portion of the surface Sp is free to drain the re-
mainder being impermeable, If ¢' is the vector of
effective stress components (tension positive), € is
the vector of strain components, u is the displace-
ment vector, p is the excess pore pressure and 8 the
volume strain, then Booker (1973) has shown that the
correct solution (g,p) to the problem outlined above
is that which satisfies the boundary conditions on
Sp, and Sp and minimises:

?-{ %hE 0-po+ L’"z/—ffidl’—s{r(r-s)/s dAS (1)

where k is the permeability of the soil Y, 1s the
density of water and a bar denotes a Laplace trans-
form, viz:

Gefest, gt

This minimisation problem may be solved by the

finite alement tachnique,let &' .9 ha tha vact.
ors .of nodal displacements and pore pressures,
then the following approximations may be made:

usC § ipea Tq
and £€=B¢ ;Vp=Eq; 8= g?g.

where a,B,C,d,E are all known and depend on the
particular type of element used. ¢ may then be
approximated and the minimisation leads to the
equations:

[-E‘f,(k/ywég] (3] - ] (2)

where K = f(BTDB)dv, LT = sadTav, o = SETEav,

m= é CTTdS and D is the matrix of elastic constants.
T

Equation (2) may be solved by eigenvalue techniques.

It the determinant of equations (2) has zeros s=-a

and if n

T

_ AT T
r'o= [An, Qn]

are non-trivial solutions of (2), with s=-a_ and m=0,
then it is easily-shown that:

/(s+a ) (3)

and a)

¥
-
&

a, = (& 1" r )/

Equation (3) is easily inverted to give the

expression:

r=r +Lla e-ant.

= ~o n
For numerical evaluations it is sufficient to calcu-
late only a f'ew eigenvalues, this is illustrated in
Fig.1, the marching technique together with the
author's technique (3 eigenvalues, 10 finite elements)
have been used to obtain accurate values of the cen-
tral pore pressure for Maundel's problem of a slab of
s0il compressed between impervious plates by a con-
stent load (average stress q).

- s/mall time, solution (n»10)

Lorge time solution (n=10)

03r

L

T
" [}
o -13-(1-2»)!«/«P

FIG. 1.
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PROBLEMS OF NON-LINEAR SOIL MECHANICS.
(3. 9% aborevy a/.

Even though the abstract theoretical measu-
re theory has been highly developed,it has
not been suitably exploited in the domain of
non=-linear mechanios, and as because soils
are granular unaggregated solld particles
there are a number of familiar difficulties
associated with the treatment of soils as
engineering materials, In fact,soils are to
be treated as having non-linear material pro-
perties in which-are involved stress-strain.
history and temperature-time dependent phe-
nomena. If in a very small interval, the
number of fluctuations is very large the
ordinary measure based on Riemannian integrsal
concept fails, and measures like that of Le-
besgue have to be used (Beth...1966). In
like manner, generalised measures given by
weighted integral representations render very
satisfactory results in problems like that
of plaasticity and creep. An obvious genera-
{isation of these measures is
lo

(10/1)n+1d1/10 =1/n /1—(10/l)n/ (1)

based on uniaxial measure (Seth...l96§). The
weighting function in (1) is (lo/1)B+l,Sub=-
stituting n=0,1,2.,..-1,~2 etc known measures
can be obtained,

Again, since Norton's law deals with only
secondary creep, one dimensional.measures
are taken as

€®-1/n /=(10/1)%/= At (say)

where & is the average rate of measure with
respeoct to time. Differentiating with respect
to t, creep strain rate is

{=1/1(al/dt)= o (1/10)B

but the oanstancy of applied load and the in-
compressibility condition give TA= TA,,lA=
loAo where T/L, =effective loads; A,A0=Gross-s
sections of the test specimen, 1,lo=deformed
and undeformed lenghts. Thus, § =o (7/7)" (2)

which is Norton's law. For Andrade's’law,
translent creep is also taken into conside-
ration and Green measure is used,

Thus, € ®=1/0"/(1/10)%-1/"= & ¢
so that §=1/1(d1/dt)= “/m. At
1+n(ol f:)]‘/m

Substittting m=1, n=0 (Hencky's mea and
for m=3, n=1, x.i’ﬁt’pdﬁl/} 42-%%5%2%3(3)

which is Andrade's law (Andrade'sS...1948).In
like manner,any kind of c¢reep behaviour can

be visualised by suitably substituting dif-

ferent values of m and n,

Moreover, the derivation of the basic rate
process equation is already done (Glasstone,
Laidler and Eyring...l9%1).The basis or the
relationship is that atoms and molecules pa-
rticipating in a deformation process (termed
flow units) are constrained from movements
relative to each other by virtue of their
energy barriers separating adjacent equilib-
rium positions. The displacement of flow
units to positions requires that they become

(1-m)/m

1 2]

€max%

activated through acquisition of sufficient
energy 4F to surmount the energy barriers.
The value of AF 1s commonly known as free
energy of activation.From statistical me-
ochanics it is known ‘that flow units are in
fact not at rest but vibrate with a frequ=
ency of KT/h as a consequence of their ther—
mal energy (Eyring...1936),where K=Boltz-
mann's constant. T=absolute temperature and
h=Plank's canstaant. In fact,creep can be
treated as a thermally activated process,

The authaor is propoaing a hypertolie
strain-time dependent relationship valid for
cohesive soils in the following form:
(Chakraborty. . 019?2) e%=t/(a+bt)- ) (4)
where a and b are soil constants and ¢t is
the time causing the oreep strain (volumet—
ric or uniaxial Btraing under the sustained
stress., The equation (4) can be obtained
from the t/€ % versus time plot in which b
is the slope.

5

The author has replotted the results o tal-
ned by Bishop and Lovenbury on drained coreep
tests in London clay continued upto 3 1/2
years (Bishop and Lovenbury...1969)and ob-
served that € can be predicted by wing
the equation %e form €Epgx%=Ce1/b .. (6)
where C varies within narrow range from 0.55
to 0,65 valid under low to high level of
sustained stresses., It is possible to predict
even by observing result s of creep
tests only for a period of 10 days. The equa-
tions (5)&(6) are more general than the one
proposed by Singh and Mitchell,which ia va-
1id for triaxial testing oconditions (Singh
& Mitchell,.. 1968).

Based on experimental investigations the
author developed a graphical method of pre-
dicting secondary congolidation as discussed
below,let Y=log10(So)</Sr+l,r=0 ton where
n=no.of plotted points,So=observed congoli-
dation (primary) at the beginning of the
straight line portion of the consolidation
Vs.log(time)at time t,Sr+l at r=0 at 2t and
80 on.The amount of secondary conscolidation
can be obtained corresponding to the inter-
section of the tangent from a plot Y Vs.t
exactly under So at t(Chakrabortys. «.1968).
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DEVELOPMENT OF GENERAL FINITE ELEMENT COMPUTER PRO-
GRAM FOR THE ANALYSIS OF NON-LINEAR PROBLEMS IN
SOIL MECHANICS. C-Y Chang and K. Nair (USA)

A single general finite element computer program
which includes the following non-linear charucter-
istics has been developed to conduct incremental
analysis of plane problems in soil and rock mecha-
nics: (i) stress dependent modulus, (ii) presence of
joints and other discontinuities, (iii) inability of
material to sustain tension, (iv) elasto-plastic be-
havior, and (v) non-linear behavior of the soil
structure interface. Detalls of this program are
given by Chang and Nair (1).

Various investigators have developed techniques for
analyzing each of the above soil characteristics(2,
3,4,5,6,7,8). The development of the general pro-
gram reported here can analyze a heterogeneous soil
mass which has all the above mentioned characterirs-
tics. This required utilizing a consistent computa-
tional technique to include all the above methods
of analysis. The stress transfer technique was
utilized.

There are many design associated problems where such
non-linear considerations are present. It has been
found that soil behavior over a wide range of stress
is non-linear,inelastic,and dependent on the magni-
tude of the stress; this hus been most often ex-
pressed in terms of the influence of confining pres=
sure on the stress strain behavior(9). A soil mass
is generally much weaker in tension than in compres-
sion and in most design situatinns is not considered
capable of sustaining any tension. This "no tension"
behavior is manifested by numerous field observa-
tions of tension cracks near the crest of an excava-
tion and the cracking in a composite embankment dam
(10). The plastic behavior of soils under high
stresses that can occur under foundation slabs .has
long been recognized and has been the basis of the
classical bearing capacity formulae. In problems of
soil-structure interaction where a soft soil lies
against a stiff material the non-linear behavior of
the so?l-structure interface may be importaht in de-
termination of stress transfer or displacement in-
compatibility between two materials(1l). The non-
linear behavior of discontinuities is known to be
important in stress analysis ~f a soil and rock mass
because of natural or induced liscontinuities such
as joints, bedding planes,foliations,shear zones,
faults and other geologic discontinuities commonly
prevalent under such conditions. The program develop-
ed can be utilized to assist in solving the design
associated problems mentioned above.

The program has been verified by solving various il-
lustrative examples and comparing the results with
those obtained from closed form solutions and other
numerical techniques(l). The application of the pro-
gram to the solution of various practical problems
is also presented in (1). It is the opinion of the
authors that the program provides a powerful analyt-
ical tool for solving pertinent design boundary val-
ue problems in soil mechanics and foundation engi-
neering.

"
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INFLUENCE OF NON-LINEAR SOIL PROPERTIES ON
FOUNDATION STABILITY
C. Dinls da Gama (Angola, Portugal)

SUMMARY

Foundatlon analysis and design are dependent upon
the perfect knowledge of the mechanical properties
of the soil underlaying every engineering struc-
ture.

A common approach, after conducting site investi-
gatlon, Is to conslder linear properties for the
soll material, like a constant elastic modulus, It
is shown In this paper that such an approach Is
conservative, because non-linear properties and
perfectly plastlc soil behavior lead to less stable
condltlons, as well as to larger displacements in
the structures.

Using the finite element analysls, exampies of a
bullding footing and a dam foundation constructed
on non-linear soll Illustrate that concluslon,

INTRODUCT | ON

The mechanical properties of soil, represented by
lts stress-straln characteristic, are of great Im-
portance for the design of soil structures. Com-
monly, laboratory and in situ determination of soll
propertles are conducted to obtain the experimental
parameters included in the equations of strength
and deformation taken from the Theory of Elastlcity.
With the contlnuous progress of experlmental technf
ques for accurate measurement of soil characteris-
tis and the advance of computatlional methods in
structural analysits, deslgn In the fleld of Soil
Mechanics s Improving both on the realllstlc and
the safety view polnts, because actual properties
of soll can be considered for the analysis.
Although It s a well known fact that solls are not
perfectly elastic materlals, there Is not a correct
evaluation on the consequences that deviations
from such elastic behavior will introduce in Sail
Mechanics design.
The purpose of this study is to assess the stabll-
ity conditlions in structures founded over soils
having different types of mechanical behavior:
a) Linear elastic soil.
b) Bilinear soll, with a 0.50 ratio between plastic
and elastlc moduli.
¢) Bilinear soll, with a 0.20 ratio between plastic
and elastic modull.
d) Perfectly plastic soil.
Throughout the analysis, other soil properties were
kept constant, namely speclfic gravity and the two
parameters of strength (coheslon and angle on in-
ternal friction). Two concrete structures, a spread
footing and a gravity dam, are considered to
fliustrate the analysis.

SPREAD CONCRETE FOOTING

The finlte elem2nt method, with a verslion for non-
-homogeneous structures |s utllized to study this
problem(‘)-(Z). The material properties had the
following typical values:

95

PROPERTIES CONCRETE [ SOIL
Elastic modulus (kg/em?) | 2x105 | 4pp
Poisson's ratio 0.25 0.20
Speci fic gravity (g/em3)| 2.0 1.5

After the computation, a full description of dis-
placements ancd stresses withln the structure Is
obtained. In oorder to assess stablility condltions
the Mohr-Coulcomb criterion of soll fallure was '
applied, usingg a coheslon of 0.2 kq/cm2 and an
angle of Intes~nal friction of 300, The apﬁlled load
was 50 ton, armd the dead loads of both concrete
footing and s i |} were incorporated in the state of
stress calculaations. The elastic IImit for the non-
-llnear soil wwas flxed at 1 kg/eml,

From the know D edge of pringipal stress dlstribution
that criterlor was applled in each element, provid-
Ing the defin® tion of fallure zones, which size
changes with €he non-linear soil properties (Fig.1),

B

Fig.l

It can be observed that the dimensions of the
rupture zones In the soll materfal increase as the
ratlo of plastic to elastic moduli decreases.
Furthermore, displacements In the structure are
also successively rising under such conditlons.

