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ABSTRACT

Investigations have been carried cut regarding soil
movement, lateral locad and stress distribution in a deeg
excavation in stiff soile The results presented are Ltased on
an integrated approach invelving field observation,
laboratory testing and analytical modeling. Special emphasis
have been given to the influence of the stress path in the
determination ¢f the stress stralin relationshipe.

A finite element rrogram, using constant strain
triangles, sisulates the censtruction phases involved in the
field was developeds Different stress strain relationship
can be accomodated in the program to evaluate the most
significant one.

The results indicated that the actual behaviocur of the
retaining structure can be successfully simulated if
laboratory tests are performed fcllowing stress paths
pertinent to the field conditions.The laboratery tests
included the performance of active and passive tests in
ccnventional triaxial and plane strain apparatuse.

Use was made of an elastoplastic medel to predict
strains in the labcratory for active compression tests,

based on convertional triaxial testse.
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RESUME

Des recherches ont ete effectuees sur le mouvement des
sols et la distribuition des tensions laterales dfune
excavaticn rrofonde en sol dure. Les resultats presentes sont
bases sur une apgroche integrale, induant des observations
faites sur place, des essais de laboratoire et un modele
analytique. Une attention speciale a ete portee sur
1l'influence ce la ligne de tensicn sur la determination de
la relation tension—-deformatiocn.

Un programme de elements finis utilisant des triangles
de deformaticn constants simule les phases de construction
du chantier. Differentes relations tension-deformation sont
incluses dans le programme afin d'evaluer laguelle est la
plus significativee.

Les resultats indigquent gue le comportement actuel de
la structure de soutenement peut etre simule avec succes si
les tests de lakcratoire sont effectues suivant des lignes
de tension pertinentes a lfetat du terrain. La performance
de tests actifs et passifs de 1'appareil triaxial et de
deformaticn des rlans conventiconnel est incluse dans les
tests de latoratoire

Un modele elasto-rlastique a ete utilise pour predire
les deformatiors en laboratcire pour les tests de
compression actifs, base sur les tests triaxiaux

conventionnels,
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1. INTRCDUCTION

1.1 Nature cf the rroblem

The design of earth retaining structures involves the
determination of the external fcocrces imposed on the
structure and the evaluaticn of the displacements in the
surrounding grcunde The structure has to be strong enough to
carry the load safely and the ground movement should naot
cause excessive movement to existing buildings and utility
ductse.

If the retaining wall replaces identically the
excavated ground, the knowledge cf the at rest coefficient
of earth gpressure would enable the soil engineer to predict
the lateral loed and noc amovement should be observed in the
neighbcrhocdes Under these circumstances no mobilization of
the soil shear strength 1is permitted beyond the initial
conditionse. Ify, on the cther hand, the construction
procedure or the flexibility of the structure permits full
mobilization of the shear strength of the soil, the
determination ¢f the lateral load can be easily obtained by
conventicnal earth pressure theoriess The wall, however,
would have to move in a certain fashion to guarantee this
condition. Most engineering situatlions, particularly braced
cutsy do not fall intoc any of these two limiting conditionse.
As a result of tre construction procedure the movement of
the retaining structure does not produce the yielding

necessary tc allcw the s0il to fully mobilize its shear



strengthe. The trend towards deeper excavations in congested
areas is forcing the engineering rrofessicn to investigate
the relationship tetween stress distribution and the
magnitude and pattern of associated movement in ccnnection

with deep excavaticnse

1.2 Mectanisps ipnvolved in excavations

The disturbance of the original state of stress is
produced in two wayse First, the removal of material
adjacent te the wall causes a release of the horizontal
normal stresses This released load is transmitted to the
retaining wall and the struts whcse deformation results in
displacement in the adjacent s0il which in turn mobilizes
its shear strengthe The load now is shared between the
retaining structure and the surrounding material. Typically
this situation is predaoaminant when excavating narrow
trenchese The scil novement is primarily due to bending of
the wall and yielding of the strutse. Second, the removal of
the s0il causes a release in vertical normal stress at the
bottom of the excavation « As a consequence there is a
reduction of the passive resistance of the soil inside the
excavatione The scil mavement this time occurs towards the
bottom of the excavatione Again there 1is mobilization of the
shear strength in response to the displacemente The width of
the excavaticn and the depth to a firm base below the bottom
will play an important role in this cases Bjerrum oy Frimann

and Duncan (1972 ) believe the reduction in vertical stress



is almost the ¢ocnly factor responsible for values of
horizontal stresses greater than Rankine!s active value.
The deformed shape of the wall is influenced by the
stiffness of the wall and the location of the struts. In the
vicinity of the strut there will be much less horizontal
movement than in the center of the walle This uneven
displacement will have a significant impact on the stress
distributione The mechanism of the phenomenon was explained
by Terzaghi (1843) and it is referred to as the arching
effecte In his own words 3
" If one part of the suppcrt of a mass of soil
yvields while the remaining stays in place , the soil
adjoining the yielding part moves out of its
original position tetween adjacent stationary masses
of soile The relative novement within the soil is
opposed by stearing resistance within the zone of
contact between the yielding and the stationary
massess Since tte shearing resistance tends to keep
the yielding part in its original position, it
reduces the pressure on the yielding part of the
support and increases the pressure on the adjoining
stationar? parte This transfer of pressure from a
yvielding mase ¢f sail onto adjoining stationary
parts is ccomonly called the arching effect, and the
soil is said tc arch over the ylelding part of the
supports Arching alsc takes rlace if one part of a

vielding suprort moves out more than the adjoining



parts."
Arching will be a dominant feature in redistributing the

normal stress ta be carried by the retaining structure.

1.3 Earth pressure thecries

Many advancements in engineering solutions have been
generated in response to econcmic demands and material
conditions of society. Such is the case of earth pressure
theories where advancement was impelled by the construction
of roads and canals in the eighteenth centurye.

The first comprehensive treatment of the problem was
given by a French engineer , Charles Augustin Coulomb in
1776 In his memcirs he recarded various engineering
problems including that of earth pressurees Coulomt isolated
a wedge of scil and wrote two force equilibrium equationse
The total value of the lateral gpressure was calculated
assuming a planar failure surface and shear resistance along
this plane as fully motilized, although he stated there is
nc movement of the walle. He pointed out the possibility of
di fferent failure surfaces but experience with overturned
walls led him to use this assumgtions No reference was made
atout the state ocf stress inside the wedge. The greatest
thrust for all possible wedges is the design loade Coulomb
initially considered no friction being developed between the
soil and the wall but in a later section the equations were
modified to include ite The position of the resultant was

clearly defined when he studied the equilibrium of the wall



by writing a moment equilibrium equation arcund the toe. A
triangular distribution of earth pressure was assumede
Although he recognized the influence of different types of
soily, which was done for the first time, he conciluded with a
very practical reccmmendation: " I think that for all kinds
of soil, retaining walls can bte designed without danger with
a batter of 1/6 and with the ridge one seventh of the
height", In 1827 Rankine proposed basically a particular
case of Coulomk's analysis in which there was no friction
between the soil and the wall, Rankine, however , assumed a
plastic state kteing developed behind the wall and, departing
from Coulomby, a sxall novement of the wall being enough to
reach that state of stressy, although nothing was said with
respect to the magnitude of this movemente In 1910 Resal
extended Rankine's equation to determine the lateral load in
cohesive materialse.

The assumrtion of hydrostatic stress distribution both
along the back of wall and the surface of sliding when
arplied to situaticns where there is friction between the
wall and rackfill material leads to a failure of the forces
to concur at cne point as shown in figure le.le.aes y where W
is the wedge's weighty, R the =0il reaction and Pa the
lateral loadeThis violation of ecuilibrium can be explained
by the fact the actual slip surface is curved as in figure
telebe Similar to the Coulomb's asumptions, the generatl
wedge theory became a very pogular tool 1o design retaining

structureses Instead of planar surfaces, circular and
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logarithmic spirals were extensively useds There is no
requirement with respect to the location of the resultant of
lateral stresses and consequently stress distribution. This
very attractive theory just laid down induced designers to
believe the grcbles was almost solvede Terzaghi (1836,1b)
expressed his concern about the limitations of the theory=z
"Hence ttre fundamental misconception associated with the
traditional earth pressure computations does not reside in
the theories as suche It lies in the failure of the
designers tc¢ consider the limitations on the validity of the
theory". Terzaghi's concerns were not very much about the
shape of the failure surface, friction offered by the wall
or the pcsition of the resultant, although he was aware of
their importances. His apprehension was related to the
complete mobilization of the shear resistance of the soil
along the failure grlane. Coulomb simply assumed no movement
and Rankine gresumed little movement would be enough to
reach a nininrum value for the lateral stress. In 193¢
Terzaghli repcrted large scale model tests results in sand to
investigate the influence of the lateral displacement. He
ran tests in lcose and dense sands allowing the wall to
displace in the horizontal direction and tc rotate around
the toes Terzaghi concluded for dense sands a triangular
stress distribution to be representative as long as the
displacement was large enough to induce slipe. The yielding
necessary to reach Coulomb's total load was significantly

smallers Initial displacements change the initial state of



stress (at rest) very rapidily to Coulaomb?s value but not
with a hydrostatic distribution 4 and further yield causes a
gradual redistribution of stress without changing the value
of the resultant of the lateral stress. ¥When testing loose
sands 4, the resultant remained ir the same positicon
throughout the test and a much larger displacement of the
wall was necessary to reach Cculcmb?s values The stress
distribution was 01 triangular shape during the entire
duration of the teste It was evident the arching effect was
a predominant factor in the redistribution ¢cf the stresses
in dense sandse.

The most striking difference between Terzaghi!s tests
and the actual behaviour of strutted excavations is in the
type of deformations As soon as the first level of struts is
placedy, the horizcntal movement at the top is greatly
obstructedy, and further excavation causes movement of gpoints
below the strut until a new level of struts is installed.
The final displacement shape is closer to a wall rotation
around the topy, although a simple rotation around the toe is
far from the behaviour of actual engineering structures ,
since the wall bends and the struts contract as the
excavation proceeds, nct to mention details related to the
constructicn grocedure being useds Coulcmb?s earth pressure
theories sult best to rigid retaining walls, where no
bending of the structure is permitted.

From the above it seems that a proposition in the form

of a comprehensive theoretical solution for strutted walls



would be considered unattainable. The most efficacy can be
obtained by gradually gaining exprerience from instrumented
field cases to evaluate the shortcomings of the analytical

sclutionse.

1:4 Semi-empirical rules

This section presents some case histories which
illustrate the development of semi-empirical design rules
for traced excavationse. It is not the aspiration of the
writer to present a complete collection of field
measurements in the area. Some investigations which deserve
to be mentiored may well have been overlooked.

One of the first engineers to direct his attention to
the actual behaviour of braced excavations was Meen (1808)
who noticed in strutted excavations in sands that the upper
struts were working at very Ligh stresses compared to the
lower strutse It was a purely visual observation at that
times The upper struts in some cases even bent a little
while the lower level ones were not so tight. This
observaticn contracicted Coulcab?s hypothesis of a
hydrostatic lateral pressure distribution. Meen attributed
this anomalous behaviour at that time to arching effects. He
then propocsed a cififerent agpprocach to the design of such
structurese. The resultant was to be applied at a distance of
2/3 of the teight from the bottom of the excavation. He
assumed a wedge cf soil (figure 1.2) ABC sliding freely

along BC which makes a angle a (angle of repose) with the
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horizontal directions The angle ABC is bisected by BDe. The

total horizontal thrust is calculated by =

Pa = W(ABD)/tan &a.oooooot.ootocoooo.ooo.oo-cooooo(101)

This design procedure was widely used by the
engineering procfession on some of the most important
constructions in that decade ; for example the retaining
structure for the Brooklyn Subway in New Yorke

Moulton (1920) also recognized the influence of the
arching effect and noticed that the maximum earth pressure
was either at or slightly aktove the midheightes He argued the
failure surface was not a function of the angle of repose
but it would be , regardless of the type of soil 4, in a
plane reactring the surface at a distance of half the depth
from the walle.