CONCRETE GRAVITY DAM

With thls type of structure, and using identical
material properties as before, a study of settle-
ments and displacements was conducted. The acting
forces for the computation were the dead load of
both concrege and soll, and the water pressure in
th? rese;v01r. Plane stress analysls was achleved,
using a finlte glement mesh such as.the on -
sented In Flg.2?3). ¢ reere
Results 9f the computation are depicted In Fig.3,
conslder[ng the four types of soil behavior.



Fig.2

Noting that the scale of displacements is the same
as the whole dam, It can be concluded that as the
elastic behavior Is substituted for bilinear and
plastic properties, the stabllity of the structure
Is-drasticly reduced.

Fig.3

Because the computed settiements and displacements
have quantitative mesaning, englneering Judgment Is
called to dictate what settlements are too large to
be tolerated, using the résults-of the non-1lnear
analysls.

CONCLUS | ONS

The two examples have shown that non-linear sol)
propertles conslderably changes the situation
expected in llnear elastlc soll behavior.

Because structures become less stable, it s
recommended that correct determination of tn situ
soil parameters should always take In account non-
1lnear properties, so that design can be properly
and safety conducted, with sol1-foundatfon Inter-
action correctly evaluated.
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PROFONDEUR_CRITIQUE D'EBOULEMENT D'UN SOUTERRAIN.

1

1K

AHTAY

Y. d'Escatha et J. Mandel (France). j
L

Les suteurs utilisent la m&thode des lignes carac-

T

téristiques pour déterminer la pression de souténement ._i- 1B

AN
)

KLEAY
\

nécessaire 3 la tenue d'une cavité cylindrique peu 2 ;:;

profonde. B A2 »

Le sol supposé homogdne, isotrope, de poids volumi- T ,,;:}/g:z;

r )
A\l
‘\

que Y, contient une cavité ecylindrique de rayon a, dont .-,,414
1'axe est @ ls profondeur h. Il ob&it au critdre de ] ]

\Y

&

Coulomb (angle de frottement interne ¢, cohésion g =t

z/

g
W\
\
Lt

C = H tgd ; cas particulier ¢=0, C=k : critére de REIS &
Tresca). On envisage deux types de conditicns 2 la T -

1
Y
3

IRV

limite sur le contour du souterrain :

1 : pression normale uniforme po ( la galerie contient

un gaz)4
2 : pression d'un fluide de méme densité que le sol :
p(a,0) = po + ya(l~cosf), oii § est 1'angle polai-

re & partir de la verticale escendante.

On cherche la relation erftre la profondeur relati- R -
ve Y = h/a, la pression réduite Pe = po/Ya ot les ca- 3 —1=
ractéristiques réduites du sol : ¢ et H = H/ya, dans L

le cas de 1'éboulement du terrain de la surface libre

vers la cavité, On utilise 3 cet effet une solution

"gtatique" qui_fournit une approximation par excds de 2 7 -

Po pour Y, ¢, H donnés. 1

A. Caquot (1934) a donné pour le cas 2 une solution _ -
statique explicite, em supposant 1'€quilibre limite - - -

atteint sur la verticale ascendante 8=0, mais non at- 1

teint (sauf lorsque ¢=0) pour 0¥0. Ici nous supposons

NS
h_
T
3
v
Y

1'équilibre limite atteint dans un domeine emtourant

complétement la cavit€, ce qui conduit 2 une pression p

Po inférieure (égale pour $=0) 2 celle calculée par [°)

N
ol
o)
1

Caquot. |
»

A partir des donudes sur la cavité nous déterminons .05} -

le réséau des lignes de glissement et calculons de pro v 1 -F

che en proche les contraintes le long de la lignme 6=0. ot

Le calcul est arrété lorsqu'on obtient pour 6=0 une

contrainte verticale nulle correspondant & la surface

du sol (non chargée). Flg. 2 — ¢ = 208,
Les résultats du calcul, exécuté sur ordimateur,

sont donnés par les figures ci-contre pour ¢=10°, 20° [

30°, 40°. Pour ¢=0, on a la relation explicite (Caquot, .

1934) : Poe =Y - | - 2(k/ya)log Y dans le cas 2,et 4

=N

des résultate trés voisins dans le cas |. On note les o5

points suivants :

l'{ Dans la solution explicite de Caquot, lorsque L

¢>19°'/,,Pp tend vers une limite finie quand Y tend vers ol
1'infini. Ce résultat trés important est confirmé par _ﬁi’?

notre calcul. [Nk
T
"

2°) L'Ecart eutre la valeur de Po calculée par \

Caquot et celle que nous obtemons dans le cas 2 est
important (eauf pour les faibles valeurs de ¢) . De méme

1'6cart entre les valeurs pour le cas | et le cas 2. Fig. 3 — ¢ = 300,

§' V<

3°) Dans le cas | on a constaté pour des valeurs 4
suffisamment petites de H et Y la formation de lignes A Fig. 4. — ¢ = 40°
enveloppes des lignes caractéristiques. Pour ces va- 040 —
leurs le mode d'&coulement envisagé, dans lequel la /’ N
pression p(a,8) est supposée mineure quel que soit e, 00
n'est pas valable. Mais seul le voisinage du point de
départ de certaines des courbes en trait plein s'en 0,
trouve affecté. '

0,10
BEFERENCE :
CAQUOT A., (1934), "Equilibre des massifs & frottement o k=
interne", Gauthier-Villars, Paris.
LEGENDE DES FIGURES : - -0
~ —Solution de Caquot H=0. e m =

Pression uniforme.

===w---<Pression d'un fluide de méme densité.



INFLUENCE DU GLISSEMENI' ET DU CONTENU DE
GAZ SUR LE PROCESSUS DE CONSOLIDATION
DES SOLS.

A.L.Goldine, L.V.Gorellk, B.M.Nuller, U.R.S.S.

C'est la nécessité de tenir comple des parametres
sulvants: comprcssibi.hté ot solihilitd de la phase ga-
zeuse du sol, relations entre le coefficient de conso-
lidation et les contraintes dnns le squelelte du sol,
entre le coefflicient de permeabuite et la porosu:e,
ainsl qu'entre les permdabilités de ditiérentes phases
et 1'indice de saluration d'eau, qui exige un systeme
de deux équations ditférentielles non-lmeeures de con-
solidation du sol triphasique par rapport a deux fonc-
tions inconnues des coordonnées el du temps-charge

# et volume relatif de 1'air dans le sol § . Pour une
couche de sol le systeme de ces equahons a la
forme:

M
Aﬁ-a.-%-ra,{nB._w C,N(D. )'

z.&[D l l)]+E 4 2)

(ok ﬂ vilesse de la mise en place de la couche;
‘h - vitesse de 1'elevation de la charge;
ch;, - (or{ctf'ér?s"c;g' c"-t t}' et $).
On a deja donné la nesolul:fon numerique du probleme
de la consolidation du sol triphasique sur la base
d'une seule équahon differentielle de consolndahon.
Pour fermer cetl.e équation on await recours a une
relation approchee entre le volume d'‘air relnt.l[' et la
pression, oblenue & condition du systeme ferme. La
solution du systeme (1) (") est obtenue 4 1'aide de
la méthode des differences lnes. La fig.l donrie les
resultats du calcul de la consolldation d'une couche
de soi tnpnas:que prugtessiveingit mise en place.
Dans ce cas Q, =8/ ; Q,=0. Les conditions a
limites du probleme sont les sulvantes: a =0 3 =0
et 5%-0 a i-h,}l-h . A 04taT, 1a courbe de la
mise en place de la couche est approx.lmahvcment
exprimee par l'expressnon h-ot ,a t>T par h-Mo
La vitesse de l'élévation de la couche est éegale a
50 m par an. Les courbes 1,2 correspondent au mo-
ment de temps t =2 ans et aux différentes valeurs
initiales des coefficients de saturation d'eau Sy .
A S‘. «0,95 les surcharges H.-H h sont posit.wes et
voisines de la valeur (T/ - 1)h » A mesure de la
diminution de ST dans la partle superleure de la
couche apparaissent les valeurs negatwent de '“g
( courbe 2, By -0 60) L*\ Aiminition ultérleure de
1'humidité du sol mene & ce que le domaine des
valeurs négatives de II‘ embrasse toute la couche
( courbe 3, st-o.es)

(1)

"ot 'ma“at" q"at)*Bwt

'™
» . Ao
n -~ % il
T— or - 1
; w e
Y A EEE
A $ - ’;/I
T ’ w ~ . {—
L ’/ ‘\i - e
‘ ¥ < [T
n / + A o :
] H —
/11 A - A
o 40 0 30 0 20 W 0 8 u:‘ o i =
(s W -) =5
fig. 1 fig. 2

L'influence du glissement du squelette sur la répar-
lition des pressnons interstitielles dans la <,ouche
crolssante est déterminée par l'analyse des équa-
tions du probleme mixte de la theorie de consolida-
tlon. Ce probleme est déja exnmme dans le cadre
de la théorie de consolidation due a I]Itrauon sans
tenir compte du glissement pour les caractéristiques
constantes du sol. Dans le cas de la hauteur de la
couche variable dans le temps 1'équation de conso-
].idation peut &tre écrite sous forme

-a )t"xx (o.,m.)l{ T [a.+r(l+e,,.)] -—j + W [0.,# a. +

+Pu+e..,)] e - s el 2 1.9 ’%; )
L'équation (3) est resolue pour les conditions initi-
ales:

Hs(z0)=0 et -a.x'%'%-a.y.xh,«

elactptscn) 2+ aiylls = ktisem) ’%‘. (4)

el pour les conditions aux limites “5-0 a a2chil}
-!H’E D \a 220

Dans le cas hi#)zdt+h, & conditions (4) et (5)
solution apprgchee donne pour N3 1'expression:

Hs(a{)- ZZIe:p[x.(l-f)]Mnexp[ 3'1"" (2n44)') -

(6
-8 Ie:'P[“'l'-om -.x-vm)(zﬂ +{) JJ.T}J:: ms(;n‘;gfh?)

ohm.s A,. et ‘ dependent des parametres de glisse -
ment, de compacubulté et de perméabilitd. Les cal-
culs effectués ont démontré que la dxminuuon de la
presslon interstitielle imputable aux détormations
vnsqueses du squelette du sol n'a lieu qu' aux tres
pehtes vilesses du shasclucilt. Ce soit la Pre;em.e
de la phase gazeuse et la valeur du coefficient de
permeabilité qui exercent une influence notable sur
le processus de cunsolidation. Dans le cas de dimi-
‘nution de la vitesse de mise en place d'une couche
a petite vitesse de glissement la pression interstiti-
elle dans la base de la couche devient plus grande,
ce fait dtanl dii & la compression du sol & la sulte
d'une deformation visqueuse supplementalre qui dé-
pende du temps. Le glissement influence aussi le
caractére de la variation de la pression interstitielle
apres la fin de la mise en place. A petit coefficients
de perméabilitd la pression Interstitielle conl:mue a
s'augmenter durant un certain temps upres la mise
en place de la courche, Ta g2 mpmqanle les cour-
bes de variation de la surcharge a la base d'une
couche qui croisse durant 36 mois, et ensuite lorsque
sa hauteur reste constante. Les pamrnetres de calcul
sont les suivants: Qy=5 10-3cm2/kg, P =5 10-3cmfkg,
y=10~% Y, 8,,=0.54 «2 Ym3, hy = 1m,d «0.275mljour.
our la courbe 1; Qie2 - 10-3 cmz/l@, =10-7cm/sec,
pour la courbe 2: Q=2 - 10-5¢cm? /kg K -10'7 sec;
pour la courbe 3: o, =2- 10-3cm [kg K =« 10-Scmfsec.

(5)
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UTION OF A COMBINED PROBLIM OF THE ELASTI-
R A O A RN ORI O F SOT LS,
N.I.Gorbunov-Possadov, ( )

The application of the theory of elasticity
in calculating settlements and reaction pres-
sures under a structure erected on an elastic
base (foundation bed) proves difficult beca-
use in calculating the stresses in the soil
under the edges of the foundation according
to this theory, regions are found in which
the f%%lowin%?condition is not complied with:

1 -

2 2 < sin? 1
¢ 6;+d;- 2c cotgg sy W

where G ; and 6‘2 =principal normal stresses

cohesion
angle of internal friction

[

¥

Consequently, in these regions, the soil must
pass over to the plastic state. This ralses
the necessity of solving a combined problem,
assuming that both elastic and plastic regio-
n8 exist simulbaneously in the soil. Here

the sign <is taken in equation (1) for the
elastic regions and the sing = inside the
plastic regions. The boundaties between the
regions are determined in such a way that all

the stress components remain continuous in pas-

sing through a boundary.
_ 30 far we have obtained an approximate solu-
tion of this problem for the simpleat case of
a strip load (Fig.l). The whole half-plane is
divided up into elementary squares with sidesa
equal to 1/10 of the halfwidth of a load strip
A8 a first approximation, the boundary of the
flastic regions was takon as the locus of po-
nts at which relationship (1) with an equal
8ign 1s complied with in deteruining the
stress according to the theory of elasticity.
Then, a fictitious self-balanced load made up
of combinations of two mutually perpendicular
double forces is uniformly distributed among
the areas of the elementa squares whose
centres are within a plastio zone of the
first approximation, The intensity of the
loads in each square was determined on the
baeis of the requirement that equation (1)
is exactly complied with at the centre of the
square, negleoting the action of the loads
distributed over the remaining squares. The
total action of the loads violates equation
(1), and some of the squares that were previ-
ously elastic become plastic.The operation is
repeated until the mean error in complying
wlith equation (1) becomes sufficiently small,

If the fictitious load diagrams along the
boundaries of the elementary squares are of a
stepwise nature,the coudlition of continulty is
violated. A rigorous solution can be obtained
only at the limit upon reducing the size of
the elementary squares, when the curve of fic-
titious loads becomes simooth at zero intensity
on the boundary. The combinations of two mu-
fually perpendicular double forces are insuf-
ficient to achieve convergence of the solutiw
an. It is necessary to adgitionally employ
double forces with moments,

Shown in PFig,l are the results of calcula-
tions for a strip load distributed along a
strip of a width 2a=2M for a sand base with

the characteristics: ¥=569, c=0.01 kg/cm2 and
a unit weight of =1.8 tona/m?.The intensi-
ty of the load is p=0.36 kg/cm?. The calcula-
tions were completed at the seventh iterati-
on. To evaluate the error_of the solution
the quantity & = ~&~ = (Tfk - 8in2¢ ) was
used. Here Tfk dendtes the value of the left-

hand side of equation (1) at the centre of
square i1 for the k-th iteration; n- is the
number of plastic squares considered in the
given iteration. If innitially & 1:0.0350,
then after the seventh iteration it is
8,= 0.0065. The boundary conditions at x=0
dre always rigorously complied with, With
the aid of programs for an electronic compu-
ter, the calculations were rapidly done.

The solution enables the additional displa-
cements of the middle or edges of the strips,
due to fictitious loads, to be determined
using formulas of the theory o elasticlty.
In our example they were negligible. Upon an
increase in load, the additional displace-
ments increase sharply. Evi dently, however,
the main role in the nonlinear dependence of
settlements on pressure is played by gravi-
tation,

The solution is generalized for the case
of a rigid test plate where, instead of the
kmown Sadovsky diagram, & diagram is obtained
with finite values of the stresses under the
edges of the plate.,

The author wishes to thank V.TF.Alexandro-
vich and N.S.Rivkin for their aid in carrying
out the calculazions,

Boundaries of the region of plastic de_or-
mation: the solid line was obtained according
to the theory of elasticity; the dash line
was obtained from the solution of the combi-
ned problem,

p=0.3603 Kgfcm

/




NONLINEAR RESPONSE ANALYSIS OF SOIL
ITS. H. Dezfulian (Iran}

Response of soil deposits which is non-
linear during strong-motion excitations may
be analyzed by employing either the lumped
mass or wave propagation procedures for
profiles with horizontal boundaries and the
finite element method for profiles with
irregular boundaries. This paper presents
a general discussion and some results
obtained on the nonlinear aspects of these
methods.

For analysis purposes, the nonlinear stress
strain characteristics of 80ils may be
represented by bilinear or multilinear
relationships. Alternatively, an equiva-
lent linear visco-elastic procedure might
be employed in which the soil moduli and
damping characteristics are selected to
_be compatible with the strains-developed
in the deposit. In this procedure modal
superposition is utilized for the solution
of the equations of motion which require
the use of a single damping value for all
segments of the deposit. 1In the lumped
mass method, the uniform damping is
usually the weighted average of the damp-
ing ratios along the depth of the deposit.
This can lead to significant errors which
can be reduced by utilizing some form of
weighted modal damping.

A linear visco-elastic mndel has been
proposed by Dobry.et al (1971) in which
viscosity is chosen in such a way as to
simulate the nonlinear hysteretic behavior
of solls. Lysmer et al (1971) have used
the wave propagation method to study res-
ponse of soil deposits subjected to seis-
mic deformations. 1In this study, the non-
linear characteristics of the deposits
were taken into account by using an
iterative procedure to ensure that the
moduli and damping factors of the soils

at different depths would be compatible
with the strains induced in the soils at
those depths.

In the finite element analysis, in order
to take the siLrain dependency of damping
in soils into consideration, Dezfulian

and Seed (1970) have proposed a correction
procedure to account for variation of
damping in different parts of a soil
deposit underlain by an inclined rock sur-
face. The computed response values using
the constant damping finite element solu-
tion and the corresponding corrected
values are presented in Fig. 1.

More recently, Idriss and Seed (1973)
utilizing a step-by-step integration
method have described an analystical pro-
cedure that permits the use of a different
damping ratio for each individual element
based on the strain developed in the
element. This procedure was used to

evaluate the response of the soil deposit
shown in Fig. 1. The results in this
figure show that the values obtained by the
above correction method are in good accord
with the response values computed by the
variable damping solution and the two
solutions have been found to be in somewhat
better agreement with recorded values than
those obtained by a constant damping
solution.

The step-by-step integration method has
been employed for the analysis of non-
linear systems in which linear behavior is
assumed throughout each successive time
step and proper modifications to the linear
properties of the system are made prior to
each step. 7Tn such cases Raleigh's damp-
ing is generally utilized for the entire
finite element representation and thus the
same damping is assigned to all elements.

-The_theory-of plasticity has been-used to
describe criteria which include the
hysteretic characteristics of the stress-
strain relationships of soils. Results

of several such nonlinear analyses have
indicated that the dynamic response of
earth structures are significantly affected
by the nonlinear properties of the materials
distributed within the structure and that
realistic response predictions of dynamic
deformations can be achieved only by non-
linear analysis procedures.
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CONSTITUTIVE RALATIONS FOR SOILS,
. da (Czechoslovakia)

Owing to the recent progress of numerical
methods more complicated comstitutive rela~
tions (i.e. relations between the stress
and strain tensors and their increments or
derivations) can be used for the descriptim
of the mechanical behaviour of soils. It
seems therefore useful to investigate the
nature of those relations which are accepta-
ble for soils on a larger basls than the one
formed by the special case of nonlinear me-
chanicsae .

Every constitutive relation analytically
describes the mechanical behaviour of an
ideal material where gome aspects of the
actual behaviour were suppressed in order
to enable the appropriate mathematization.
The author holds for mistaken the conside-
rations of the nature of soils being elas-
tic,plastic,isotropic etc.One may only dis-
criminate the reliability of the mechanical
description of the s0il behaviour inside so-
me of its state intervals by the constituti-
ve relations of one or another ideal mate-
rial.Every extrapolation beyond the experi-~
mentally verified limits may be and often
is considerably unreliable.

To derive the constitutive relations one
may apply either structural or phenomenolo-
gical approach.The existing evidence seems
to the author to prové that the constituti=-
ve relalions of soils should basically be
constructed phenomenologically,with a nece-
giary and plausible structural interpreta=-

Ole

There are time-independent and time=-de-~
pendent (rheological) constitutive rela-
tions,the first one being much more worked
out.From the formally mathematical stand=-
point the actual soil behaviour may beo de-
scribed by almost any constitutive rela-
tion.The only difference between individual
relations would be the sizs of the range of
stress and the type of stress and state
paths where the description of the actual
behaviour will be satisfactorye.

To achleve the maximum generslity,l.e.
the widest e of applicability,the pure-
1y mathematical view must be narrowed by the
requirement of the physical match and inter-
pretation.This will for soils doubtless mean
that the ideal material of any acceptable
constitutive relation should be dilatant
and prevaleutly plastic.

Among time-independent finite constituti~
ve relations at least partially sultable are
those of isotropic physically and/or ten-
sorially nonlinear materials and linear ani-
sotropic materials.These materials are elasge
tic (dilatancy is therefore elastic too,e.ge
Kelvin effect).5ince actual behaviour is
lastic,only monotonous loading is admissib-
Qe

On contrary to the above relations,ther—
modynaumically correct are incremsntal theo-
ries of plastlicity,state equations of soils
(theories of Roscoe,Rowe etc,) being there-
fore the most perfest time-independent con-
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stitutive relations for solls at present
available.Their reliability may be further
improved introducing the anisotropic strain-
hardening.The suitability of those rela-
tions is reflected in the number of neces-
sary mechanical parameters,highly reduced
in comparison with the finite conatitutive
relations.

The most perfect of rheological relations
in use in soll mechanics is at present the
nonlinear visco-elastic theory of Green
and Rivlin.Being nonspecific for soils its
application in soil mechanics is not fully

‘satisfactory.lt seems appropriate to divide

the creep deformation into immediate (time-
independent) and time-dependent.The author
feels to be promising to try the application
of the state equation of soils where the
strain-hardening parameter would be timo=-
dependent.Such a formulation of the rheo-
logical equation of the solid skeleton
could form a base for a more relieble theo-
ry of (primary, filtration) consolidations
The solution has to be certainly a numeri-
cal one only.

Selecting the eppropriate constitutive
relation one must further account for two
important criteriat how accurate prognosis
is required and what is the reliagil ty of
the mechanical paremeter measurements.il-
ming to the qualitative forecast only or
measuring soil pabtameters in the field one
is fully authorized to use even very simple
ggngz;tutive relations,e.z« nonlinear elas-

ic .
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NON-LINEAR AMALYSIS OF FOUNDATIONS, V.G.Fe- "
dorovsky, S5.E.Kaganovskaya, v.A.Barvashov,.
(USSR)

In the recent time some problems of soil
mechanics have been solved with the help of
electronic computers in which rather complex
experimental stress-strain relations / 1, 3 /
have been used. The complexity of such rela-
tiona makes it impossible to obtain analyti-
cal solutions even for the simpleat problems.
As a result of this fact the role of numeri-
cal solutions increases. Usually non-linear
problems are solved on the base of finite
element or finite difference approximation
by one of the three methods: incremental,ite-
rational or combined one. In the realm af
small deformations all these methods give
about the same results, but for large defor-
mations they often become unstable. At the
same time variation methods of direct minimi-
zation of energy functionals are more cumber-
some but more stable, Here below a variant
of a combined incremental- iterational me-
thod of solution of non-linear problems is
given which posesses increased stability.

Let us constder this method as applied to
the problem of a rigid plate on the non-line-
ar base. The problem is solved for displace-
ments and so the Buler's equations for varia-
tion problem as usually correspand to the
equilibrium equations expressed in displace-
ments considering a given relation £ = £ (&
(for example a hyperbolic or a spline one).
Lot us assume a small fixed inorement AN for
the settlement of the plate. The fact that
the increment of the settlement has been as-
sumed and not of the load applied to the
plate ( AP) in other words the inverted prob-
lem has been solved increases stability ot
the method. At the every step values of dis-
placements are variated to satisfy the equi-
librium equations inside of the considered
reglon. At the same time finite difference
equilibrium equations are linearized in re-~
gard to the inocrements of displacements in
the node and corresponding increments are
found. To increase stability of computation
process the absolute value of the increments
are limited as it is made in the method of
local variations /2/. Modified values of dis-
placements in a given node are considered in
the equations for subsequent neighbouring
nodes. This accelerates in the large extent
the convergence af iterational process. When
& negessary accuracy is achieved the process
is stopped and the next increment of the
plate settlement is assumed or more fine net
is adopted for a chosen sub-reglon of the
base, It appears that for a certain value of
increments of the plate settlement and limi-
tations on displacements of internal nodes
the iterational process converges even for
large values of plate settlemnts i.e. in
the phase when stability is going to be lost,
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which fact permits to estimate rather accu-
rately the -critical load, The method may be
applied to the case of finite stress-strain
relations and also for differential (non-
holonomic) relations.
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ON APPLICATION OF FLOW THEORIES FOR SOII8
I.N.Ivastchenko, M.N.Zakharov' (USSR)

Investigations of soils under three-dimen-
sional states of stress have shown that apf—
lications of deformation theories of plastici
ty for an evalution of strain-stress states
of 80il massifs are often invalid (Lomize,
G.M., Ivastchenko,Il.N.,Zakharov, M.N.,1970).
In continuum mechanics there were auggested
flow theories in which the relationship bet-
ween plastic strain increments amd stresses
was established (Sedov,L.I.,1970):

P =
def =6 [3f /36, [ of
Where def  the temsor of the plastic

strain increment; f-the function of loading
that is the equatian of loading locus sepa-

rating an elastic domain from a plastic ane

in the space of stresses; Gb' -the tensor of
stress; G-the straln-hardening function.