TJerzaghi (1S836,a) assumed the ratio between the

horizontal and vertical stresses to be of the form 3

=
1]

KC ( 1 + Ci*Z/H )....."......'..0.....'..‘...(1.2)

where

{
~
e}

1]

minimurs value of the ratio (Ka)
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- Ci = coefficient which express the relaticn between K
and the =sheeting deflectiones For example , for Rankine
state (active) Ci = Q.

- H degth of the excavation

i

- Z

vertical distance between the bottom of the

excavation and the point in questione.

He obtained a tragezcidal earth pressure distribution
for sandse. These results had still to be confirmed . Field
measurement in sands was done in a braced excavation for the
Subway in Berlin (Terzaghi, 1941) which confirmed Terzaghifs
prediction. Be then proposed the earth prressure distribution
of figure 1.3 + He believed the reaction of the so0il below
the bottom of the excavation had little influence on the
stress distribution, therefore i1t was ignored. The arching
effect hypothesis was then substantiated by field
measurements ir sandse

Peck (1941,1S43), during the construction of the
Chicago Suktway , took the cppertunity to investigate the
behaviour cf cchesive soils. Feck?s concern, besides the
determination of the strut loads, was the validity of the
implicit hypothesis in Coulcmby, Rankine and the general
wedge theory akout full mobilization of the shear strength
of the soile. It was clear to him that this had to be

obtained at the expense ¢of scme lateral displacement. If
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FIGURE 1.3 TERZAGHI'S STRESS DISTRIBUTION IN
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insufficient expancsion would explain loads larger than the
earth pressure treorlesy, he shculd obtain significant
scattering between different contractors?! section loadse
Nevertheleas, ty monitoring loads In sectione built ty
different contractors, he consistently obtained a ratio of

0¢75 Letween tre shear strength actually developed and the

maximum available shear strengthe The iInsufficient expansion

hypothesis was very unlikely. It seemed the shear strength
of the soil was being mobilized but the presence of the
struts was inducing shear stress redistributione The
resultant of trhe lasteral lcad was located at a distance of
Ne43H frowm the bottom of the excavatione From Peck's
measurements a new insight was brought with respect to the

amount of ylelding necessary to mobilize the coil?s sheear

strenzthe Tre designers relieved lateral disgplacement in the

order of S% of the depth of the excavation was necessary,
but Peck otserved (0.25% would be enoughe In the conclusion
to his work,y, Peck suggested the stress distribution of
figure l1e4 ¢« The facter of 1l¢2 was to compensate for the
scatterirg of the resultse These design reccmmendations
emerged trom field weasurements in medium stiff clayse.
Peck?’s deterninaticn of Ka can be reproduced bty computing
the total lateral load Fa fraom Rankine's expression for
active stresses where PHI = 0o (equation 1.2) and dividing

by the total fluid pressure{(H*%2/2,



EEE?EE?§>\\> .30H

55H

15H

K,¥H

FIGURE 1.4 PECK'S STRESS DISTRIBUTION IN BRACED CUTS
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Pa ':KH - 4 Cu...........‘.'......0‘..0.....‘.I...‘I(1.3)

Ea =EH**2/2 = 2 CU Heoseooonssosenoncsscscsscncsnscescscecsci{led)
Ka =gH**2/2/Faoooocooonooo.-c-oootccoooooo.ooo'nco(1.5)
|

Ka = 1t - 4 Cll/((H)‘concooo'occocoocoono--ooncoocoa(lcﬁ)

1t is isplicit in this derivation that tension will be
develcped uvgp to the height 4 Cu/(contributing to the
stability of the wa Tschebotarlotf (1951) questiocned the

validity of Feck's recomnmendation and proposed tre stress

I
L
i
.
H distribution on figure 1.5 e
Golder( 1£48) tock measurements in a trench excavated in
ﬂ =stiff fissured clays and according to classical eartt
l pressure theories or Peck’'s recoamendations the wall would
have teen able tc stand Ly i1tself, but tre strute were
I ohserved to he carrying a substantial load.
Ci{Riasagaio aéd Bjerrun (1957) confirmed the presence of
I lecad in traced excavatlons in stiff fissured clays far
' depths in wtkich Peck®s distribution indicated no load , but
after a certesin derth Peck's rredictione were suitable., In
I view of data collected since Terzaghi and Peck (1948) they
reviewaed tteir reccmnmendations in 1967 which were even more

subkstantiated ty further neasurements (Peck, 1869)e Peck

maintained ttat the cuts primarily investigated did not
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allow development cf fajilure telcw the bottom of the
excavatlion due to the presence of much stiffer material « In
this cese the exrpression 1.6 would remain uraltered for
medium and soft clayse The so0il frofile in Oslo( NGI, 1962)
did naot gprovide the same ccnditionse In thie case the
potential elip surface can extend well heyond the bottcm of
the cut therefore 8 new exgression for Ka was proposed

(equation 1.7) (figure 1l.€a) o«

Ka = 1 - o 4 CU/( H).oo.oooonoonooo.ooou-.oo-ooooo(1-7)

in which m 1Is an empirical reduction factor tc te spplied to
the value of (ue For the Cesleo cuts the value of m was found
40 be 0s4 4 which aleo applies to the measurements for the
subway in Mexico City (Rodriguvez and Flammand,196%&), Tt is
worth while to mention tkat in Chicagoc cuts tire strut loads
corresnond to the value m = 1.0 even tor irtermediate
depths, a situation in which the potential slip surface
couvld develop teyond the bottcme Terzaghi and Peck (15¢7)
attributed tre vartation of m to the stress strain
characteristics of the clay, and not to the value of tre
stability numkter N {( H/Cu), which is a factor Iindicative the
excavation is apgprosching a complete base failures. They
belleved the basic difference hetween the Chicago and the

Oslo clays was tre prelaadirg to which both have been
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FIGURE 1.6 TERZAGHI AND PECK'S DISTRIBUTION OF EARTH

PRESSURE IN BRACED CUTS IN CLAY (1967)
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suk jectede The Oslc clays (as for Mexico City clays) are
truly normally consolidated whereas the Chicago clays have
been slightly grrelcadeds This preloading was not enaugh to
al ter the strength parameters but it was sufficient to
modify the initial smodulus of defoarmaticne Pased on a slip
surface telow the bottom of the excavation Henkel (1S872)
obktained values cf lateral cstress significantly higher than
Rankine's value, and te therefore attributes the value cf pn
to bte associated with weak scil relow the bottom of the
excavatione With respect tc stiff clays the value of Ka
using equation 1.7 would still Le negatives The expression
for Ka was based on the assumption of the developwent aof
plastic zones, but for values of N{4 this would rot ke the
case, therefcre 1t cshould not be used for values of N<4.
Terzauvhi and Feck (18967) then prcposed the stress
distritution of figure 1.6¢ebe The lower va to retainingag
structures allowing reduced msovement and for short
construction time, and tte ugrer value otherwises, This was
an empiriceal reccmrmendation still to be proved by field
measuremrentse Special attention from now on will ke devoted
to axcavation in stiff clays , an area in which there are
rare questions still tec ke answerede.

Some more recent field instrumentations registered
lateral loaden wall In stiff soilse. Measurements of stress
on a tied-tack wall in stiff clays by VMensur and Alizadeh
(1970) indicated 8 value of 0.10‘“. Chepmany Cording and

Schnahel (18972) instrumented several sections in the
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Washington CeCe Suktway « The scil profile is composed of
stratified layers of gstiff siilty clay, sand and graveles The
results of treir measurements suggested O«15XH for depths
around 30 feet, 0,20fH for depths of 40 to 50 feet and 0+23Y
H for depths of 60 feets Armento (1972) moni tored the
performance of a btraced excavation in =stiff sandy clay in
Oakland, Califcrnias He progrosed the stress distribution of
fioure 147 o« Clouzh, ¥Weber and Lamont{ 1972) nkttained 0.4{H
as the bhest fit for their measurements on a tied-hack wall

in Seattle stiff tissured, varved lacustrine claye.

l:5 Proposed study

According to the tyre of structure designed to support
lateral eartt pressure and control settlenents, different
modes of behaviour are present , theretfore requiring
distinct treatrentse The rigidity of the retaining structure
has a direct impact on lcads and displacements and here, for
sinplicity, they are divided into three catezories:

1. ripgid wall - the retaining structure is stiff encugh to
prevent any bending of the walle It moves as a rigid
block el tter ty translation ar rotatior around ttre hasee
Traditional earth pressure treories estimate the tctal
load and earth pressure distribution with satisfactory
accuracye

2 flexible wall - the stiffness of the retaining wall is
such ttat significant bending is present. The emkedment

at the tase provides a substantial contribution to
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resist the lateral loade. Cantilever and anchored sheet

piles fall intc this category, as well as braced

sheetinge.

3 semirigid wall - a class of structure where bracing or
anchors are present to avoid excessive settlement and
the wall is not flexible as a sheet pile wall, but
flexitle enough to allcw some bending, for example a
diaphragm or tangent pile wall,

The prcblem being investigated here, relates to the
behaviour of semirigid structure in stiff soil.

The ot jective of this researchy, besides documenting a
field case of a deep excavation in stiff scil 4, is to
improve the capability to predict earth pressure
distribution and the pattern and magnil tude of the
displacement caused by the excavatione.

The line c¢f attack adopted here involves four different
phases described as follows:

1. acquisition of field data

To evaluate the gap between theoretical methods and
actual behaviocour of engineering structures it is
imperative toc have field observation on full-size
structuress An analytical method which is able to
reproduce field data provides a sound basis for future
design guidelinese The first phase involves the
installation of field equipment necessary to monitor
strut loads, soil mnovewment and lateral stresses in a

semirigid structure in stiff soil.
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laboratory representaticn

Peck (1968) alleges the modulus of deformation of
the ground to be tre most important parameter governing
displacement in deep excavations. Lambe (1970) and
Henkel (1970) emphasized the importance of the stress
path for excavation problems. The objective in this step
lies in the determinaticn of an adequate stress—strain
relaticnship to represent the actual field condi tionse
Samples of "undisturbed”" material will be extracted and
submitted to laboratory tests under different stress
pathse.
analytical model

In situations where the stability factor is less
than 4 there is no marked presence of a zone of
rlastification, therefore traditional earth pressure
theories are not suitablees An adequate analytical
solution for soft and medium clays under such
circumstances is provided by the theory of elasticity,
if there is no risk of base fallure (Morgenstern and
Eisenstein, 1970). The objective of this phase is an
analytical solution for semirigid structures in stiff
coilse
analysis of the case history

All tre three previous steps will be brought
together in this phasees With the stress strain
relationeship obtained from the laboratory

representationy, with the aid of the results generated by
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the analytical model 4, a critical analysis of the field
data will te performed . It is hoped the field data can
be reprocuced by the analytical model, therefore
allowing a reliable rarametric study to evaluate the
influence cf scme cf the variables.