According to (I), the vector of the plas-
tic strain increment is orthogonal to the
loading locus. The loading locus is usually
postulated to be closed,convex,with the ori-
ﬁin of coordinates being within the loous,

ecently,the £flow theory has been applled to
the investigations of s0il massifs with limit
analysis (for evaluting "upper bound"). In
this case the loading locus was assumed to
be fixed together with the aforementioned
properties of one. There are few investigati«
ons which are necesa for cheoking the ba-
sic princi?lea of the flow theory and for
making one's equations more conocrete (Druck-
ar.D.C..Glbgon, R.E.,Henkel, D.J.. 1957),

The experimentai program presented in the
report deals with the following problems:
the plastic deformation of

1) tne researcn of a loading locus shape and
evolution when the process of the plastic
deformation of olay or sand is taking place;

2) the investigat on of orientation of the
plastic strain increment vector de

The conditions of the three-dimensional
stress-controlled states were due to loading
a hollow cylindrical soil specimen (80 mm in
high, 35 mn and 60 mm in diameter) with axi-
al and hydrostatic pressures. The experiments
have been carried out in the special appara-
tus permitting the three principal stresses
Gyy Oy » 63 Yo be applied with negligible
deviationas and the stabilized principal stra-
ins e, , &, , €3 to be measured,

Remoulded kaolinitic loam and sand were
tested. The loam had water content 12,3%,
vold ratio 0.76, plastic limits 20% and 30%
and degree of saturation O.44. The sand was
medium-grained, uniform and of medium densi-
ty corresponding to vold ratio 0.,57.

In the teets_the hydrostatic pressure, up
to & =5 kg/cm<, was applied to the specimen
agebonly then was varied the stress inten-

8 3 2!

G = '\Zé: V(G'f- ,_)2'/'(6,_"'6'3)27"(63 -Gy) )
In the process of the primary loading with a
fixed value of the Lode's parameter the
given magnitude of plastic strain &; }

€ = ?V (84 'eZ)z* (e 'es)z"(e:‘ _ef)l '

1

(3>
10

4

was reached. Then the specimen was unloaded
( 6 =0, G =const) and loaded again but with
other M . The increment of the axial plas-
tic strain of the specimen 0.1% was conside-

red to be the condition of reaching the loa=
ding loas,
In fig.l one of the investigated loading

de " 3
de;
dbs de, (2] d6,
o
"y ve. by %
03 des 3
- ¥
/I a
02 o /o
3
/'%
ot |
el
|
’ | a&
D of 02 03

Fig.l. The loading locus (the trace of the
loading surface on the plane

1-for the loam é =a,5$3;
2~-for the sand 22.1%

locus traoef (with p =1) on the plane

G =5 kg/cm“ are presented for the loam

( ¢ =B.5%) and for the sand ( &; =2.1%).Dot~
ted lines represent the atress paths along

which values 2/3 6; correspanding to the gi-

:eg values of the plastic strains are plot-
ade

The essential features of the obtained loa-
ding locus involved in convexity,smooth
(regularity)and stretch in the primar
ading direction.The shape of the loading lo-
cus aiffers wignificantly from the round one
especlally for the loam end unsymmetrie to
the axis 6,=G, = Gy .The experiments have
shown that the locus expends as the strain
is increasing in all directions and the lo=-
cus doean't translocate as a whole,

The results of the investigation concernirg
to the orientation of the vector ae” are
presented in fig.2 as a family of the vectors
de”, 4G which proceed from the points a,b
of the logding locus. The direction of the
vector de”coincides rather exactly with the
normal one to the loading locus. gha relati-
on between modulus of the oe” and the normal

lo=-

a5kg/ 0!2

\
N
N



camponent of the stress increment vector o6
also shown for the same points in the fig.2
may be approximated with a linear funotion:

de”’?dG' %)
Component of the 46 tangential to the loa-
ding locus doesn't cavee the plasatic strain
(neutral loading). The practical -applica-
tion of the relationship (4) demands the ocon-
croetization of the function F along the
stress path.

Thus the results presented in the report
have confirmed the principal hypothesis of
the flow theory and the validity of the
basic relationship in the form (I) for soils,

Fag 2

Fig.2 The modifiqation of the plastie.
strain increment vector deP
with the loading increment
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NOR-LINEAR ANALYSIS FOR RIGID POLES
SUBJECTED T0 TATERAL LOADS.

Dr. R.Kapur (India)

Since Winkler (1867) presented the concept
of subgrade modulus, it has been used exten=-
sively in the field of soil mechanics. A
linear variation of subtgrade modulus with
depth has been found to fit well for sandy
soila. Although it is understood thet the
subgrade modulus is not a linear function
of strain or displacement, this simplifying
agsumption continues to te made. Recently,
exponentional and hypertolic variation of
subgrade modulus with gtrain or Jdisnlacement
has been found to fit experimental results.

The author h2s used a linear variation with
depth and a rectangular hyperbolic relation-
ship with respect to displacement to solve
the protlem of = rigid pole subjected to
lateral loads.

The equation of the rectangular hyperbola ls:

"L’—1-= 1 1—- ..-oc--cu.--.o1
T, o + 5 y (1)
where y is the horizontal displacement
at any depth 3.
p is the soil pressure mobilized at
depth =.
Kh is Coefficlent of horizontal sub-

grade reaction.

is the tangent modulus at smell
displacement.
Value of pressure p at failure.

A linear variation with depth is assuwmed.

Therefore, equation (1) becomes:

_.1—-=L-+—1— . ¥
K, A,z B,.z
or
KzAj’B] «Z
h
By+hy.y e (2)

Displacemeat, y, of a pole at any depth z
can be represented in terms of the disolace-

ment, y_, at ground level »nd the depth of
point o§ rotation, n.D, from ground level
in the form y =y, 1 - z/n.D? P .. (3]
Therefore, Eq. (2) reduces to:
Kh = A‘l' 31 .7
B1+A1.yg-A1 y .2
n.
K
= 1
W2 e e (4)
Rzz+K3

Where
K1 -A1 . B1

K2511"'5/“‘D R €3
K.3=31+‘1.yg 5

P L N

The horizontal soil pressure, p, =t any

depth, 2, is ziven by

p = K.y

Substituting for y and K, from eqns. (3)&(4),

we getK K
1 1

S B/ SN |
K22+K3

n.D

Z.y, -

P -K?z+K3

The resultant of the soil nressures acting
above and telow the point of rotation can
be obtained by integrating expression for p,
as gziven in eqn.(6), from O to nD =nd nD

to D respectively. Cnce the tmo resultants
and the external lateral lo0ad is known, the
conditions of ptatical equilibrium, viz.
sum of horizontal forces equal to zerc ~nd
sum of moments sbout the point of rotation
equal to zero, can be applied. Finally two
equations’ would result which heve to be
gntiofied oimultaneously to arrive at the
required solution.

The two equations are:

2
Q- (cp1- cpz).n =0 e AN
and _— 3
Qh-nD '(Cp1+cp2) D7 = 0 e s e e . e (ﬂ)
where
1 (B, +hy.¥.)
2 17" g
Cp,=B.A;.B,.n §- + =
%8845 2k, AZ.y
! Log, ( )-log (B}
+. lo By+A, . -log .
L Ee\By*hq-¥g e' 1 _; 2
- ?
1 Bythy .y ) (By+A,.y ) I
L.A_!__ﬂ_ - - -1 v (9)
1 Yg 17+ Vg J
2r1 (1 1 1)
Cp2=B.A1.B1.n !—17 - -n— + W +T
(N
— — - -
. ifﬁ1+A1.y )-% ﬁ_l. -1 331+A1.y ﬁ
A1E.y8 - @ - AqeYg
- o TR
?ogeB1- Logg (By+hy.y, 1= 3 g %,(10)
' P S

L}
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HE EXPERIMENTAL INVESTIGATION OF A #EAK
SOIL NONLINEAR OCONSOLIDATION .Konovalov (USSR)

_Experiments accomplished by authors on bull-
ding sites were aimed to the investigation
of the deformation nature and its dimensions
of an unconsolidated peat soll after its loa-~
ding by a layer of sand (one-dimension prob-—
lems and of a two-layered (sand and peat )soil
after its loading by a round rigid plate
(symmetrical to an axe problem).For the expe—
rimental needs four sites were chosen with
almost complex geological conditions and be-
fore the hydrofill depth marks were installed,

For the determination of overall deformati-
ons developed at the time of loading and af-
ter it,the movements of the surface of the hy-
drofill,on the contact zone with the layer of
peat,by the depth of the peat layer,the sur-
veying was carried out by geodezicai method,.
The deformations of the peat layer of one of
sites is shown on fig.l.

¢ ﬁ’(l}ll'
7 2 3 v
dodedzded &
LL;;: 2 ¥/
X o 4 (]
X X "‘, y ~ o0 oy
9 1 T >
4 . .
S” ’ '®' = J
O R N
] 1oy 7
b i
3 M \
é N
1L o7, :
Ags Stem)

The deformations of the sublaying (cohesive
soil in plastic condition) of 1lm thicknpess
and initial modulus from 3 to 30 kg/cmc gave
the amount of 10 to 15% of the deformation
for the same period of time.The general wvalue
of the settlement of the peat and cohesive
80il layers (the overall thickness is of 3,0m)
under the load of the hydrofill 2.7m layer in
gotime of 4 months was a little more than

cm. .

Por the calculation of design deformations
of the weak sublayer the Zaretski nonlinear
theory was used.

=exp (-aq) (1)

ey ey

&€®)ana ECK) _ the enitial and the end
value of the porosity coefficient,
a4 - parametre of the compres—
sion curve,
q = unit pressure (kg/cmz)

The overall compressibility of the peat under

the load of 0,7kg/cm2 calculated by means of
the formula (Zg were near to the real defor-

where

mations, _5“”_5{‘;(-/ . S=Zho:
where T e E” 7 (2)

The investigations of vertical defor ti
of"a two-layered subsoil systew "sand 2:d ggs
at" under loaded rigid plate were done for

plates of 1000, 5000, 10000 sq.cm area.The
thickness of the sand bydrofill on peat atra-
tum was from 1 to 34 (where "d" plate diame-
tre). The peat stratum thickness was of 1.5
to 2.0.m.

The plate investigations were done in 6-15
monthe time after the sand hydrofill.So the
two-layered soll was taken in account as a
fully consolidated.

An example of a curve of the vertiocal move-
monts of a two-layered subsoil under loaded
plate is given on ;ig;z.

) fud

i;nnmmmf ‘ iL;I ﬂ
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Fig.2
The analyse of investigations permits ut to
result:

1l.The settlement of the plate increases up
from 3 to 2.5 times as the thickness of the
upper sand layer decreases from 3 o 1 diamet-
re of the loaded plate.The deformations at
the contact zone increases up to 7.to 10
times,

2.,The deformation at the contact zome in re-
lation to the settlement of the plate is of
50% for the thickness of the sand hydrofill
equal and is of 10-20% for thickness of three
diametres.

3+For small thickness of the uppsr dense
sand hydrofill (equal to 1 diametre of the
plate)as the pressure increases the deformati-
ons concentrate in the weak stratum in the
zone little bigger than the surface of the
plate in plan.In this zone the vertical defor-
mations of the soil are 10 times btigger then
the some deformations at the distance of l-=1.5
diametre from the edge of the plate,

Fig.l. A geologlcal cut with depth marks (a')
Legend: l-sand- hydrofill, 2-peat, 5~co=
hesive soil in plastic condition,
4~ sand,

Curves of sand hydrofill and soil layer de-
formation under load (b'): The Nos. of curves
(on the right correspond to the Nos. of the
depth marks (on the right).

Fig.2. Curves of vertical deformations under
the plate and at the contact zone
(sand and peat),
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STREGS-STRAIN BEHAVIOUR OF COHESIVE SOILS.
B. lelievre, E.L, Matvaa, B. Wang, (Canada)
Introduction

The rapid incresse in the capacity of computers has
emphasizcd thé desirability of detcrmining better
congtitutive models for moils. Consequently, a
considerable amount of testing has been done in the
hope of producing a relatively simple constitutive
relationship capable of modelling soil behaviour
quite closely. Unfortunately, the behaviour of
solls has so far proved too complex to achieve this
aim.

This paper presents the principal observations from
an extensive testing programme on saturated cohe-
sive soil.

Limitations of space do not permit a complete
review of work in this area and a significant know-
ledge of previously published material has
necessarily been assumed.

Stress and Strain Parameters

The streess parameters ueed under 'triaxial’ condi-
tions are the hydrostatic stress component

p = %Ggi + 205) and the deviatoric stress compon-
ent q = Ggi - 05). where ci and 05 are the

principal effective axial and radial estresses res-
pectively. The associated volumetric and distor-
tional strain increments are rcopectivoly dofined as
6v = (8ey; t 26eq5) and 8¢ = (e - 1/3¢v)

when 6;11 and 84y are the natural axial and radial

strains reepectively. Compressive strains are con-

sidered positive.

Representation of State

According to the hypotheasis regarding the existence
of a unique (p, q, w) 'state’ domain bounded by
gurfaces of limiting state which has been developed
in spuccessive works by Roscoe, Schofield and Wroth
(1958), Roscoe and Poorooshasb (1963) and Roscoe
and Burland (1968), the successive changes in state
of a soil element which continues to yield volume=-
trically when loaded from an initial state on the
virgin isotropic consolidation curve will trace out
a path on thc surface EFCD shown in Fig.(l). State
paths of drained tests which remain on the surface
EFCD will be consequently associated with large
irrecoverable volumetric strains. The volumetric
strains associated with state paths within the
state domain are largely recoverable,

VIRGIN
rSOTROPIC
CONSDLIDATION
LNE

Nnol mOMTRL VIEW OF STATE ONMSIN
{AFTER ROSCOE AND POOROOSHASS)

The three-dimemaional representation shown in Fig.
(1) may be transformed to the more convenient two-
dimensional form shown in Fig.(2) as described by
Roscoe and Burland (1968). In Fig.(2), p, is the
particular etress on the virgin isotropic consolid-
ation curve corresponding to the current water
content of the soil element; the curve AB repre-
gents the surface EFCD of Fig. (1) and the line BC
represents the surface DCBA., The surface repre-
gented by the curve AB of Fig.(2) will be termed
the Normally Consclidated State Surface.

FI0 7 TWO - DIAPIISRIAL RERRPSEHTATION OF
STATE OQMAN FOR XACLIN

Sample Preparation and Test Procedures

Powdered kaolin (LL = 70%, PL = 38%, % clay < .002
mm = 65%, Activity = 0.5) and deaired water were
mixed under vacuum to give a slurry with a water
content approximately twick the liquid limit. The
slurry was then consolidated one-dimensionally to a
water content just below the liquid limit, The
deteiled testing procedures have been described by
Wang (1972). An i{mportant feature of the programme
wds that most drained teets were performed in a
load-controlled manner in which load increments of
about 5 psi were applied gufficiently slowly to
restrict the rise in pore pressure at the centre of
the sample to about 1.0 psi and then each increment
was maintained at a constant value for more than

24 hours until the creep rate was very low. In this
way, all meagured deformations referred essentially
tr equilibrium states.

Strain-controlled tests were tested at a deformation
rate of .00012 in/min which was found to be suffi-
ciently slow to provide results comparable to those
from load-controlled tests though some slight
deviation could be noted,

Testes Results

(1) Uniqueness of the Normally Consolidated State
Surface: The existence of the Normally Consolidated
State Surface was demonstrated by a variety of com-
presgion and extension tests with different gtress
paths. The strese path for a typical teet is shown
in Fig.(3). The associated volumetric strains and
state path are shown in Figs.(4) 'and (5) respective-
ly. It can be occn that the state path remained

on the state surface during the entire test from

the compreseion zone to the extension zone,

Space does not permit other tests to be described;
however, the results of all tests performed, inclu-
ding those in which a reversal of the atress system
was involved, indicate that the shape and location
of the Normally Consolidated State Surface was
remarkably consistent.
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Some inconsistency occurred, however, in the
results of tests with stress paths in which stress-
reversal was simuftaneously combined with increas-
ing values of the mean normeal streas as discussed
by Lelievre, Matyas and Wang (1972).

(11) Volumetric and Distortional 'Strain Yielding:

The test results appear to indicate that volumetric
strain yielding and distortional strain yielding
are governed by different criteria, As noted above,
the state boundary surface appears to define the
(P, 9, W) condition for volumetric straining to
occur for most of the stress paths studied. How-
ever, referring to Fig.(6) which shows the distor-
tional strainas assoclated with the stress paths
given in Fig.(3), it can be seen that yielding

18 occurring during the stress path portions 0-1
and 2-3 but ylelding does not occur over the stress
path portion 1-2, Furthermore, the magnitude of
the distortional strains which occur during the
stress path portion 2-3 are almost identical to
those which would be obtained from the sample had
it been first isotropically consolidated to point

2 of Fig.(3) before being loaded in extensionalong
the path 2-3,-

To 1llustrate this behaviour, Fig.(7) provides the
streee path for a test which was loaded along the
path 0-1-2-3, The associated distortional strains
are shown in Fig.(8) and the observed state path
for this test 1g given in Fig.(9). The distor-
tional strains’' for the path 0-1 (Fig.(8)) agree
closely with those for the path 2-3 of Fig. (3).
‘Also the distortional atraing for path 2-3 of Fig.
(7) agree closely with the distortional strains
which would be obtained from tests in which the

FIG.4. VOLUMETRIC STRAIN

' PATH O- )
. PATH 1 -2
4 « PATH 2-3
L
f 2 !

-2 .
[} N
R -9 B
-6 ‘n"
k!

FIG 5. STATE PATH

sample was first isotropically consolidated to
point 2 of Fig.(7) and then loaded along the path
2-3. 'The distortional strains observed for these
standard compression tests are also given in Fig.
(8) for purposes of comparison.

The result of other tests also confirmed that
volumetric and distortional strain yielding can
occur independently but space limitations prevent
their inclusion.

A second conclusion which has been tentativelymade
regarding the observed distortional strains ie thst
the soil's memory of it's previous loading history
is effectively erased as soon 8s the stress system
18 reversed from a compression state to an exten-
sion state and vice-versa. This phenomenon is
i1luetrated diagrammatically in Fig. (10), where the
actual strees paths followed by typical tests are
shown on the left hand side of the figure with the
final etress path portion being indicated by the
continuous line. The distortional strains .associa-
ted with these final stress path portions were
observed to be respectively similar to tests with
the stress paths shown on the right hand side of
Fig.(10)

FIG 7. STRESS PATH FOR DRANED EXTENSION -
- COMPRE SSION TEST
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Stress-Strain Models

The soil behaviour which has been briefly discussed
in this paper has so far pruved too complex tn
model in any simple form, Investigatioms at the

University of Waterloo are in progress using finite-

element anslyses and a modified 'Cam-Clay' model
of the soil behaviour (Roscoe and Burland (1968))
with the aim of investigating field stress paths

to determine what degree of complexity of constit-
ive relationships 1s actually required for practical
application.
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EARTH PRESSURE ON TIED QUAYWALLS. A.A. Loizoz
(Greece) J. Forati (Iran). H.B. Poorooshasb (Iran).

Development of pressure acting on smooth vertical
faces of the earth retaining flexible walls of a
quaywall tied at the top is discussed taking into
consideration non linear soil deformation, wall
deformation and their compatibility.

In figure 1 flexible wall AB of height H is shown
and is assumed to be firmly embede in the under-
lying strate i.e. at point A both deflexions and
votations are assume to be zero. At point B the
wall is assume to be tied (say by non yeiiding tie
bars) so that at this point only deflexion is zero.

Three space variables are employed. Parameter h'
representing the height of filling assumed to be a
non decreasing function of time, variable x' repre-
senting a typical point on the wall and variable

z' such that z'<x'. It is convenient to use nor-
malized space parameters h=h'/H', x=x'/H and zsz'/H.
(i) Compatibility- Let w' represent deflexion of
wall at point x' at the time when height of filling
is h'. Also let s' represent the corresponding
extension of the soil layer in the horizantal dire-

ction. Since these deformations must be compatible.
oW _ 35
oh

3h
or w(h,x) = s(h,x) + f(x)
where again w = w'/H and s = s'/H have been used
for convenience. Obviously f{(x) represents the
normalized wall deflexion at the time when h was
equal to x. In other words the above equation may
be written as <
w(h,x) = s(h,x) + ﬂlp(x,z)1(x,z)dz 1
where p(x,z) represénts the pressure distribution
on the wall at the time that height of filling had
reached level x. Parameter i is the deflexion in-
fluence value (also normalized) at point x of a
unit horizantal knif edge load acting at point z.

Its value is obtained from 2
- 3(1-2/2)2x°] - (x-z)?

i(x,2) ={(1-2) (1+z-22/2)x3
(H2/6E1)
where EI is the flexural rigidity per unit lenght
of the wall.
(i1) Soil Deformation- Assuming the soil to be rigid
strain hardening plastic and following a stress-
strain law as proposed by Poorooshasb et all (1966-
1967), Forati (1971) has demonstrated that the
relationship between the total lateral principle

m

strain €., and the ratio of 9/¢, 1s unique provided
that un18ad1ng does not take place and also that no
rotation of the principle stress axes are encountered.
Thus according to Forati €3 = e3{ey/m). In this
analysis this functional dependency is assumed to be
Tinear for simplicity. Thus if the distance between
the two supporting walls of the structure 1s assumed
to be 2b the extension is the horizantal direction

of the soil layer may be obtained from the relation-

ship

s = s'/H=(3b/H) [ko-p(h,x)/H¥(h-x)] 2

where jand kg are soil constants, Yits density and

p(h,x) the horizantal pressure at point x when the

height of filling 1s equal to h.

(iii) Wall Deformation- Assuming the supporting walls

to be constructed of linearly elastic material, then

deflexion at any point x may be related to pressure

p by equation

Pwin,x)/ax4 + H3p(h,x)/El * 0 3

Thus the solution to the problem cited may be obtained

through the solution of the set of equations stated

below: z

w(h,x) = s(h,x) + H}B(x,z)i(x,z)dz

553”‘) = (/M) ko * p(h.x)/H¥(h-x)] I

Hdw/axd + H3p/ET =0

Solution of Set 1. The method of solution adapted

by the Authors uses a process in which the rigidity
of wall is "relaxed" in stages. Thus starting from

a rigid wall p(x,z) is evaluated and the integral in
in first equation of set I obtained. Now using the
value thus obtained and employing a flexural rigidity
value corresponding to a semi rigid wall w is obtain-
ed from the first and second equations by ellimina-
tion of variable s. The resulting expression is in-
serted in third equation to obtain a differential
equation in terms of p the pressure distribution.

The process may be repeated if need be. The first
step of this analysis is described here for clarity.
For a rigid wall El =02, w = s = 0 and hence from
the second equation p(x,z) = kgH ¥(x-z) which is as
exgected. Nowdsubsti$ution for th;s value of p(x,z)
and, from second equatio s(h,x) results in
naugren 1oRatgy 3 (0.

w= 0. - ;

wher ££X) 1 ¥ ionEdf x 5n1y and is obtained
from thé integral of the first equation. Now let a
solution for p in the form p=koh'H(h-x¥¢ be sought.
Then substituting for this value of pin the express-
jon for w and using the third equation of the set,

alsg employing a new parameter y = x-1 we obtain
/"%yg - yp= 7y - 19.5y2 _ 15y - 2.5 4
where A=(2-). (?ﬁ%& . The solution to equation 4 is
in the fo

PB=Zayn

with a recurrence formula for a, given by
a, = 2ap.5

A(n)(n-1)(n-2)(n-3)
The copstants ag, 41, a
boundary conditions tha%
and d g/dy = 0.
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GENERAL ONE-DIMENSIONAL CONSOLIDATION THEORY
FOR HIGHLY COMPRESSIBLE CLAYS. M. Mikasa
(Japan)

A general theory for the 6ne-dimensional
consolidation of homogeneous. saturated highly
compressible clay, published in 1963, is sum-
merized here as concisely as possible.

Used assumptions are the following three.
1) Soil grains and water are -incompressible.
2) Pore water flow obeys Darcy's law.

3) The compressibility of soil structure is
not time-dependent.

By using assumption 1) the following equa-
tions are derived from continuity condition
of pore water flow.

9t . v
t 32

(1)

Non-stationary
(during consolidation)

@

Stationary
(after consolidalivu)

where df (= —df/f) is the increment of compres-
sion strain (f=1+e; volume ratio) and v is
the superficial velocity of the pore water
flow.

Assumption 2) gives

v = ki (3)
The seepage force of pore water upon the clay
structure is .

jo=ifw (4)

The body force acting upon the clay structure
downwards is _
9p/dz = j + ' (5)
where is the submerged unit weight of clay,
and p is the effective stress.
Assumption 3) allows us to define the comp-
ressibility my by

my = d€/dp (6)
(4), (5), and (6) we

cv(§& - mys) 7

where cy (=k/myf') is the coefficient of con-
solidation. Inserting Eq(7) in Eqs(l) and
(2), and taking cy as a function of £, we
obtain the following consolidation equations.

v = ve(const.) (2)

Combining Egs(3),
obtain

v

Non-stationary

dev o

. = 2 + il - LI P—
'g{— Cv%'z{r 75._(33 ) gg(cvmvf. ) (8)
Stationary £ , Yo
Komp o S

Now in the case of compressible clay, z
coordinate of each clay element changes its
value during consolidation process, and Eqgs
(8) and (9) cannot be duly integrated for
finite strain. To overcome this difficulty
a new notion of original coordinate z.(z co-
ordinate in the original state in which the
clay is supposed to have the same volume ratio
fo(=1+e,) everywhere), together with the fol-
lowing three quantities concerning compression
strain, are introduced.