It is expected that a brcader perspective can be
obtained by this integrated approache Field observation,
laboratory investigation and the analytical solution
will be all examined with the purpose to evaluate the
relative importance of each one of them in the light of

the overall kehavicure.



2. DESCRIPTION OF THE FIELD CASE

221 Iptrod <0

The rapid development cf the City of Edmonton led the
city planners to propose the construction of a light rail
transit system tc improve its public transportation
facilitiese The North East Rail Rapid Transit line (figure
2.1) was concluded to te the line of the highest priority.
It joins the dcwntown area to zones which host public
entertainment events, therefcre requiring fast filow of
people in shert periods of timeo

The dominant rresence of stiff soily, in the form of a
glacial till (figure 2.2) in the area of the underground
portion of the line, offered a great opportunity to study
the performance of retaining structures. The geotechnical
properties and a brief suammary of the local geology will be
presented in subsequent sectionse The underground part
connecting Jesper and Centennial stations was constructed in
twe parallel tunnels and their performance has been
described elsewhere (Eisenstein and Thomson 4 1978)e The
Jasper station is located in the downtown core of the city
surrounded by bulldingse. The Centennial station location, on
the contrary 9 is free of interference from construction in
the neighborhocd, and is therefore a more appropriate case

for an investigaticne.
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2.2 Geology

The geology of the Edmonton area has been described by
a large number of authors (Bayrock and Hughes , 1862 ,
Bayrock and Berg , 1966 , ¥%Westgate , 18969 , Ramsden and
Westgate , 1971 and May and Ttomsony, 1978 )¢ A brief sumary
will be presented heree.

During late Cretaceous time ( 80,000,000 years Be«Fo)
the Edmonton area vas covered with a shallow continental
seas Clay, silt and sand were depositede Some volcanic
activicty in the west deposited blankets of volcanic astke. As
a result, fine-grained bentonitic sandstones, siltstone and
clay shales (sedimentary rock formed by particles less than
0.06 mme with laminated structure) were formedes During much
of the Tertiary and early Pleistocene times, the area was
sub jected tc erosicn cyclese The last ma.jor erosion cycle
before glaciaticn formed the preglacial channel of the North
Saskatchewan River. Streanms flowing from the west deposited
different slzes of quartzite rock fragments known as
Saskatchewan sands and gravelse. A thick ice steet advancing
from the northeast laid down a glacial deposit called lower
tille A later advancement from the northeast gave origin to
the upper tille, The upgper till is yellowish with columnar
joints and the lower one greyish with a rectangular joint
systeme The presence of thin layers of sand represent minor
washing of glacial debris by running watere The meltwater
from the glacier resulted in the formation of proglacial

lakes which gave origin to the surficial deposit known as
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Lake Edmonton claye

2.3 Local graofile

In additicn to the test hole data obtained for this
research grojecty roreholes logs from neardby grojects were
utilized tc aid the interpretation of the local profile. At
the location of the section under investigation three
boreholes fer multiple—-point magnetic extensometers and one
for a slope indicator were drilledes Previous light
construction activities in the area has removed part of the
surficial materialsy and assorted fill has been encountered
in the initial 1¢5 meters. Table 2.1 can be taken as the
general grcfile for the section under studye. The presence of

wa ter was observed at depths of 27 meters.



material

fill

Lake

Edmonton clay

upper till

lower till

Saskatchewan

sands

Edmon ton

formation
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TABLE 2.1

description..-..-.......---.---.-ac.depth(m)

Light krown clay. Some gravel
and sande. Pieces of concrete and
clay bricks from old

constructionNeessceccesscscsccessccscsonncl to 165

Brown and dark grey silty claye.

Firm to Sflffcoon.ooonoloonooo.ooolos to 4.5

Medium brcwn clay tille. Clay,
silt and sande Traces of cocale.

Some gravel- StiffoececssescsscsscsessdeS to 10

Dark grey clay till. Clay silt

and sande Traces of coal. Some

gravel. Stiffeeseoeeecooscsncsscscsececell to 17.5

Medium sand with traces of coalesel7.5 to 23

Interbedded mudstones and

ciltstoneseececcosocsccocccsccccscccsccceeel2d to 7
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2.4 Structure and construction procedure

The retaining structure for the Centennisesl station
consists of a vertical wall supported laterally by three
levels of permanent strutse

A typical cross section can be seen in figure 23 « The
vertical wall is composed cf concrete tangent piles (figures
2«4 and 2¢5) o« Every fifth concrete pile starts at the
ground level and the bcttem is belled and embedded in the
bedrock; their diameter is 106.7 cme The four intermediate
concrete piles are 91.4 cme diameter « Their tops are at the
mezzanine level and their bcttems are located 200 cme below
the bottom of the excavaticen (figure 2.4)e The sheet pile is
composed of sections of the tyge MZ 27 which dimensions are
in flgure 2.fes Tte girders , forming the street level
surface structure, are precast concrete beams with the cross
section of figure 2470

On top of the long piles there is an "L" shaped
concrete beam which runs parallel to the axis of the
excavation, providing a support for the girders{figure 2.9).
The mezzanine floor structure is cast—in-place with the
dimensions of figure 2.10e ¢ The bottom floor is a
continuous tbeam also cast in place with the dimensions of
figure 2.8,

The first stage of the construction procedure consists
of drilling holes for the lcong belled piles, followed Ly the

placement of the reinforcement and the concrete. After all
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FIGURE 2.8 BOTTOM FLOOR'S CROSS SECTION




Wv3d (Q3dVHS 1

6°¢ N9I4

WO ulL suoLsuswip |[e :330u

4

86°89

9°L

911d buoy
\
<]
2’0l
Ak
L*8€E
&
o
wesq 7, <. ausudoau .
— £ e
ﬁ
N -
=
o
43puLh



39

the long piles are in placey, the same operatiocon is repeated
for the shecrt ones alternatively « The upper part of the
short piles is tackfilled with scil and compacteds. The next
step consists of a small excavation for the “I" shaped
beamsy which rest cn top of the long piles. The sheet pile
wall is then driven to cover the space between the girders
and the mezzanine. At this roint the actual excavation
procedure startss. When at a depth enough to provide room for
the excavation equipment toc work below them, the girders are
placed on tog of the "L" beams. The excavation proceeds to
the second level of struts (Figure 2.14) when the mezzanine
floor is pourede. Figure 2.11 illustrates the end of this
stage of construction. After the concrete is cured for 28
days the excavation resumes from the ends of the station
(figure 2.12) aprrcaching the section under investigation
(figure 2.13) « ¥hen the excavation reaches the midheight of
the second srany, a temporary sliding system of struts is
installeds When the final depth is reached the bottom floor
is poured and the temporary struts are releasede The total
elapsed time for the ccnstruction of the Centennial station

was 2 1/2 yearse
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FIGURE 2.13 EXCAVATION NORTH OF CENTENNIAL STATION
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FIGURE 2.14 EXCAVATION BELOW THE GIRDERS



3¢ FIELD INSTRUMENTATION

Sel Preliminary study

Previcus to any field monitoring equipment installation
a preliminary analysis was performed to guide the design of
the field instrumentatione

The pertinent soil data were obtalined from previous
work in the areae. As the behavicur of the constructicn is
determined predominantly by the presence of the glacial
till, the preliminary analysis concentrated on fhis
materiale.

Morgenstern and Thomson (1970) presented results from
unconsolidated undrained tests tc compare tests on specimens
from blocks and from the Pitcher samplere They indicated
shear strength results smaller for block samples and the
compressibility was independent of the mode of samplinge. The
conpressive strength for samples taken from depths varying
from 20 to 28 geters varied between 3.5 and 8.0 kg/cm2. De
Jong (1971) and De Jong and Morgenstern (1973) considered
the values obtained for the modulus of defcrmation
inadequate when determined from triaxial tests resultse.
Values as low as 80 kg/cm2 were cobtained from unconsclidated
undrained testses Back analysing deformation measurements led
to the conclusion that these results were far below the
actual valuese Eisenstein and Morrison (1973) predicted
foundation deformation using results from pressuremeter

tests which agreed remarkably well with field observationse.

43
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A value of 1400 kg/cm2 for the modulus of deformation in the
area transpired from ttreir wcrk,y, therefore it was used
throughout the preliminary analysise The geolcgic history
indicates this material to be lightly overconsolidated,
therefore K0 was estimated based on values of the plasticity
index, overconsolidaticn ratio and angle of shearing
resistance (Brooker and Ireland, 1965 and %roth, 1975)to be
in the neighbourhccd of 0.85,

A simple finite element analysis was performed assuming
the material to betave in a linearly elastic mannere. The
excavation simulation is achieved by applying boundary
forces equal and with opposite sign to the initial state of
stress along the excavation (figure 3.1) ¢« The results then
obtained represent the change in stress due tc the
excavation whict, when added to the initial state of stress,
vield the final state of stress. The analysis performed was
done incrementally until the final depth was reachede.

Three distinct stress paths emerged from this analysise
The elements lccated beside the wall in region A (figure
Je2) exihibited no significant change in the vertical normal
stressy while the horizontal normal stress was gradually
being reduced as the excavation was taking placee. The
elements in zone B showed no change in the horizontal normal
stress and a reduction in the normal vertical stresse. The
elements in zone B conferred a propcrtional reduction in
both stresses at the early stages of the excavation followed

by a reduction in horizental stress with constant values for
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the vertical stresse The proportional loading (along KO
line) was observed until a reduction in 20% of the vertical
stress took place. There was , of course, a gradual change
from one stress path tc another , therefore an arbitrary
determination ¢f the bgundaries was established.

Base€éd on this preliminery analysis the location of the
displacements detectors was planned. Valuable information
obtained was with respect to ground movements: it was
initially rlanned to install slope indicators and surface
monuments to distarces as far as 20 meters from the wall,
whereas the analysis suggested nc significant movement would
occur at those distancese. It became clear that if the
material behaviour is stress path dependent, laboratory

testing would deserve some attention in that respect.

3:2 Lavout of the instrumentation

The first question facing the investigation of an earth
retaining structure 1s the measurement of the loads imposed
on it by the surrcunding grounde The overwhelming ma jority
of the fileld work concerning the appraisal of lateral load
on braced excavations involves the measurement of the strut
load although 1t seems more useful to search for the lateral
stress distributionr alogng the wallse The low efficiency of
measurements of lateral cstresses directly compelled the
researchers to lock for an alternate approach which consists
in monitoring strut loadse The efficacy of stress

measurements is even lovwer when dealing with stiff soils.
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During the ccurse of this project an attempt to measure
stress changes along the wall was done with the installation
of two hydraulic pressure cells at the interface ketween the
tangent pile wall and the surrocunding ground (figure 3.3).

A direct measurement of the strut load on the girders
was done with eighteen electrical load cells placed tetween
the girders and the "L" shaped beames It was necessary to
measure lateral lcad covering the horizontal distance
between 2 long piles to pick up changes due to the
nonhomogeneity of the cross section along the axis of the
excavatione It was decided to monitor the horizontal
distance between 3 long giles to account for eventual faulty
load cells. The same procedure was adopted for the other two
level of strutse.