Compression ratio ; = f,/f (10)

nz2

Natural strain &

'
i{%fﬂoge({’—)'l%e[ (1)

ifﬁdf: ﬁ;ﬁ- 1—
.t
Using these, Eqs(8) and (9) are transform-

ed into the following equations valid for
finite strain.

Nominal strain (12)

Non-stationary

B - (L ol o, o0

Stationary y
=m v 4 Yo
d 2, ol Cv

These equations have very wide generality be-
ing free from the following six assumptions,
which are necessary for the Terzaghi theory:
4) Finite strain and 5) self-weight of clay
do not affect the consolidation. 6) ¢y, 7)
Pc(consolidation stress), 8) k, and 9) my
remain constant during the consolidation
process.

Assumptions 4), §), or 6) may effectively
be used to simplify Eqs(13) and (14), when
tho effects of such factors are considered
small. A series of equations derived in this
way were calculated for many cases and showed
good agreement with the experimental results.
(MIKASA,1965; MIKASA and TAKADA,1973). The
effects of finite strain and self-weight of
clay, for example, were both found to accele-
rate the consolidation speed of compressible
clays considerably.

If assumptions 4}, 5), and 6) are applied
together, consolidation equations are reduced
to such simple forms as follows:

Non-stationary

(14)

€ _ 3 5
Stat 9E - Cv%%z {' (15?
ationary Ve
g% T TGy (16)

Eq(15) being the same in form as the Terzaghi
equation, it would not be worthwhile to trans-
form the former into the latter by applying
three additional assumptions 7), 8), and 9)
restricting unduly the applicability of the
theory. Note here also that Eq(1l5) has a
vast stock of evidences to support it already
in the numerous consolidation test data on
compression strain, that have long been tcunsi-
dered to support the Terzaghi consolidation
theory.
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A NOTE ON THE STRAIN CONDITION FOR SAND AT FAILURE.
P. W. Mitchell (Australia)

To anderstand clearly the stress-strain behaviour
of sand, it 1s necessary to investigate ita behaviour
at the fallure state.

Numerous investigations have found that the Mohr-
Coulomb failure eriterion, with parameters determined
from conventional solid cylinder compression tests,
provides an adequately safe estimate of the strength
of sand. While there has been considerable investi-
gation of the failure stress envelope, the strain

condition for sand at fallure under generalized stress

conditions has not received the same attention.

An investigation carried out at the University of
Adelaide has examined the drained deformation
behaviour of a medfum dense sand under three-dimen-
sional states of stress by means of the hollow
cylinder compressiom test.

In classical plasticity, the plastic potential is
identical with the yield surface. However, taking

the Coulomb criterion as the yield surface at failure,

an unacceptable dilation rate for sand is predicted,
and hence the assoclation of the plastic potential
with the yleld surface is not valid for this material
(Poorooshasb et. al. 1967). To define the observed
plastic potential at fallure, recent investigators
(DPavis 1968, Roscoe 1970, James & Branmsby 1971),

have substituted a parameter y for the Coulomb
friction angle ¢, and have obtained strain rates at
failure not associated with the Coulomb stress
criterion.

For an accurate determination of the strain rates
occurring in a deforming soil mass under generalized
strees conditions in the field, it is of importance
to examine the shape of the plastic potential surface
in three-dimensdonal principal atress space. 1f the
shape of the plastic potential function is of the
Mohr-Coulomb hexagonal pyramid type, then the strain
rates at fallure are:

- (e, - é3) sin ¢ ... (¢))

1

Equation (1) takes no account of the straim in the
direction of the intermediate principal stress.
Itg appropriateness in describing the strain rate
behaviour of sand at failure under arbitrary siress
conditions, can be established from its observed
behaviour in three-dimensional laboratory shear
tests.

On the basis of results from the hollow cylinder
compression test, it has been found that the plastic
potentials in three-dimensional stress space are
bullet-shaped surfaces of revolution about the
hydrostatic axis. Hence at failure, the plastic
potential surface ias of the extended von Miges
conical shape, and the strain rates are defined by

€14 3
where a 1s a soil conatant related to ¢, A 1is a non-
negative parameter related to the state of plastic
strain, and J, and J, are respectively the first and
second Invariant of Stress. Equation (2) describes
the rate of deformation of a sand mass under general

- - !5
Masy, + (3,/3) 8, )/23,%} ..el (D)

(°1j

stress conditions at fallure. Only for the case of
plane strain do these strain rates, associated with
a plastic potential of the extended von Mises shape,
reduce to the strain rates associated with a plastic
potential of the Mohr—Coulomb type (equation 1).
If €., €, and €, are the principal strains, then
12,.2 3

from™ (2)

E +e& +€, = 3Jal 32

. .2, .. _.\2, .. 2% A
TELE = 8)" + (¢ - &))" + (&, - €7 7 (&)

Equating (3) and (4) through the parameter i, and
substituting €, = 0 for plane strain, it can be shown,
on rearranging, that

176 (5
g g, | o

Equation (5) becomes identical with equation (1)
if - sin Y is substituted for the constant on the
right hand side of equation (5).

The use of a plastic potential not associated with
a fallure criterion has the advantage that it can
accurately model the behaviour of sand at the fallure
state. However, whereas the failure stress condi-
tions can be safely defined by the Mohr-Coulomb
criterion, experiments have found that the strain
rates at failure are associated with a plastic
potential surface of the extended von Mises conical
shape. Only for the case of plane strain, does a
plastic potential-of the Mohr-Coulomb shape describe
the strain rate behaviour of sand at failure.
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PREDICTED AND HEASURED SETTLEMENT OF ROAD
EMBANKMENTS, R T Murray (England)

INTRCDUCTION

In recent years there has been a considerable upsurge
in the development of non-linear theories of consoli-~
dation. Although such theories are extremely valu-
able in leading to a greater understanding of the be-
haviour of so0il, research being carried out by the
Transport and Road Research Laboratory and elsewhere
has indicated that a major source of error in calcul-
ating the rate of settlement arises {rom difterences
between the field and laboratory compressibility
parameters.

The Laboratory has been carrying out a ccmprehensive
programme of field studies of the settlement of road
embankments censtructed on compressible subsoils.
Computer programs have been developed (Murray 1972)
which take account of both the stratified nature of
the sutsoil profile and the ncn-linear behaviour of
the consolidation parameters.

I'his Report gives a brief dereripllon of Llhe iesulls
at two recent settlement studies and supplements
earlier studies which have already been published.
GENERAL

The subsoil conditions at both sites consisted of
highly compressible alluvimel deposits of recent
origin. In Fig 1 are shown the coefficients of con-
solidulion (Cv) und volume comprecoibility (Mv) for
the site at Oxford. These values were determined
from laboratory tests, for the mean of the initial
and final effective stresses. Also shown are the
coefficients of consolidation determined from measur-
ements of in-situ permeability used in conjunction
with the laboratory values of Mv. The corresponding
consolidation paremeters for the site at Over are
shown in Fig 2. The field coefficients of consolid-
ation at both sites are generally much greater than
the corresponding laboratory values.

MEASURED AND CALCULATED SETTLEMENTS

The acttlcment records for the twn sites are shown
in Figs 1 and 2. The results of the settlement
analyses, shown in these figures, were based on a
multi-layer theory of consolidation assuming one-
dimensional drainage as the embankments were wide in
relation to the depth of compressible strata.
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The records indjicate that the rates of movement were
much greater than was calculated on the basis of the
laboratory coefficients., However, the magnitudes of
the measured and calculated ultimate primary settle-
ments are llkely Lu Le in remssonable agreement. Thoe
relations between settlement and time based on the
measurements of in-situ permeability show much closer
agreement with the measured settlement. To study the
influence of non-linear behaviour of the soils during
consolidation, further analyses were carried out in
which the consolidation parameters were varied with
changes in effective stress (Figs 1 and 2).

The calculated relations between settlement and time
using the non-linear method of analyses (Curves 2

and b, Fig 1) at the Oxford site show slightly closer
agreement with the measured settlement than was prod-
ueed by the analyses which involved the use of ,con-
stant parameters (Curves 1 and 3). However, no sign-
ificant improvement was obtained at the site at Over
(Fig 2), confirming that the differences between the
field and laboratory coefficients had the greater
intluence on the settlement calculations. .
CONCLUSIONS

The results-of recent settlement studies at two road
emtankment sites indicated that non-linear analyses
did not significantly improve the’ settlement predic-
tions. It is much more important to employ coeffic-
ients of consolidation which are representative of
the mass of the 80il in-situ rather than values de-
rived from amall-ocalc laboratory toctc. These find-
ings are consistent with the results ottained from
other similar studies carried out by the TRRL,
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AN INCHEMENTAL THEORY OF THREE DIMENSIONAL CONSOLIDA-
TION. H.Ohta and S.Hata (Japan

A theory of three dimensional consolidation is pre-

sented based on the incremental stress-strain relations

generally applicable to the clay which had been aniso-

tropically preconsolidated with the application of both

the effective mean principal stress o°, and octahedral
shear stress t__,=ko’ and then has v%n swollen up
with the reduc€fén oF’c  and * from the values at
the virgin consolidat1cB®to r_ 7. and o-. where the
suffix Z is denoted to initial®®
the stress state of clay prior to the application of
three dimensional load. The void ratlos corresponding
to the virglin consollidated state and the initial state
are respectively represented by ¢, and e.. When o’ .=
os)and v =ko* , it becomes e e and*the clay ™ is
sﬂfd to b8 fﬁ nomally consolidated’state.

The clay layer in the initial state is to be loaded
in its loeal area and to geform immediately with the
undrailned conditilon.

in the™sense that 1s

'3 1 3u
1+eiam—uat

elostin gtate (5)

- ._3(.k£ _3&) - _3(51 .3!) - ._a(_£ ﬂ‘.)
ax’p, ¥x 3y'e, ¥y

Yoot . 3u

1 1 oy
[-2 '1-(1+¢io)uc,—m—_'—u]at

1+ei O — U

elastie-plastic state (6)

where u 1s the pore pressure, p 1s the density of
water and k_, k , k_ are the coffficients of permeabi-
1ity in «, §, s/dirfetions. On the process of reduc-
ing eqs.(5) and (6), the unaltered total stress state
during the consolidation is assumed although this 1s
not valid for most of the consolidation problems, but

y8/5

We contlrue to discuss assuming
the change in the total stresses due to the application
of load 18 known at any point in clay layer. Ohta and
Hata(1971) showed that (a) The clay 1s in the elastic
state when the octahedral shear stress after the appli-
cation of load does not exceed the value of Yo tp glven

acceptable by the practical englneering sense.
Solving egs.(5) or (6) with the initlal state of
total stress distribution and initial pore pressure
distribution throughout the clay layer and with the
boundary condition of the pore pressure, dissipation
process of the pore pressure can be clarified because

by . A-x . m in egs. (5) and (6) we have constant t_,, and o .
“ootp = “mi*3 Uregyw 1" 57, (1) Unfortunately these equations are in t88°camplifated

forms to be solved analytically. Then we have to
carry the numerical calculation in order to get the
practical informations. With the initial values of
the coefficlents of permeability defined to each
point in the clay layer, and with the lmowledges on
the initial states of pore pressure and total stress-
es, we can begin to solve egs.(5) or (6) numerically.
On the progress of the pore pressure dissipation, the
values of coefficients of permeability may change in
the way that should be clarified before the camputa-
tion. In this way, the dissipation process of the
pore pressure induced in the clay layer by the load-
ing can be known.
m Toct In the current analysis of consolidatlon process,
e; = 60 + AMn o H(ltedu(== — k) = 0 ) the settlement is estimated from the void ratio chan-
mo m ge of clay induced by the expulsion of pore water.
The pore pressure set up at a poilnt 1n clay layer 1is But it is the physical reality that the reduction of
the difference between the total and effective mean pore pressure causes not only the vold ratio change
principal stresses. In this way we can determine the but also the further distortional deformation of clay
pore pressure field in the clay layer which 1s to be 1n elastic-plastic state. Ohta and Hata(1973) glve
dissipated by the expulsion of the pore water. It 1is the time derlvatives of strain as follows
noted that the effect of rotation of the prinecipal L - 1 1 aa""
stresses are not taken into account here. 4 . 31 :_ —= aTéij
The rate of dissipation of pore pressure depends ot et m
primarily both on the relatlonship between the void
ratio and the effectlve stress state and on the perme- dc, . 1+ e
abllity of clay. Ohta and Hata(1971) gave the incre- —3—"“-7- e wrar ey
mental stress-void ratio relations as follows t m e: 0¥

where the upper and lower signs correspond respectively
to the cases that « a” after the application of load
1s greater and smali8F ™than its virgin value %k, 1,
are the compression 1ndex, swelling index 1in the e-Ino”
dlagram and u 1s the dllatanecy index. The effective
mean princlpal stress remains unchanged from o”. in
this case and the set up pore pressure 1s the Bl freren-
ce between o’. and o_ that 1s the total mean principal
stress after”the application of load. (b) The clay is
in elastic-plastic state when t " exceeds t and
effective mean pringipal stress® st be miﬁt@d with
Toot in the way thaat‘

elastic state (7)