The second level of strute was resting on top of the
short piles 4, thereby prreventing the measurements by load
cellse Eight strain gauges were installed at this level
(figure 3«3) ¢« The bottom floor resting on the ground and
cast in place allowed the installation of twelve load cells
and eight straln gaugese

To evaluate the extent and magnitude of the ground
movement, three slcocpe indicators 4, eleven settlement points
and three boretole extensometers were installed. Due to the
nature of the =c0il and the dimensions of the structure,it
was anticipated, based on exrerience collected by Peck
(1969), that it would te necessary to monitor points as far

as 3 times the depth of the excavation. After results
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obtained from the preliminary analysis it wmas concluded that
the novement of proints situated that far from the wall would
be insignificant.iIt was decided therefore nct to place any
displacement measurement ecquigment further than the depth of
the excavatiocne.

The movement cf the soil arcund the excavation can be
caused by inward movement of the wall, volume change of the
ground and flow ¢cf soil below the walle The movement of the
wall was being monitored by the slope indicators in the long
piles. In order to detect the influence of the vertical
stress release below the bottom of the excavation, which
ultimately causes flow of soil, it was decided to install
two borehole extenscometers inside the excavation (figure

3.3)

323 Ground novement

3.3.1 Inclinometer

One slope indicator (SI1) with aluminum casing was
placed at a distance of 8.5 meters from the retaining wall.
Concrete sand was used as backfilling material, as dense as
possible tc¢ provide gocd contact beteween the slope
indicator and the suyrrounding grcunde. Very litte movement
(figure 3.4) was observed due to the excavatione. The
preliminary analysis suggested that the zone affected by the
excavation toc te very reducedy; and according to the results
obtained from this sloge indicator it proved to be even

smaller than the analysis indicatedes It transpires from this
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inclinometer readings there is a remarkably small zone of
influence of the lateral displacement for the present case
historye Lambey, Wolfskill and Jaworsky, 1972) reported for
the subway in Washingtcn DeCe (very stiff to stiff clays)
movements of about 3 cm and 25 cme for points 4 me and 11
me from the walle.

Two slope indicators were installed in the deep pilese.
The first one of ther (SI2) had its aluminum casing attached
t0o the reinforcement of the pile which was being mounted in
the horizontal positicene During the lifting operation
excessive deflection caused the collagpse of one of the
Jjointse. ¥When it was being repaired a rotation of the casing
caused misaligrement of the grococve with the axis of the
excavatione The angle of misalignment was measured and
proper correction was done by the ccmputer program. To avoid
sirilar proktlems the next slope indicator (SI3) had plastic
casing where no difficulties were encountered (figure 3¢.5).
The reading for SI3 (figure 3.7) indicated a maximum
deflection of 0«91 cme at a point between the girder and the
mezzanine levels, SI2 (figure J.6) recorded a much greater
deformatior (1l¢4 cme.) registered at the ground surface. SI3
indicates the presence of a significant load being carried
by the girders while SI2, where no bending is observed above
the mezzanine level, exhibits the inverse situation. The
lateral load in the upper part is carried by the sheet piles
which transmit it to the "I" shaped bteam and finally to the

girderse There is a clearance of 7.6 cme between the "L"
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shaped beam and the precast girders which is filled with
cement grout. The grout in the cross section of slope
indicator SI2acted as a socft material therefore not

transmiting the lateral load to the girders,

Sede2 Multipcint extensometer

The multipoint borehole extensometer developed by the
Building Research Establishment (Burland ,Moore and Smith
1872, Ward and Burland 1973 and Smith and Burland 1976)
consists tasically of a magnetic ring housed in a PVC
cylindrical unit which is spring loaded against the wall of
the boreholes The depth of each magnetic ring is determined
by lowering a probe containing reed switches which operate
as they pass through the magnet.

For trte first borehole a 762 cme diameter hole was
drilled until the Edmonton formation was reached and Xkept
filled with drilling mud to prevent cavinge The PVC pipe was
introduced and the placing tool lowered to install the first
magnets Great difficulty was encountered at the depth of
approximately 6 meters, indicating some caving took place. A
20 cme diameter hollow auger was placed outside the PVC pipe
to the depth of 6 meters. All the remaining magnets were
installed and the same prrocedure was adopted for the octher
two boreholeses Tc prevent similar problems in the long run,
after the installation of each magnet , the hole was
backfilled with concrete sand to the depth of the next

magnet to te lowered. Measurements during the early stages
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of the excavation indicated no movement cf the magnetse. This
behaviour was attributed to the high degree of densification
attained by the sand caused by the vibration of the
construction equipment. The strength of the backfilling
material became then ccmparable to the surrounding sail
which effectively locks the magnets on the PVC pipe
(Marsland and Quarterman , 1974), After the recognition of
the problexr an extra boretole was drilled inside the
excavation when it reached the mezzanine level. No caving
was to be expected considering the upper 6 meters had
already been excavatedes A 12.7 cm diameter hole was drilled,
thereforethe springs had to be modified for the new diameter
boreholee A ktentonite slurry was used as backfill as opposed
to concrete sard and special heavy protection around the top
of the PVC pipe was made to prevent the dropping of small
lumps of s0il ty the excavaticn equipmente Once more no
novement was recorded. It appears the springs which had been
lengthened could nct provide enough spring load to overcome
the small frictiaon beteween the PVC pipe and the cylindrical
unite No records of bottom heave and deep—seated vertical

movements could therefcre be obtainede.

3e3.3 Settlement polnts

To monitor the surface vertical movement of the ground,
eleven surface monuments were establishede The installation
procedure cons isied of augering a 20.3 cme diameter hole 1.5

meters belcw the surfacee. A 1.8 meters long steel bar
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(diameter = 1.25 cne) was placed inside and hrammered down
the remaining 30 cm and the hole was backfilled with
concrete sande A precision level was used to determine the
change in vertical position with the excavations. Figure 3.8
represents tte vertical nmovement when the excavation reached
its final depthe The gradual reduction of vertical movement
with the proximity of the wall indicates the angle of
friction between the retaining wall and the surrounding

ground was encugh to prevent relative movement.

3e4 Loads and stresses

3s4.1 Pressure cells

Two Gloetzl hydraulic pressure cells were placed to
detect the change in the lateral stress with excavations. The
units were located at the interface between the concrete
piles and the surrounding soil. After the hole for the pile
was augered and ttrte reinforcement cage already introduced, a
vertical surface was excavated beside the pile at the
required level, providing a flat surface to rest the
pressure cell cne A metal frame ktraced the cell against the
oppocite side cf the berehole to avoid displacement while
the concrete was being poured. The concrete in this pile was
dropped at a much slower rate. Visual inspection was done
during this operation to insure the cell was kept in the
proper position. Despite all the precautions the oil
pressure during the early readings was already below the

nominal values, indicating there was a leak somewhere in the
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leadse.

3:4.2 Strain Gauses

Each horizontal beam shaping the mezzanine provides
lateral support for 5 consecutive tangent pilese. Two of
these beams were instrumented with 3 vibrating wire, 3
electrical strain gauges emkbedded in the concrete, and 2
weldable electrical strain gauges on the reinforcement.
Their locations in the cross section can be seen in figure
3.%. When the excavation reached 10 meters deep a
modification introduced in the original design was to be
executede An additional redestrian exit adjacent to the wall
required an excavation to the mezzanine floor ocoutside the
walle As a result of this modification the lateral load was
to be partially released. Therefore the results presented
herein express the lateral load produced by 10 meters of
excavatione The inferred stress distribution (figure 3.10)
indicates a lateral load of 40,000 kg per linear meter along
the axis of the excavaticn (Agpendix Ce.

For the bottom floor 5 vibrating wire and 3 electrical
strain gauges were installed toc monitor the lateral load in
this strute All the strain gauges were embedded in the
concretes As was mentioned beforey, a set of temporary struts
was placed half way between the mezzanine and the bottom
floore The temporary struts were released 14 days after the
bottom floor was poured « The strain gauge readings were

taken until a month after the temporary struts were released
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and no locad was recordeds It appears the load was carried
solely by the mezzaninee Ttris is confirmed by negligible
movement of the wall at the level of the bottom floor

compared with the movement at the mezzanine level (figure

3.7)

2s4.3 Load cells

The load cells for the girder and bottom floor
consisted of a hollow cylinder having its ends resting on
two circular grooved plates (figure 3.11) Each set of three
load cells for tre girders were assembled in a styrofoam
panel (figure J¢12) isclating each girder locade A roller was
placed under each girder 1o prevent transfer of the load by
friction between ttrte girder and the "L" shaped beame The
panels were then in contact with the vertical face of the
""" shaped beam { figure 3.13) and the girders finally
lowered in front of each panel (figure 3.14 and 3.15)¢ The
load cells for the bottom floor were mcunted in a very
sinilar waye

The results of the load cells on the girders indicated
the absence of load in all ganelse This cbservation agrees
with the readings of SI2 which is located in the same area
(figure 3¢3)e Due to the small magnitude of the
displacements in this case history the stress strain
properties of the grout which a space of only 76 cme
assumes great imrortance in the lateral stress distribution

and even more in its primary function which is to transmit
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the load tac the strute
The readings for the bottom load cells confirm the
results of the strain gauges where no load was present along

the bottom flocre

D244 Supmary

A deep excavation in stiff clays was instrumented with
the purpocseto of registering lateral load and
displacementsacssociated with the excavation

Vertical ground movement was monitore ty settlement
points which indicated the zcre affected by the excavation
t0o be reduced to the pcints situated at a horizontal
distance of apgroximately the depth of the excavatiocon from
the wall. The maximum displacement occurred at points
situated 11 m from the wall, The pile movements indicated a
maximum lateral displacement of 0.91 cm a firm contact is
provided between the wall and the struts and 1.4 cm for a
situation in which the girder is not activatede.

Load cells and strain gauges were installed in the
struts indicating a load of 40,000kg per linear meter along

the axis of the excavation, at the mezzanine level,
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4. LABCEATORY TESTING

4.1 Ipntroducticn

Although much attention has been devoted lately to the
importance of stress paths in socils, the assumption that
stiff clays behave as linearly elastic materials (Burland
1977 and Wroth 1871) okscured the significance of the stress
path for such materialse For rredictions of settlement in
London Clay, which is the classical example of stiff clay,
Simons and Som (1862) concluded it is of the utmost
importance to reestablish the existing in situ stresses and
submit the specimen to stress paths similar to the field
conditionse.

During the preliminary analysis for this project it
became clear the stress paths associated to excavation
problems bear no resemklance wnith conventional laboratory
testinge As the prediction of so0il movement is considered
one of the majcr gcals of this wcecrky, the laboratory testing
will concentrate on the effects cf different stress raths on
the stress strain rarameterse

A typical feature in stiff clays is the presence of
fissures which makes the job of determining in situ strength
and stress strain rarameters much more difficult. Small
specimens are not representative of the field conditions and
tend to overestimate the shear strengthe.

When these materials have thelir ir situ stresses

relieved, they tend to swell, causing a reduction of the
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modulus of deformation. Comparisons between different types
of tests ir londen Clay indicated the moduli of deformation
ottained from prescsureneter and laboratory tests to be
substantially smaller than the ones obtained from large in
situ tests (Marsland 1965). Moduli of deformation determined
from large plate loading tests (865 mm) were compatitle with
ground movements for excavaticns and foundations, provided
thaty after the surface has been machine finished, the first
50 tc¢ 70 mm are removed by hand digging from the base of the
borehole (Marsland 1971,a)e One important factor to te
considered during these tests is the length of time ketween
the excavation and the performance of the teste.