T
L 3 2ty
m

dv = 75— —5  elastio state (3) TSRS UV,
1+ei o ’13(°ij'°m61:,1)] EYs
and oce
2 (1+e°)",d°m, A - Yoot .+ Tpot elastic-plastic gtate (8)
P T+e, Lo (Gegn " 0z ) o | REFERENCES : ) re suface of
. . On the st ace of an-
elastic-plastic state (4) Onta,H. and Hata,S. (1971, VS Proc.d.

isotropically consolidated clays, Proe.J.S.C.E., Nol96
Ohta,H. and Hata,S.(1973),Immediate and consolidation
deformations of soft clay stressed by unlform strip
load, Proe. 8th Int. Conf. on S.M.F.E., Moscow.

where duv 1s the increment of volumetric strain. Combl-
ning eqs(3) or (4) with Darcy's law, we get the funda-
mental equations of three dimensional consolidation
Y. "% YRS VTR VAN P
3y ‘e, 3y
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THE USE OF ISOTACHES IN THE CONSOLIDATION
ANALYSIS. L.Suklje (Yugosiavia)

As eorly as in 1957 the suggestion had been given
(Buklje 1957) to represent oedometer test dato by iso-
tache sets

€= [e (6 )] a=const

Since the consolidation of naturol layers, whose thick-
ness normally exceeds 1 m, rarely occurs at speeds & of
the void ratio change larger than 106 sec™', the iso-
taches can easily be obtained from secondary branches
of consolidation lines. The suitability of a certain rheo-
logical scheme to the short-term primary consolidation
of laboratory specimes is of minor importance and cannot
be considered decisive in analysing the consolidation of
thicker layers.

Rheological relationships of Kelvin’s models with either
linear or non-linear elasticity and/or viscosity kee Mrs.
Battelino’s paper in the Main Session 1 ), and equation

_ - ' _: @ ' b
e=e A (O G°)+( e) B (0 Go)
suggested by Poorooshasb (1969) and Sivapatham are
examples of analytical expressions for isotache seks. In

our experience, the following function has often been

proved to suit the experimental data:
n

e = b [a' (6’/60)'1 - [In(é/éo)] /e .

i=o
;" [bf( 6’/50)'] (Buklje 1969-b)
=

The above equation can be opplied for several sections
of the entire Isotache set by considering continulty con-
ditions in the linking polnts between the sections.

If the Isotoche: as well as consolidatlon curves are
shiight lines In the respective (e, log 6'/60) and

{e; log t/t ) coordinate systems; the analytical expres-
sion for the isotache set Is:

é/éo = exp{[A +8lIn (6'/60) - e] :
[c+Din (67 oo)]} Buklje and Simonéic 1972 )

If the isotaches and the consolidation lines are straight
in the respective

(log e/eo, log 6/ Go) and {log e/eo, log t/to) systems,

the equation of isataches is:
a=cA Ve 614 miie 1972)

In Author’s opinion, this equation applies also to "time
lines" when they are straight, parollel and gouidistant
in the (log e/eo, log 6'/ 60) system. Taylor's assump-
tion that the time lines of thicker layers coincide with
those of thinner samples (Taylor 1942) requires independ-
ence of rheological relationships on the effective stress

Increase 36/ .

In some consolldation studies, the appearance of the term
067/0t in the rtheological equation of the sofl is due to
the Hookean spring when connected in series with other
elements, e.g. with a linear or non-linear Kelvin ele-
ment. The unsuitability of such a connection has been

discussed elsewhere (§uk|ie 1969-a).

For radially symmetric space consolidation onalysls, expe-
rimental data of triaxial testing can be used in a similar
way (Suklje 1963-q, Suklje and Simon&i& 1972). Due to
dilatation effects, different isotache sets result for differ-
ent deviatoric stress companents. The Author has suggested
(Suklje 1969-b) to express these effects by isotache sets
corresponding to stress states whose Mohr's circles have
straight envelopes

Tm =¢/F + (laanI/F): F>1
e= {[e(om )] 'e=consl'} F=const”

If we assume that, at any time t, the total stresses are
known and, if the boundary conditions are given, appro-
priate analytical expressions for rheological relationships
and for the dependence of the permeability on void ratio
k = k(e) can be inserted into the Terzaghl-Biot differ
ential equation of consolidation and this equation solved
by a numerical method. The numerical procedure can be
considerably simplified if, In the observed stress domaln,
the function k(e) is replaced by an average value

k = const, or if the terms containing the differential
quotients of k with respect to the position coordinates are
neglected, but in the remaining terms the variotfon

k = k(e) token into account. If the varlation of the
coefficlents k In the consldered stress tnterval Is nul lvo
large, such approximate procedures seem to be justified.

Graphical and numerical solutions based on Isotoche sets
(Suklje 1957, 1964-a and 1966, Suklje and Kogoviek
1968, Suklje 1969-a and b, Suklje ond SimonZi& 1972,
Sukle ond Kozak 1972) have proved that Inftial porosity,
loading speed and interval, length of seepage paths,
permeabllity and saturation exhibit Important influence
onto the pore-pressure and settlement development. Our
future efforts have to be directed towards finding a more
oppropriate approach to the consolldation analysis in
statically indeterminate stress conditions.
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ONE=-DIMisNSIONAL PROBLEN IN TiHE CONSOLIDATION
OF MULTIPHASE SOILS TAKING VARIABLE LOAD AND
PRESSURE HEAD ON TiIE BOUNDARY INTO ACCOUNT.
Z+G.Tor-Martirosyan, (USSR)

Conditions are frequently encountered in
engineering practice when it becomes neces-
sary to predict processes of consolidation,
taking into account the rate of application
of the compacting loads, as well as the ef-
fect of time-dependent boundary preasure he-
ads. Such cases may include the behaviour of
the soils in the base (foundation bed) of
hydrotechnical structures and large reser-
voirs, the comp ction of the clay core in
dams, the consolidation of a burled clayey
inclined bed overlying a pressure head level
and subsidence of the earth's surface due to
the pumping of underground water.

To be dealt with is the one-dimensional
problen of the consolidation of a layer of
soil of thickness h, lying on a fissured
filtrating rock base, under the action of a
time-dependent compacting load and at time-
dependent boundary conditions U(o,t), U(h,t),
It should be noted that the water pressure
U(h,t) will give rise to additional stress
in the skeleton of a multiphase soil,and sho-
uld be dealt with simultaneously as a boun-
dary pressure and as a supplementary compac-
ting load. Then the equilibrium equation
will be of the form

2t uht)=UE )+ 6(2t) ()

For the sake .of generality we shall assume
that the soil medium is an elasto-creepiu§
porous medium,filled with a compressible li-
quid (gas-containing water).Here the diffe-
rential equation of the one-~dimensional prob-
lem of consolidation,taking into account the
compressibility of the pore water, can be
written in the form

2€ 59U [*€ , v (2)
FTMF ey el F T
where U = pore pressure

unit weight of pore water

K = coefficient of permeability

ay = coefficient of volume change af the
pore water, determined by the equ~
ation (proposed by the author in
1965): 7=

Q. ==
YT A
where Iw = degree of saturation
Py~ = atmospheric pressure,

The equation of state of the soil skel eton
can be rcpresented in the form of the here-~
ditary creep:

t
e(5,)- €(t)= 6 (t)0n~ [61) 2= AUtz
4

wvhere e(t) and e( T4) = timo-dependent and
initial void ratios
6(1:) = time-dependent stress in the
soil skeleton
ap = coefficient of instantaneous
volume change
,v-coei‘ficj.ent of total volume
change,determined by an equw tion

of the type
Q14T)= G+ Qy ({1~ exp[-2(t-T)]} )
where Ag= coefficient of long-term volume
change
z =

creep parameter of the s80il skele=-
ton.
Combining equations (2) and (3),and taking
into account equation (4) and the equilibrium
equation (1), the follcwius is obtained:

2 3
%4*0—37“-{,_“)=..C'[ +155] o
where {ft)= A( §(t)+li(d,£)]+ B[ %/t)+ Wi t)] ;

1A +Q¢+ Quw€) . - _(1+E€)K .
a_ "'_+awé V] CV n(am* we'),
- 22 . B= r@e) .
A-dm* e’ g rliw & °

According to the initial proposition,the
boundary and initial conditions can be writ-

ten in the form (Yfg,¢)= X, (t); U[R ¢)= X, (t)
ulzgg9)=-2 9, Ul 0)=V(27); (6)

Moreover,the second initial oondition
should satisfy an equztion of the form

%E‘/* B'ulty) - #(Ty)= ¢ LU

@ aolution obtained for equation (5) is
of the form

U(t2)=Uot)+ f_[ﬂ(){’t)— ulo, U] 141*):&%’!(85

Va (b)=L (o A VatoD B Lialo+h Vo] ett
: Az - A] ) 1~ ﬂ—l T

EM(D] | exp[AeftT)] R (y)dr;
A=A A-A }[ﬁlt) F'/)]

Af,f {—-{- [ Q+ C,(%’.' )?IWOA’ CZ(?)‘_"!,,‘/G 2(%?}
2 ﬁ' lysaZetay, ﬂ/ﬁf/"ﬁf{/ﬁb%ﬂ_f At

Rl)= ot/ @4l R[04 &%
+a-ULY- UiGe)--nge] ;

Thus,the set problem is complotely solved
for the general case.Specific cases, corres-
ponding to varlous loading conditions and
boundary conditions,can readily be obtalned
from the general case.
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ESSAIS DE BUTEE ET DE POUSSEE EN VRAIE GRAN-
DEUR.Yuah. Tcheng (France) ‘

Neuf essais de butée et un essai de poussée ont
été effectués & 1'aide d'un mur de 3 m de haut,
5 n de large , poussé par six vérins horizontaux
capables de 2000 t et deux autres verticaux de
500 t , dans un mouvement de translation hori-
zontale régulé & 1/I0 mm prés .

Les contraintes ont été mesurées dans la
portie centrole du mur { pour éviter les pertur-
botions des extrémités ) et sur toute la hauteur
d'une bande axiale de 20 cm de large divisée en
six cellules superposées . o

Le sable d'essoi est un sgble siliceux
dont les gruins ont un diomdtre compris entre
0,1 et 0,2 mm ; ce sable est compacté & la den-
sité sdche de I,65 , pour laquelle ¢ = 40° . A
sa teneur en eau naturelle il posséde une cohé-
sion de 3 & 5 Keg

A - Déplocement de rupture
Pour chaque essal J 1_ augmente avec la

profondeur et d'autre part avec £ . Le dé-
plocement de rupture correspondont & la haouteur
totale de l'écran , beaucoup plus important que
prévu, croit avec , angle total du massif

fig. 1 ) . Il vorie de 6 & 18 cm quand (L.
croit de 6I° & 1I6° . So variation est liée
principalement & (:) .
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B - Ligne de rupture

Quels que soient ete la longueur
développée de la ligne de rupture reste du méme
ordre de grandeur { fig. 2

~ Variation de 1'obliquité

¢ vE'oBILquxiZ crolt avec le déplacement de
1'4cron mois n'otteint jomais ¢ quel que soit
1'état de surface de 1'écron .
D - Coefficient de butée

o figure J donne les courbes de K_en
fonction du déplacement de 1'écran . .

Kpy et Kpy présentent un maximum , puis

décroislent alSrs que‘Kpa..., Kpg tendent vers

une valeur asymptotique , Kp_ étant le coeffiT
cint Ke des zz lules 1 & n " comptées & partir
de la sBrface . Pour un essai , cette voleur
asymptotique est du méme ordre quel q?e.soxt n.
Elle est intermédiaire entre le coefficient
théorique relotif & g résiduvel = 31,500 et

celui correspondant & ¢ = .
Fig.3
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E - Influence de la cohésion

ElTe n'a pas pu &tre mise en évidence quel
que soit le mode d'interprétation odopté . Il
semble donc qu'une cohésion de 1l'ordre de 40 kp
soit totalement négligeable pour un écran de a
3 métres de haut .

F - Contraintes dans le massif

Quinze copteurs sont incorporés dans le
massif et ont fourni des résultats trés intéres-
sunls.

a ) Ces capteurs accusent un maximum bien
avant la_rupture générale du sol .

b ) le long de la surface de rupture les
contraintes sont les plus grandes .,

En conclusion ces capteurs sont capables d'
une part de signaler & l'avance l'approche de la
rupture et d'autre part de localiser la surface
de rupture .