¥With respect to the undrained strengtt, the results
from laboratory tests with sanples large enough to caentain
sufficient fissures fell within the values obtained from
large plate lcading tests (Marsland 1977), while the values
achieved by the gressureme ter tests were considerably higher
{Marsland and Randolph 1€¢77)e Comparative studies between
borehole and block samples (Ward, Samuels and Butler 1859
and Ward ,Marslard and Samuels 1965) indicated a reduction
in undrained strength and the modulus of deformation for
tube samples; the dominant reduction being observed on the
rodulus of deformatione. ¥hen a tlock sample is taken from
the ground, the fissures open due to the stress release and
the material behaves like blocks of weakly bonded materiale.
Shearing forces developed during tube sampling operation

weakens these bonds to a much higher degree.
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The influence on the undrained strength, when compared
to the undrained nmodulus of deformationy, is less predominant
but still present. With respect to dralned strength, a
different behaviour is presents Results from large in situ
shear box tests, were within the range of data from triaxial
tests with 785 and 125 mm diameter specimens (Marsland
1971,a)s The same conclusion can be drawn from results in
Barton clay pubiished ty Marsland and Butler (1967).
Christensen and Hansen (1858) also encountered the same
trend for drained strength data ocbtained from large plate
loading tests and small triaxial specimens in fissured
clayse. Drained strength parameters from laboratory tests in
stiff fissured clays from Nanticoke, Ontario were consistent
with results from field shear bex tests(lo, Adams and
Seychuk 1968). There was no definite tendency of the modulus
of deformation with the sample size for block samples, but a
pronounced disturtance in borehole sanples (Lo, Seychuk and
Adams 1871 ) was observed. Experience with the local till
revealed no significant difference between block samples and
becrehole samples (Morgenstern and Thomson 1970) with respect
to compressibility which was not the case for the stiff
clays mentioned akove. The fissures were observed to be
spaced 30 to 40 cm apart randomly oriented.

The predominant influence of the fissures in London
Clay causes an extremely proncunced reduction in the
undrained shear strength and modulus of deformation from

borehole sanples , when compared with block samples,
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Favorable conparisons between laboratory and in situ testing
are encountered for drained testss In view of the draimned
analysis being performed here and the good comparisons
between block and borehole sarwrples in the area it was
decided to embark ¢on a laboratory testing programe. In situ
sheary, plate lcading and pressuremeter results would not
enable an investigation of the stress paths observed in
excavationse The resultis frcm pressuremeter tests obtained
previously by Eisenstein ard Morrison (1973) will alsoc be

used during the analysis in chapter 7.

4.2 Till

4:2.1 Sasplin

Cubic block samples of 50 cme edge were extracted from
vertical walls as the excavaticn proceeded.They were
collected by first remaoving the outside material of the face
of the excavation and sawing a prism of soil from it. The
vertical face was then marked and the blocks wuwere
imnmediately covered with sheets cf polyethylene to prevent
dryings The block was then wrapped with cloth and a layer of
paraffin was applied., Upon the arrival in the laboratory an
extra thick coating of paraffin wax was applied and the
samples were stored in a moist room. Before testing, the
blocks were sawn in smaller blocks and trimmed by hand into
a cylindrical shape (dianeter 38 mm) for triaxial testing or
into a prism shape for rlane strain testinge Some loss of

material occurred due to presence of small pebbles. In these
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cases the sample was atandoned since the laboratory
specimens were only of 381 cmn diameter. The carving was

completed usually after 30 to 45 minutese.

4.2.,2 Charactexrization
Grain size analysis (figure 4.,1) from 3 different

blocks indicated the following result:

Sample # % CLAY % SILT % SAND
1 26 33 41
2 27 35 38
3 24 32 44

The average Atterterg limits for this material was 35%
for trte liguid limit and 15.5% for the plastic limite.
Extensive determination of moisture content before carving
the laboratory specimens registered an average of 14%. The

specific gravity cf solids was 269,

4423 Iriaxial

The great majority of experience on stiff clays
available in the laboratory is related to undrained testse.
The determination cf the coefficient of consolidation
indicated an average value c¢f 0,02 cm2/sece Very little time

therefore is necessary for consolidatione Field data
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collected from slope indicator and settlement points showed
an insignificant time dependent behavicure. Exgperience
(Eisenstein and Thcmsony, 1878) from measurements in the
tunnels joining Central and Centennial stations corrcborated
these readingse. Based on these premises it was concluded
that drained tests best suit the present field condi tionse.
Rate of strains between 0.035 cm/h and 0500 cm/h were tried
without any significant difference being observed. The great
ma jority of the strain controlled tests were performed at a
rate of 0,200 cm/he

For normally consolidated scils the widely used
expression tc determine the at rest earth pressure

coefficient

KO

1 = SIN( FHI )tooo.oooooﬁtoo.oo.ooo(4.1)

yvields sufficiently accurate results for engineering
purposess In-situ measurements (BRjerrum and Andersen 1872)
and laboratory determination (Poculos and Davis 18972) can be
used in this type of saoil,

With respect to overcansolidated soilse Bishop ( 1885§&)
doubtes if KO can ever re measured for this type of material
due to the disturbance the meassuring device promotes. As KO
is extremely sensitive to release of the in situ stresses,
its determination in the laboratory leads tc very erroneous
results (Wroth 197S5).

Correlaticrs with other related properties like
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overconsclidation ratio and the plasticity index prorosed by

Brooker and Ireland (1865) and the angle of shear resistance

as proposed by Wroth (187S5) provide reasonable results. The

upper till and the ice advance acted as a prreconsolidation
load on the lower till, while only the ice was responsible
for the greconsolidaticn on the upper till, Estimative of
the preconsolidation The assessnent of KO in the present
study was based on these twc correlations, yielding in both

cases a value c¢f 0.85,

The samples were subjected to different stress paths
and figure 4.2 illustrates the stress paths being
investigated in this gprcject.

- passive coppression conventional test in which the
vertical stress is increased while the lateral stress is
kept constante.

- active compression test in which the lateral stress is
reduced while the vertical stress remains constante.

- active extensicn the lateral stress remains constant
while the vertical stress is reducede.

- propertiaonal-active the samgple initially has horizontal
and vertical stresses reduced along the KO line and in
the latter part the vertical stress remains constant

while the horizontal stress is reduced.

With the excepticon of the passive compression tests,

all of them were performed urder stress controlled



PC %
/
/
/
AC ,
PAC / d
/
Y AE
/
/

Y

PC passive compression

AE active extension

AC active compression

PAC prop.-active compression

FIGURE 4.2 LABORATORY STRESS PATHS



M BB B | =| BB /| /| e

78

conditionse.

422.3.1 Passive compression

During these tests the samples were first submitted to
an isotropic compression slightly higher (10%) than the
overturden pressure. The vertical stress was gradually
increased without any change in the lateral stresse. This is
the commonly used triaxial teste Its results will be used to
compare it mith the nonconventional stress paths enccuntered
in the preliminary analysise The points in the graphs
represent laboratory measuring pcints, while the curve
stands for hypertolae fitted to the resultse. Some of the
results are in figures 4.3 to 4.,11.

The angle of shearing resistance cbserved was 40.1 and
the strain to failure within the range from 3% to 4% At the
early stages of the stress strain curve a decrease in volume
is observed , whereas at a later stage the sample increases
in volume, a behaviour typical of dense sands and

overconsolidated clayse

402.3:2 Active compression

This type of stress path is experienced by points
situated beside the retaining wall, It was simulated in the
laboratory by a reduction in the confining stress and a
sinultaneous increase in the axial load to ccmpensate for
the relief of the cell gressure. Because of the reduced

value of the axial strain at failure, it was very difficult
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to depict ttre exact point of failurees As the material was
not saturated the volume change had to be monitored by the
amocunt of liguid flowing in or cut of the cell, A
calibration c¢f the volume change of the cell with the
confining stress was made, but the very reduced volume
change of the specimen, especially in this type of stress
path, made the correction for the expansion of the cell much
greater ttran the volume change of the soile In this series
of tests the samples were consclidated isotropically. Stress
strain curves in figure 4,12 to 4.16 indicate failure
occurred 8t values of axial strain from 0.35% to 0.50%,
which represents a significant reduction from the passive
compression tests.Hyperbolae were also fiited to the stress

strain curvese.

412243.3 Unloading reloading

These tests were rerformed with a dual rurposes First
the use of the elastoplastic model to be explained in
chapter S required the unlcading-reloading wodulus of
deformation and second, moduli of elasticity determined from
the reloading part in large plate loading 1ests, besides
exhibiting a much lower scatter of values, are in very close
agreement with the in situ values determined from field
observation (Marland 1¢71)e These results must be closer to
the reloading part of large plate loading testse The stress

strain curves are in figures 4.17 and 4.18.



61

T1IL NOINOWQ3 1S3L NOISSIYdWOI 3JAILIY 2ZL°v JWNII4

GLZ2°2 EUWOIS €2-81 163l

(Z) INDTISd3

6'0 80 L0 980 80 ¥0 €0 20 1“0 0°0
1L 1 A 1 1

1 1 1 1

o
o

S*0

1

(SWJ/9M)YLS A3Q

- .

0

1

P~ o

2

0

S ¢

¢+
=
i

1
il
4

0*€



T1IL NOLNOWQ3 L1S3L NOISSIUdWOI IAILIV €L°% IWN9IA

082 EUWIOIS ¥2-81 1S4l

(7Z) INDTISd3
6'0 8'0 L0 9°0 S0 ¥0 €0 20 1'0 0°C

[ L 1 1 A o |

o
L]
o

0

g

4

(CWJ/0M)d1S A3Q

-t
-3

-+
-+
4

&

0*E



*1

S-

T1IL NOLNOWQ3I 1S3L NOISS3IUdWOI 3IAILIV +vL°v RN9IA

01°¢ EHWIIS G¢-81 1S3l

(Z) INDTISd3

0 80 L0 98°0 9;0 7'10 eE°0 20 I'IO 00

| = i H 1 1

o
o

S*0

I

0.

S*1
(SW3/3MIYLS AdQ

0*¢

¢

- =

S

€

+

+
+
s
4
:

0.