G - Mouvement du massif en surface

Ca conclusion est encore plus nette que pré-
cédemment . La rupture peut &tre décelée bien
avant sont apparition gr8ce & l'observation du
mouvement superficiel .

H - Poussée au repos

Elle dépend essentiellement du compactage.
La controinte verticale peut &tre inférieure ov
supérieure au poids des terres en raison de lo
formation des voOtes lors de la mise en place.

Bibliographie :
gournees Nationales de Mécanique des Sols

PARIS-~ MAI I971 - " Essais de Butée en vroie
grandeur,

V &me Congrés Europden de Mécanique des Sols
MADRID - I972 - Essais de Butée en vroie
grandeur et cantraintes engendrées par une

surcharge rectangulaire sur un mur vertical.




NOR-LINFAR ONE-DIMENSIONAL CONSOLIDATION
OF THICK CLAY LAYERS. €. Viggiani, Italy.

The classical one-dimensional Terzaghi
consolidation theory assumes both the
vermeability coefficient k and the volume
decrease coefficient m, to be constant.
Davis and Raymond (1965) developed a
theory which allows for variations of k
and m,, but is only appliceble to ocedome=
ter test 'and thin layers in the field,
since it doee not allow for total stress
variations with depth. A eimilar approach
had been independently pursued by Mikasa
(1965).
Janbu (1965), Raymond (1969), and Davis
(1971) took into account the influense of
depth in particular cases.
The purpose of this contribution is to
presente some solutions of the Davis and
Raymond theory, including depth effects.
Following Davis (1971) the differential
equation of one-dimegfional consolidation
may be written: o' du 4 4

> 'a&z"{'bz Sz @ )

where u is the excess pore pressure; zH is

the depth below the pop of the consolidating
layer of total depth H; T=cyt/HZ for one

way drainage and T=4c, t/H2 for two ways
drainage; o' 1s the vertical effective presg
sure. Eq. (1) ie derived under the assum=
ption that the consolidation coefficient

cy 1s constant. Assuming the well known
logarithmic relation:

e,~Co 180'/0} (2)

and taking 1+e=const. (small strain theory),
it follows that my=const./o' and k=cvmyYy~
=const./a'.

Truly one-dimensional consolidation may
actually ocour in the field due to:(i) uni
form surcharge over a large area at the
goil surface; (ii)lowering of the waber
table.

In the first case the initial excess pore
pressure is constant throughout the layer
depth and the clay layer may be drainming
at one or both boundaries. In the second
case the initial excees pore presaure has
a nearly triangular distribution with the
vertex at the top or bottom surface; the
layer must be dralning at both boundaries.
The four possible cases are represented in

4 T T T T T

T M T L) T

Pig. 1.

Degree of consolidation vs. time factor. A=c}/v'H: B=q/v'H; T=cyt/HZ

for one

way drainage; T=cy4t/HZ for two ways drainage.
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Pig. 2. Excess pore pressure isocrones for typical values of A and B.

fig. 1; they have been solved by numerioal
methods in the following range of parame=
ters:

A=0}/y'H= .01=1; B=q/y'H= ,1-1
Some resulte are shown in fig. 1 as dia=
gramg of the degree of consovlidation U
versgus Ty for sake of oomparison the cor=
responding curve obtained by Terzaghl the=
ory is shown. In fig. 2 some excess pore
pressure isocrones ere reported.
I+t may be seen that in some instances
non-linear effects are likely to be of
great practical importance. Diagrams pro=
vided herein may guide in eptimating thease
effects when interpreting field records
of settlement and pore pressure caused
by the oconsolidation of deep beds of soft
normully consuvlldated clay produoced, for
instance, by sand reclamation filling or
ground water lowering.
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COMPUTER MAKES CALCULATIONS FOR ELASTIC ANI-
SOTROPIC BAES AND STRUCTURES OVERLYINGe
Ye.F.Vinokurov,V.A.Kuzmitsky, L.G.Shulika

At present strain calculations of natural
bases of bulldings and structures are made
on the basis of the linear strained isotro-
pic body theory. Very often, however, aniso-
tropic bases laminated and heterogeneous in
plan and depth may be met in construction
practice,

30il anlsotropy, lamination and heterogene-
ity change ths general picture of the stress-
strain state of the base but the existing
calculation methods do not take into account
these changes., T™e iteration method for sol=
ving anisotropic linear problems of soil me-
chanics worked out by Ye.F.Vinokurov /I/ made
it possible to develop a number of working
programms for the "Minsk-22' computer.The
programmes may be used in solving certain
plage,three~dimensional and axially symmetric
problems to define transposition components
of different points of homogeneous anisotro-
pic laeminated and heterogeneous bases,These
mey, likewise, be used when calculating reac-
tion pressure epure configurations and foun-
dation settlements taking into consideration
(or without it) the influence of the adjacent
foundations /2/.The foundations may be absolu-
tely rigid,flexible and of ultimate rigidity.

Analysing the results of ocalculations one
might draw a conclusion that vertical trans-
positions of single base points are essential-
ly dependent on the ratio of modulus numeri-
cal values in horl sontal /Ey/ and vertical
/E,/ directions, Transpositions obtained with
the ratio of indicated modules equal to zsero
and corresponding to quasi-isotropic medium
differ several times from the same transposi~
tions determyined with other module ratios
(Fig,1,I).The change diagram of foundation
settlements with different module ratios and
equal Poisson's ratio values
(Fig.l III) as woll as the dependence of the
foundation settlement with di fferent Poissm's
ratios and constant value Ey/E,=1/2 (Fig.l IV)
prove that one should not use ghe quasi-iso-
tropic body theory calculating foundation set-
tlements,

dhile determining foundation settlements it
is also necessary to take into account bounda-
ry conditions where the foundation is in con~-
tact with the anlsotropic base. If in the
point of contact the tangential stresses are
equal to zero /the case of slip/ or the hori-
sontal transpositions are equal to zero (the
case of adherence), the difference in the
degree of settlement may be more than 10%.

ompressive stresses of anisotropic bases

do not coinside wlth compressive stresses of
quasi-~isotropic bases. The greatest differen-
ce 1s observed within the zone from the base
of the foundation to the depth equal to two
width of the foundation (Fig.l,II).Wth equal
ratios Ey/E; but different values Ey and E,
the epures of compressive stresses coinside.

Stress and transposition components of ho-
mogeneous anisotropic bases don't coinside
with the same values far laminated anisotro-
pic bases. That is why calculating anisotroplc

L F]]

basea one should take into consideration
their heterogeneity and lamination.,.

WVhile solving soil mechanics problems with
anisotropic bases 1t is necessary to know
80il stress-strain property parameters belng
different in various directions,

A new method /2/ of experimental determina-
tion of five basic parameters of anisotropic
sall defarmation properties, having,with
respect to stress-strain propertiss, an axis
of symmetry has been worked out. Tests were

carried out on undis turbed samples chosen
in parallels and normally to the isotropy
lane.

P The method is based on the use « an ado=-
meter for determining considering the re-
sults of compression,-lime ar defarmation mo=
dules in two principal directions /Eg,E /, 8
three~axial compression device for o tafning
Poisson's ratio values being used as well,

LITERATURE: .
l.Vinokurov E.F."An iterative calculation m -
thod of bases and foundations by means of
computers","Nauka i technika"Publishing

House, linsk ,1972.

2. Collection book "Bases,foundations and
s0ils mechanics","Vyashaya 3hkola"fubli-
shing House,N2, Minsk,1975.

EXPLANATIONS for FIGURES
Fig.I. Change pringiples of a stress-straln
state of anisotropic bases depending on
the ratio o Ex/E, and
I. Vertical transpositions with different
module ratios and
II. The same fa verticel pressures;
III., Values of foundation settl ements with
different module ratios and
IV. Foundation settlement valus with dif fe
rent ratios of md Ey/Ex=1/2
1., for the case when Ex/BEz =I
2. for the case when Ex/Ez =1/0.5
3. for the case when Ex/Ez =1/3
4, for the case when Ex/Ez =2/1

Si- foundation settlements with dif ferent
module ratios .
Sh= foundation settlements with Ey/Bz=L

Fig.2 Diagrams of the dependence of an aniso-
tropic¢c soil sample lateral expansion upon
a compressive strain and a compressive
pressure.

RESUME

The state o stress and strain o« anisotro-
pic bottom is considerably differed from the
analogous one,The e xperimental technique and
calculation of the five mechanical parameters
of anisotropic medium is propased.



PROBLIMS OF NON LINEAR SOIL MECHANICS
C.P.Wroth /ERGLAND/

As part of the continuing programe of res-
earch in soll mechanics at the University of
Cambridge, Roscoe (1970),work has been in
progross on developlng comrutational methods
which allow solutions to be obtained to boun-
dary value problems using non-linear models
of soil behaviour. This contribution ocut-
lines asome of the recent developmenta.

3impson (1973)has carried out finite elem=--
ent computations which have been based on the
famlly of soil models developed at Cambridge.
The approach adopted by 3impson has been to
keep the computational side of the work ae
simple as possible by concentrating on two—
dimensional problems and employing oconstant
strain triangular elements., In contrast,
however, a great amount of effort has been
put into the development of mathematical mod-
ols whlch provide an adequate description of
soil behaviour;these models need to be com-
plex in order to obtain satisfactory solu-
tions to real boundary value problems for
real soils,

In some circumstances an elastic model may
be adequate,but in others it will not,and a
complex elastic/plastic model will be nesess—
ary to arrive at an acceptable prediction.An
example of the former would be an excavation
in an overconsolidated clay for which the
stress changes and deformations experienced
by the soil are small enough for the behavi-
our to be considered quasi-elastic,Aoccount
may need to be taken of the marked inorease
of Young's modulus with meun effective stress—
that is with increase of depth~-and of an-
isotropy along the lines suggested by Wroth
(1972) and Atkinoon (1973).But these featu-
res of elastic behaviour can readily be in-
corporated in a finite ¢lement computation.

In contrast,the problem of the comstruction
of an embanlment or structure on soft nore
mally consolidated clay can only be satisfac-
torily solved if an elastio/plastic model is
used. This not only means thut incrementally
a bilinear response is obtained from the soil
(with the type of respanse depending on the
state of the element in question and whether
it is being loaded or unloaded) but also that
proper acoount is taken of the rotation of
the prinoipal stress directions, JWroth and
Simpscn (1972) have used suoh model with
801l parameters taken from a routine site
investigation,in an attempt to match the
field data of a trial embankment reported by
Jilkes (1972).The model is such that for
every inorement each element of soil exper-
iences both an elastic and.a plastic straln-
inorement; the principal axes of the elastic
component c¢oincide with those of the assocolia-
ted stress-increment whereas the axes of the
plaatic component coinoide with those of
stress for the beginning of the increment.
Use of a piecewise linear approximation to a
non-linear but elastio stress-strain curve,
such as the model adopted by Clough and Bun-
can (1971),would lead to a Very different

2

displacement field computed for the ground
under the embankment.

Another area of great difficulty is the
modelling of the strain-softening behaviour
of soils.Most stress-strain cwves for real
solls display a peak with a subsequent loss
of strength as the so0il approaches a critical
or residual state.The strains will vary con-
siderably along any incipient rupture surface

in a gsoil mass; some elements will have been

strained beyond their peak strength-and will
have 'failed' (although thez are being held
in equilibrium by neighbouring unfailed ele-
ments) while other elements will not have
been strained sufficientli' to mobilise their
peak strength. Overall failure of the soil
mass will occur in a progressive manner.

One method of overcaoming these difficulties
has been developed by Simpson whereby the
computer generates extra elements by sub-
division of the mesh at various stages of the
computation. The choice of elements to be
divided iB governed by tho amount of either
strain or displacement that they have exper—
ienced. In this way,extra,small elements
become concentrated around an incipient rup-
ture surface,and progressive failure of the
real situation is directly modelled in the
conmputation without previous guesswark on
the part of the operator.Simpson and ¥ruth
(1972) show that for the case of a rigid
retaining wall being rotated about its top
into a sand bed in the passive mode, the
peak in the load-rotation curve observed ex-
perimentally for the wall can be reproduced
in the computation by using this mesh-form—
ing technique., Without mesh~forming a peak
is not obtained.

In parallel with finite element computations
an alternative approach using finite differ-
ence calculations based on the method of cha-
racteristics has been under development at
Canbridge snd Madrid.This method links toge-
ther associated fields of stresses and velo—
ocitles (or strain-incrcments) so that the
stress-strain properties of the soll are sa-
tisfied throughout the soil mass. The impor-
tant development hss boeun Lhe modification
of the basic differential equations to take
account of varying stress ratio throughout
the stress field and varying amount of dilata-
tion throughout the strain-increment field,
Some solutions to particular problems of
retaining walls have been reported b{ Serrano
(1972) and Jaies,Smith and Bransby (1972)

?nd tl):e general method described by Wroth
1972).
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