°1 6°0

1711 NOLNOWQ3 1S31 NOISS3IUdWOI 3JAILIV SL'v FUN9Id

G¢6° 1 EUWIIS 9¢-81 1S3l

(Z) INOTISd3
8:'0 L0 9'0 S0 %0 €0 20 1:0 0°0

1 1 A 1 1 1 ]

N
-
o
N
p— =
a
i 3 1 - 1 1 J | 4 w
¥ T L T — T ¥ T L b
o

(ZWJI/9MI1Y¥LS A3d



1111 NOLNOWA3 1S31 NOISS3IYdWOI 3AILIY 9L'¥ FWN9I4

S¥*Z¢ EBWOIS L2-81 1S3l

(%Z) INDTISd3

0'1 6°0 8°0 L0 90 &0 %0 E0 20 1°0 0°0
] 1 { S P % M- A e ) [ 1 . o
o
T
+
+
L o
%)
w
e} 1 T B P

(SWJ/9M)¥1S A30Q



7711 NOLNOWU3I LS3L HNIAVOTIY ONIAVOTINN LL'P¢ FdNIIA

68° 1=€E0IS (0BO134-0BOINN S1-81 1S3l

(Z)IND1ISd4
00" 9 os'¥  00°E 081 00°0

- —

T = T
14 € 2

3
(ZWI/9Y%)1S A30

- O

- 3

+
+



+

® b+
~ +
m{ 4
N W -
& i
(4]
~N
(da) < - <+
X7
-
“ ™ - -+
>
tJ
a
N = -
A
— - -’-
e LS L ] 1 L LN T
0.00 1.50 3.00 4.50 6.00

EPSTLON1(X)

TEST 18-13 UNLOAD-RELGAD SIG3=2.24

FIGURE 4.18 UNLOADING RELOADING TEST EDPMONTON TILL



T1IL NOLNOWG3 LS31 ONIQYOT3IY 9INIQVOINN 6Lt NI

65" ¢=€31S 0BV 134-0BOINN 04-81 1S3l

(Z)INDTISd3

00°9 oSy 00°€ 0S°1 00°0
1 1 A 1 1 | i
o
-+ -
- =N
+ O
m
<<
'4" - W w
-
=X
- =¥ S Q
~N
(g9}
=
+ -1 N
= -
J' - J
+ t : : ——t—t




I I I e e e B BB O o e e e e [ ]

® —t
1\-1 -+
©- +
N -
=
O
N
S L
x
|
w -+
>
Lt
o
T
+
T L] L] Ll L L
1.50 3.00 4.50 6.00

EPSILON1(ZX)

TEST 18-11 UNLOAD-RELOAD SIG3=1.54

FIGURE 4.20 UNLOADING RELOADING TEST EDMONTON TILL



88

42224 Plane strain

In order to simulate as closely as possible the actual
fieldstress conditions, a plane strain apparatus was
designed and ccnstructed for thies projecte Details of the

equipment are in appendix Be.

4s2+4.1 Passive comprecssion

The sanples were submited to vertical and lateral
strescses slightly higher than the overburden rressuree. The
vertical stress was increased until failure, without change
in the lateral stresse The results are in figure 4,21 to
4,24 « Specimen PS2 fajiled at the contact between the
typical Fdmonton till and an extremely silty material
encountered where this block was taken. The results from the
other 3 tests indicated an angle of shearing resistance of

46,5 degreese

4020442 Active compression

The csamples in this type of test are suprosed to be as
close as possible to the field conditions and therefore were
consolidated anisctropically with the ratio tetween the
principal stresses of (.85, Figures 4.25 and 4,26 show the

stress strain curves for these testse

4.2.5 Sumpmary

Plane strain tests performed by Lee (1870) on dense

sand indicated an increase of & degrees in the angle of
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shearing resistance compared to triaxisl tests, fcr low
values of corfining stresse For the Edmonton till an
increase o0f €.5 cegrees was encountered, which still
represents a slgnificant difference in terms of shear
strengtheFigure 4,28 1 llustrates the shear strength results,
Comgparing tre streses strain behavicur cne cen write for

linearly elastic material:

(Ad, -u( Ac, +Ad3))/E

.‘.I.(4.2)

For triaxial passive comgpression tests the change in tre
intermedjate and minor principal stresses 1s the came ,

therefore

Ae, = 1 Ac
1 — sssssl dad)
E 1

and tor plane strain

.'...(4.4)

1ps -1—“— ( Ag, AGB Tuﬁ—]

For passive corgression we can wri te
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- [Scr eeses(4.3)
15—-3—
| S T

or
] € =1 AC
A€ps = |

n ps

¢
I where Eps: E2 (446)

-1

I Fquation 4.6 relates tre tangent of the stress strain

curves Iin triaxial and plane strain testse Filgures 4.27
makes a cormparison between the tangcent moduli of deformation
to evaluate the validity of equation 4.5 The curves drawn

represent the values ottained from the hypertclae fitted to

i
I
the labcratory resultse. Lee (1570) encountered a ratio
l Fp/Ft=1¢4 while tte theoretical expression indicated it to
I he 1405, For the Edmaonton till the thecretical expression
indicates tre ratio of 125 where the average value
encountered was 1,55, Lifferert values of Polsson ratio do
not change significantly this conclusicne For a Polisson
I ratio of 0«5 the ratio woulad be 1433 and & Foissor ratio of
I 0e3 reduces tre ratio tc 1.1 which still represents a a

departure from the value of 1.55 obtained from the

! latoratory testse

[
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The nmodulus of deformation cbtained from triaxial
active corpression exhlibites a significant difiference wten
conpared with results from triaxial passive cumpression
tests. (Figure 4.28) Vertical strain to failure is very much
reduced in active compression testse. It is therefore
reasonable tc expect a reduction of the modulus of
deformation when comparing conventional triaxial tests with
field observation in excavations. A similar ccmpariscn was
nct possible with plane strain results since the active
cnmpression tests were consclidated anisotropically,
therefore starting from a stress level much higher than
isotropically corsolidated testse.

A relationshig of the tyrge

d. n
Ei = Kpa 3
pa
....O(4.7)
- Ei is the initial modulus of deformation
- ¥ and n are material constants

- (Ié iis the confining streas and

- pa is the atmospheric gressure

was not verified for ttis pateriatl.
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Altbougb this wmaterial can not be assigned a sinzle
value for the modulus of defcrmation, as it is usually done
for stiff clays, tte active comgpression results were closer
to the pressuremeter results fronm EFisenstein and Morrison
(1973)e For a hollow cylinder with internal and external
pressure 5 the equilibrium equation in the racial directicn
for rolar coordinates in terme of stress o, assuming no body

forces {s:

QO dr - Ty
Dr r csese(d.E)

where

- dr is tre radial stress

- da is the tangential stress
- r is tte radius,

The snluticn in plane strain for the followirg boundary

conditior

Q
"
©
%)
v
-
"
h;1
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2 2 2
drz p2 r;-P,,q (Pz"p,‘)'} r2 (4.9)
2 _ 2 2 2 2
2 "4) (rz'ra )
‘2 ‘2 - 2' 2
CT : FE?'E? -F% r] _*_ ( |22 ljf) ra [}? {4.10)
ra_ - 2l 2 2
2~ N Flla™ N )
For an extrenely large R2
2 2
drz p2 (1 -‘ri—-) + p1 "1
r2 r2 eses{4,11)
2 2
i, r Py T
de" P2(1 + 12 ) = :.21 ceer(da12)
. r
For a point at a distance r from the center
r2 e
K1=p2(1*-1§-) = h(1+i')
r e -
2 2 S
. 7 T "
K22p2(1-_#-):dh(1—J5) . T
r



are constants, trerefore 1t can te written

for an increment in the internal pressure corresponds

increnments

AGF;K3AD1 AU@=—K3AP1

which when plotted in principal stress space indicates a
=tress path of trte type cf figure 4.30 4y which does not
correspond to any of tre labocratcry tests rerformedes

For small s1ress levels one can separate the
contributicn from the isotropic stress component and cne
from the deviator stress componente In conventional triaxial
tests (figure 4,30) both are increasine, therefore the total
strain will have contributions from both stress cowmpcnentse

In active compression teste there is an increase in tte
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FIGURE 4.30 STRESS PATHS IN LABORATORY AND FIELD TESTS
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deviator stress and a cdcecrease in the isotropic stress
coxponent, therefore the vertical strain will represent the
difference between them, which obviocusly will increase the
modulus of deformatione During the pressuremeter test there
is only the cortribution from the deviatcocr stress (figure
4.30)e The modulus of deformation should then be greater
than conventicnal triaxial and smaller than active
compressione.

Values of modull of deformation from unlcading
reloading tests were nct affected by the ccnfining stresse.
For confining stresses of 1.89, 224 and 2.59 kg/cm2 they
were found to ke 1550.,1450. and 1680. kg/cm2 respectively.

To conclude this section , it is evident frcm the
laboratory results the stress path dependency can not be
neglected in the determination ¢f moduli of deformation even
for stiff soilsy, and an expressive non linearity of the
stress strain relationshig is gresente.

Tables 4.1 to 4.4 summarize the test results
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Hyperbolae parameters for triaxial passive compression tests

confe

stress (kg/cn2)

« 229

«106

«206

2118

»148

«137

«113

« 078

«173

« 090

« 074

« 085

« 082

«073

095

«002

«020

«023

<054

« 068

« 088

«081



TABLE 4.2
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Hyperbolae rarameters for triaxial active compression tests

confe.

stress (kg/cm2)

«083

«122

« 046

« 364

+373

«S0E

«485

+449



Hyperbolae parameters

confe

stress (kg/cu2)

Hyperbolae parameters

confe

stress (kg/cm2)

TABLE 4.3
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for plane strain passive compression

tests

« 086

« 155

« 074

« 084

TABLE 4.4

for zlane strain active compression

tests

<080

<064

«088

«163

«072

«081

«248

«228
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1 Samgling

:

As the bottom of the excavation ie above the sand
layery, a small excavation had to be made to allow the
collection of some block samplese Sharp edged metal boxes
were gentl& pushed in the ground by hand while the lcwer
part was being carvede The samples were immediately wrapped
in a polyettylene sheet and waxede In the laboratory the
metal boxes were opened up by removing the metal screws
Joining the csidese. The samples were then covered with a
thick coating ¢f wax and stored in the mgcist roome. At the
time of testing the wax was removed and the blocks
transported to a cold room with the temperature of -5
degrees Centigrade to be frozene. Due to the reduced degree
0f saturation the specimens were not successfully carved and
most of them cracked during this operatione An alternate
procedure consisted of carving the samples gently in a still
unfrozen state and transporting them to the cold roome A
small amount of water was then sprayed to provide a very
thin outside crust of ice enabling the placement of the
rubber memktranees The triaxial cell with the sample inside
was removed frcm the cold room and immediately filled with
water followed by the application of confining stresse. Due
to the very delicate nature of the sample it was not
possible to carve specimens with the shape required by the

plane strain apparatuse. A1l the stress—strain relationships
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were obtained with the use of the triaxial equipmente.

4, 3.2 Characterization

Grain size analyses (figure 4.31) indicate the presence
of 95% sand and £E% silt and claye. Most of the grains were
under the medium—-grained sand size renge. The coefficient of
uniformity of 2 resulting in a classification of soil type
SPs. Disturked borcectole samples taken from the lower part of
the sand layer indicated the presence cf some gravels. The
average moisture content of the laboratory samples was 5%
with a degree of saturation of 28%e Its unit weight was 1.87

g/cc and thespecific gravity <f soils of was 2.67,

4:3.3 Iriaxial tests

Due to the extreme difficulty in obtaining intact
sarples and because of some less during labcecratory
preparationy, a limited numkter of tests was performed. The
scatter of the results was not as pronounced as the ones in
the till and allowed the definition of the regquired

properties with only 8 testse.

4.3+3.]1 Passive coppression

Four compression tests ylelded en angle of shear
resistance of 405 degreese The strain at failure around 3%
was observed. The fitting cf an hyperbola was not
satisfactory especially at stress levels approaching

failures The samples were consolidated isotropically to the
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overburden values Figures 432 to 4.35 show the results of

the tests in this grhase.

4:3:3.2 Active extensian

The sanples were consclidated anisotropically with a
ratio of 036 tetween the principal stresses, which was
ottained using equation 4.1« An adaptation had to be done on
the top cap to allow the apprlication of tension in the rode.
Strain to failure was observed at values of 0.9% uwhich
represents a major reduction from the compression passive
resultse Figures 4.36 to 438 shows the results of these

testse.

40333 Propcrticonal active comgression

Due to reduced nunber of elements submitted to this
stress path only one test was performed in this phasees The
sample was initially consoclidated anisotropically followed
by a simultanecus reduction in both principal stresses at a
canstant ratio and finally a reduction in the minor
principal stress as in the compression active testse Figure

4,39 illustrates the stress strain curve obtained.

434 Sunmmary

A significant difference exists between the modulus of
deformaticn in passive and active compression and extension
testse Although is it difficult to draw a parallel between

the laboratory resultsy due to the fact that the passive
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tests started with a ratio of 1 tetween the principal
stresses and the extension tests started with 0.36, figure
4.40 the difference between the moduli of deformation.
During a canventiconal triaxial test the sample is being
loaded from the beginnirg of the test while in extension
tests initially both isotroric and deviator stress
coxponents are reduced until the isotropic axes are reached,
then the deviatcer compconent starts is increasede. This
condition stands for an expressive reduction in the
prediction of deformation when compared with active
extension resultes which predominantly occur at the bottom of
the excavaticne

The angle of shearing resistance remained the same for
different stress paths, which was expected since ¢this is a
cohesionless scil.

A smaller strain tc failure was observed for active
extension tests indicating a much earlier mobilization of
the shear strength comnpared tc the results of the
conventional triaxial test.

A comrplete evaluaticn of the influence of the stress
path obtained here can only be appreciated by a comparison
of the field measurements with the analysis supported by the
stress strain representation okserved here.

Due to the already expected limited movement around the
excavationy, the early portion of the stress strain curve
should play a major role in this case historye. The initial

tangent modulus, either for sands or the Edmonton till,
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being much higher when following the suggested stress path
as compared to ccnventional tests, one should expect
considerably less nmovement than analysis based on results
from conventioral triaxial testse. Expensive large plate
loading teste or in situ shear way not represent field
conditions if the stress path has such a dominant influence.
With respect to the lateral stress distribution, it
seems the retaining structure can count on a much more
significant contribution from the surrounding ground,
therefore reducing the total load to be carried. Expensive
large plate loading tests ¢r in situ shear may not represent
field conditions if the stress path has such a dominant

influencee.



Se CONSTITUTIVE MODEL

Ss1 Introduction

The most usual type of analysis of stress and strains
in Geotechnical Engineering caonsists of acguiring the
stress-strain parameters from conventional triaxial tests
where the deviator stress is increased up to failure, with
the confining stress held ccnstante. The continuum mechanics
framework being rursued frtere so far consists of the use of
the generalized Hooke?s Law with the soil stress strain
parameters obtained frcm laboratery tests under different
stress pathse The stress paths followed in the laboratary
aim to be representative of the field conditions and
therefore the different behaviocur exhibited by the scil
under distinct stress praths should be depicteds Linked with
this approach are the hypotheses associated with Hooke's
Lawe The most inportant of them is with respect to the
principal axes of strain increments; principal axes of
strain increment coincide with principal axes of stress
increment which implies no volume change due to shear
stresse Laboratory tests in cohesionless soil (Lade, 1872)
exhibited coincidence ¢f the axes of strain and stress
increments at low level of stresses and coincidence of
strain increments and total stresses at high level of
stresses. It therefore can be concluded there is a
predominancy of elastic strains at the early stages of the

stress strain curveywith a gradual shift to a situation

134
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where the plastic strains beccne more important as failure
is approactedes In this chapter a constitutive model able to
represent the behaviour of the so0il for all stress levels
and different stress paths for sands will have 1its
application evaluated for the Edmonton till.

Ko and Scott (1967) and Frydman and Zeitlen (19¢8)
separated the total strain into volumetric and shear strain
componentse The former is caused by the isotropic component
of stress and the later by the deviatoric parte The total
straln is cetermined by superpositions This approach proved
to be rewarding whenever there was no slippage between the
grains, which causes an irrecoverable deformation. Different
stress paths can therefore be analysed using this procedure
for situations invoelving unloading and relocadinge During
primary loading the greins slide one with respect to the
other causing plastic strainse. Perfect plastic idealization
however, has been rroved toc be unsuitable for fricticnal
materials (Drucker, 1952 ,1861 and 1864 and Drucker, Gibson
and Henkel, 1957)s, The Cam Clay model (Roscoey, Schofield and
Thuraira jeh 1963, Roscoe, Schofield and ¥%Wroth 1958 and
Roscoe and Burland 1968) calculates separately elastic and
plastic strainses The Cam Clay model predicts accurately
results in normally consolidated clays for stress paths
which do not include expansion { Eoscoe and Pooaorooshask
1863)e During the develcpment cf Cam clay stress strain
theory it is assumed a unigue relationship retween the

moisture content and the stress rarameters p (I1/3) and g
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(SIG1-SIG3) which trherefore excludes situations iInvolving
expansion which is the case of the Edmonton till {(Chapter
4).

An elastoplastic model which accommodates volumetric
expansion in shear has been developed by Lade(1972) to study
loose and dense sandse This mcdel has been substantiated by
accurate predictions of strains under different stress paths
{(Lade and TLuncan 1876). A further refinement in the model
improved tte results for strain softening cohesionless
material (Lade 197£) and extended the study toc normally
consolidated clays (Lade and Musante 1876).

In this chapter an evaluation of the applicability of
Lade's model in its initial form (1972) for the Edmontan
ti11 will re carried oute The required parameters will be
obtained frcm conventional triaxial tests described in
chapter 4. Based on them, the strains observed in triaxial
active compression tests also described in chapter 4 will be
compared with the cnes predicted by the model. If this
approach proves to ke successful, there are two major
advantages wten ccocmpared to a stress path simulatione. First,
the fact that it considers both elastic and plastic strains
with a predominancy of the elastic one at low level of
stress and the plastic one close to failure permits a change
of the strain increment directicn with the same constitutive
modele Second, it dismisses the necessity of performing
tests with different stress paths to simulate field

conditionse.
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S:2 Lade's siress strain theory

The total strain increment is divided into elastic and
plastic components, each one being treated separately.

The elagstic strain is calculated from Hockels law using
the unilocading reioadlng modulus as suggested ty Duncan and

Chang (197C) with the use of the éspresslon 2

E = KUF pa .._g_3_._ TERT

ur pa

where

- Kur and n are material constants
- pa 1 the atwospheric gpressure

- ({3 is the confining stress

For tre plastic strain increment the measure of the
cstrese level Is detined as a function of the first and third
invariante as 2

.....(502)

I
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The yleld surfacee are regpresented by ¢

F=1 -KI saswslSsd)

where K is a work-hardening parameter which represente the
maximum strese level ever experienced by the soile Changes
of stresses lying inside the jyield surface will cause only
elastic strains. If the change in stress crosses the yield
surface the material will defcrm pnlastically and elastically
and the yield surface will expand,

The glastic potential function incorporated in the

theory is expressed as 2

g = 11 2 l3 Y- T

where K2 is a constant for any given value of f . The
use of an associated flow rule leads to values of volumetric
exransion much higher ttan cobserved in labcratory
experiments (Drucker 1864, Poorooshasb, Holubec and
Sherborne 12866, Ko and Scott 1967 and Lade and Duncan 1873)
¢ indicating the ncrmality condition was not satisfied,

The plastic strain increment is derived from a non

associated flow rule



AEp - Ak bg ..... (5+5)

where .. [&)t {is a factor c¢f proportionality. It must be
nated that g cantains a rarameter K2 (eqe S5¢4) which is a
function of the stress levely, but the partial derivative is
tn irndicate the value of K2 is to be considered constante.
The use of equations S5e¢4 and 5.5 expresses tre plastic

strain ircrements as 3
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p 000-0(506)
= - A K
A€><y [dztxy Tyzﬂczx] A 2

K2 is determined by using the ratio 3

p_ A€’
e

whichy, sclving fer X2 , ylelds

2 p
31, (1

P
63(0'{-*2} 0'3) cessel5e7)

N
"

Using equaticn 5.7 fronw triaxial compression tests Lade
(1975) encountered a linear relationship between K2 and the

cstress level of the form 3

...O.(S.E)
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where Al and A2 are material ccnstantse 1he rlastic work

incremen t ie calculated from:

p Pl
dWw ={dij} {de‘ij} .....

where

wt ich, substituting into 5.10 , gives
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I, ]

l3
dwW_=A X 3[:14 - Ke s

P

Ax. 9Wp
34

where dWp is the increment In plastic work due to an
increase in stress level df .
Resul ts from conventional laboratory testing indicated

tre relaticnehigp between the plastic work

can he apgroximated by an hyrerbolas

seeel(Del2)
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where

- ft 1 a value ¢f the stress level up to sahich plastic
work doefe not cccur; the strains up to this point are
purely of elastic naturees Thig was called the threshceld

cstress level,

a and t are the parameters which define the hyrerbclae
The inverse of g represents the initial slope of the

curve Wp versus f and its variation is expressed as @

-

a=M pa 63 cees(5413)

wtere

M and 1 are the material constants
ne is the atrmospheric gressure
- (Z; is the confining stress.

The inverse cf h represents the value i~-tt apprcaches

at larce magnitudes of the plastic worke From the

de fferential ci 5,12

AW. = OAf. :

eees(S5el14)
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where

- f ie the average value c¢f the stress level during the
increment

- df is the increment on the value of the stress value o

If df<0 4 cnly elastic strains will occure.

5.3 Determinatjon of the elastc plastic parameters

For the elastic pcrtion of the strainy unloading
reloading tests described in chapter 4 were performedo They
have indicated a very narrow varilation of the modulus of
defornation (Fur) for the range of confining stresses
between 1.54 kg/cx2 and 2.60 kg/cm2e A constant value of
1500 kg/cm2 for Eur was consequentely assumed.

Calculaticn of the total rlastic work during the
determination cf the parameters for the plastic portion,
require information with respect to the lateral strain.
Tests 18-14 , 18-1% and 18-17 (chapter 4) were selected to
determine the rlastic parameters. Values of K2 obtained from
the expression S.7, were plotted against the stress level £
(figure Se¢1) indicating the values (0.485 for Al and 13.63
for A2 (equaticn S5e8)e Figure 5.2 illustrates the
relationship between the total rlastic work and the stress
levels, The threshold stress level ft (equation 5.12) value
encountered was very close to 27 which corresponds to paoints
on the hydrostatic axese This indicates the existence of
plastic strains at the early portion of the stress strain
curvees All the curves should he asymptotic to a single

valuey, regardless ¢f the curve to be fitted, which did not
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APPENDIX A, COMPUTER PROGRAN

A.1 Introdyction

This computer program was developed to analyse stress
changes and displacements caused by excavations in scil or
rocky with thte aid of ttre firite element me thod.

The analysils is divided in a number of distinct phases
which consist c¢f excavation of different layers and
installaticn of permanent strutse. Each phase is subdivided
in increments to allow updating of the elastic parameters in
each element. The rrogram at tte beginning of each phase
calculates the new lcad vector which will be applied. It
performs the calculations for different types of stress
strain relationships according to the stress path which has

been prescrited for the element.

As2 Organizaticn of the program

The main grcgram obtains the initial nodal and element
stresses pricr tc the excavation by calling the subroutine
INIT. By means o1 the the subroutine NLCAD the elements
excavated are assigned extremely low values of the mocdulus
of deformatione The elements representing the strut level to
be installed are assigned the correspondent values of the
elastic parameters {concrete or steel) and the nodal loads
caused by the excavation in this phase are determined. At
this point the lcad is divided in 4 increments. The number

of increments can te easily changed by altering lines 81 to
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84 if required by the user. The subroutine DETE is then
called to calculate the value of the modulus of deformatione.
The program has the capability of analysing 6 different
types of stress strain relationstip which are descrited in
detail in chagter 6 A sub routine CST is called to perform
the finite element analysis using constant strain triangles
to obtain the stress change due 1o the increment just
performede An opticn to plot the displacement is available

at the end cf the rrograme

>
le
o

Input data

1. GECMETRY
ae output OoptioNSecscccesecsccsccscscsccsosonnsscssccnscee 4I5)
1) IPRINT If equals tc 1 it prints all the
gecmetric information at the begining of each
rhase for every increment
2) NIPRINT If equals tc 1 it prints the nodal load
for each phase c¢f construction
3) IPICT If equals tc 1 it generates a plot with
the displacements of some selected nodese
4) NIPRIE If equals tc 1 it prints the modulus of
deformation of all the elements at the begining
of each phase for every incremente.
De titlececoeccsscscccccsacccosscssccscncncccssccsossel(20A4)

Ce size of the prcblem.....-.-.................-.o(316)
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NUMNF rumber of nodal points
NUNEL number of elements

NUMAT number of materials

de node Cat‘dSoaoooo.oooo.oooooon.ooooo.-(216'4F1200715)

1)

2)

3)

4)

6)

7)

N node numker

KCDE(N) twao digit number indicating whether a
displacement or a force is applied at the node
a) 00 x force y force

t) 11 x displacement y displacement

c) 10 x displacement y force

d) 01 x focrce y displacement

X xcocordinate

Y ycoordinate

U x force or displacement at ncde N

V y force or displacement at node N

KODE1(N) it defines the material type to
determine initial nodal stress. If KODE1(N)=4

the initial stresses are zeroe.

Cbse Ngodal points must be in numerical order.If
nodes are omitted the program generates
coordinates for the intermediate points linearly
displaced between the two roints. For the
generated podes the program assiepns KCDE=0 , U

and V=0 and KODE]1l egquals to the previous node

=X} element Ca!‘ds.oooocot-oooooo.oo.ctcoto.ooo(SIé,F6oO)
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1) M element number

2) NP(IyM) nodal points at the three corners of the
element in counterclockwise order

3) MAT(MN) element material number

4) TH(M) thickness of the elements If not defined

the rrogram assigns a unit thicknesse.

Chse Element cards must be in pumerical crders
Jf element numbers are comitted the program

of two

2eperates element data in nodule

Im

elements from the previous two.

PLIOTTING DATA

Qe

general informationeeccoccooccescoscccscscsccscscncsccse(2I5)
1) NNTP number of nodes to be plotted
2) NPH total number of phases
NOdeSessoscsecssesccccncccscoscsossocsscsanscssscsssnssce{l10I5)
1) NTP(I) node number which displacements will be
rlectted
title of the plctting (20A4)
1) TITLE(I)
a) col 1 to 48 headline for the plctting
t) column 49 to 64 abscissa label
¢} column 65 to &0 ordinate label
CONtOUT s 00000000 0cc000cn0sccecccscssssosssesncssssnssel I5)
1) NNG number of nodes shich will form the contour

to define the excavation, retaining structure,
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toundaries and subscileA line will be drawn
Joining all the NNG goints without interruptione.
ese contour definitionecesecsccccsccocscscosossocncccse(10I5)
1) NIP(I) nodes defining the contoure.If it is not
required tc use the rlotting facility 5 tlank
lines have to te supplied to inform nothing is
to0 ke rlottede.
MATESIAL FRCPERTIES
This program sas develored for 10 different
materials to suit the needs of varicus analyses of the
Rapid Transit in Edmontone The nonlinear elastic stress

strain relationshir is fitted to a hypertolae 32

SIG1 - SIG3 = EPS1/(A¥B*EPS1)

where
SIG1 and SIG3 are principal stresses
EPFS1 is the major principal strain
A and B are tte material parameters regquirede.
ae Material number 1
This naterial corresponds to a stress path of
the tyre compression active ir conventional triaxial
equipment. Three stress strain curves are to be
supplied.

1) MM number leeccscecccecccsoscoscsccscsscnsssccsscnoce(lIS)
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2) a) PR(1) Poisson ratio

t) KO0(1) at rest earth pressure coefficienteeeoos

{2F10.5)

3) 1Ibhree lines , each one containing :

a) SIGC(1,J) initial confining stress

L) AA(1,J) Hypertolae parameter

c) BB(1,J) Hypertolae parametereceseccoeces(3F10:.6)
Material number 2

This material corresponds to a stress path of
the tyre extension active in conventional triaxial
equipments Three stress strain curves are to be
supplied.
1) MM number 2eccesccccscscsccocsccccsscsccsccccsce( IS)
2) a) PR{(2) Poisson ratio

b) KO0{2) at rest earth pressure coefficientesecos

2F10.5

3) Three lines , each one containing 2

a) SIGC(24J) confining stress

t) AA(2,J) hyperbclae parameter

c) BB{2,J) hyperkolae parametevrescccecece(3F10.6)
Material number 3

This material corresronds to a stress path of
proportional loading—compresion active test in
triaxial equipnent. One stress strain curve is tc be
sugpliede For the proportional loading part linear
elasticity is used and for the compression active

part a hyperbolic relationshipe.
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1) MM number Jsececccccecccsscsossccccscccesscsccscc(IS)
2) al) E(3) Modulus of deformation for the
proportional loadinge.

t) AA(3,1) Hyperktolae parameter

c) BB(3,1) Hyperbolae definitionesecceee({3F10.6)
Material number 4

This naterial behaves linearly elastice It was
used for the retaining structure.
1) MM number 4ececccccsscccscscscscsccscsccncsscsccsscselI5)
2) a) PR(4) Poisson ratio

b) KO0(4) at rest earth pressure coefficientesse

(2F10.53)

3) E(4) modulus of deformationececccecccccces(F10:6)
Material number £

This naterial corresponds to a stress path of
the tyre compression active in plane strain
apparatus. Two stress strain curves are to be
suppliede.
1) MM number Seececsvosccsscscscscecscscsesccsscscsscc{IS)
2) a) PERE(5) FPcissan ratio

b) KO(5) at rest earth pressure coefficienteseo

2F10.5

[
-~

Two lines each one containing

a) SIGC(5,41) initial confining stress

b) AA(5,J) Hyperktolae parameter

c) EBRB(5,J) Hyperbolae parameterececccecces(3F10.6)

Material number 6
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Sixzjlar to material number 4
Material number 7

This nmaterial corresponds to a stress path of
the tyre compression passive in conventional
triaxial equipments Three stress strain curves are
to be supplied.
1) MM number 7ecooss0ccce0cscnossssssencsscssscsscel I5)
2) a) PR(7) Peissorn ratio

b) KO{(7) at rest earth pressure coefficienteceo

(2F10.5%)

3) 1TIhree lines each one containing

a) SIGC(74yJ) confining stress

b) AA(7,J) hyperbolae definitien

c) EBB(7,J) hyperbolae definitioneeosssee{(3F10.6)
Material number 8

Sicilar toc material number 4. It was used to
define the grorerties of the material after it has
been excavated
Material number §

Similar to material number 7 with only one
stress strain curve definitione.
Material number 10

Similar to material number 4. It was used to
define the different material which was used for

grouting the struts and the vertical wall.

INITIAL STRESS

These data will be used by subroutine INIT. If the
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material definition is of the type 4 the initial element
stress is set to zero.
ae Gama srecific weight
be ZSFC ordinate ¢f the ground surfacecscsssses(2F10.,3)
DESCRIPTIGCN CF THE PHASES CF CCNSTERUCTION
This set of data is required by subroutine NLOAD.
The elements which will be excavated and the omes which
will te concreted or grouted and the nodes which will be
loaded have to be specifiede The nodal locad is
determined frocm the elements to be excavated adjacent to
the nodee.
ae 1) NPHASE phase nunber ,if zero it indicates the
final phase was defined in the previous call to
NLCAD.
2) NYL number of nodes vertically loadedes
3) NXL number of nodes horizontally loadedeses «(3I5)
be nodal load definition
1) wvertical load definition NYL sets of two lines
a) NELITI number of elements excavated adjacent
to this node
b) NNYL(I) node numbersececscceoscscscscecscccs(2I5)
c) IEL(J)yJ=1,NELI elements excavated number,
adjacent to NNYL(I)esecovooeconsoosscsseee{l10IS5)
2) hcrizontal load definition NXL sets of two lines
sinilar toc the vertical load definitione.
ce load transfer

The program allows for the transfer of
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horizontal loads from a node toc two others by beam

effect. This feature accomodate the existence of

csheet piles transferring their lcads to points of
contact sith the structure.(figure A.1) when the
deformation of the wall is requirede.

1) NLD nunmber of nodes which will transfer the
horizentale If NLD equals to zero no more load
transfer input are requirede.

2) a) NA upper node carryimg the transferred load.
) NB lower nod€ececccecccscsscocsscccccccccsnoces{2I5)

3) NU number of the node which will have its load
transferred to NA and NBe NLD lines toc be
suppliedecccscccscccscsscccssnsocscvscccsosssscscosse{l5)

element material redefinition

1) NELCA number of elements excavatedesecossooescsel I5)

2) INFL element excavated. After this phase this
element will be of type number 8+ NELCA lines to
be suppliedecescccesccsccossscsocscosncocensocscssoscsel I5)

3) NELCC number of elements changed to material
number 8, After this phase this element will be
of type number Beecesescscccccccccscscssssvscssoce(IS)

4) INEL element number. NELCC lines to be supplied.
(I%)

S) NEILCG number of elements changed to material
number 10, If this material is under tensiocn in
any phase it will have a small value assigned tc

the modulus of defctma.tion..........--.--.--(15)



LOAD TRANFER POINT

A
\
IS

AIR

SHEET PILE

Z—> LOAD TRANSFER POINT

FIGURE A.1 LOAD TRANFER



241

€) INEL element numberes NELCG lines to be supplied.
(1I8)
nodal stress redefirition
This set cf data defines the nodes which will
have the stresses zerced. They represent the nodes
which are inside elements changed into concrete ,
grcut or have Leen excavated.
1) NNC number Of nodeSsececcccccccoscecocscsossce{I5)

2) J node number. NNC lines tc be suppliedeecsse(I5)



Sample Propgram
An input sample is listed belowe For the load

application figure As2 illustrates the procedure.
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129 149 175 212
291 295 299 375
N 116§ § 132&,"8) 152§§ 193 §
~ 289 293 N[ 297 373 5
128 1, 8 174
277
371
276 279 7
278 127 372 370
275
280
274 369
147 173 210
367
266 269
366
368
265
267 365
1,6 172 209
260 261 363
364 362
259
262
361
171 208

145
FIGURE A.2 BLOWUP OF THE MESH C

LOSE TO THE ‘WALL
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RAPID TRAKSIT STBESS FATH SINULATIOR SECCNT MESE SEOBL 2ILE
10

0 0 0
326 5¢6
1 1n 0.9
2 10 0.0
3 10 0.0
4 10 0.0
S 19 0.0
3 10 0.0
7 10 0.0
8 10 0.0
9 10 0.0
10 10 0.0
1 19 3.0
12 10 0.0
13 10 0.0
14 10 0.0
15 10 0.0
16 0 S50.0
17 9 50.0
18 0 50.0
19 0 133.0
29 b} 100.0
21 ) 100.0
22 0 100.9
23 ] 100.9
24 0 100.0
25 0 100.0
26 0 100.0
27 0 100.0
28 0 100.0
29 0 130.C
20 0 150.0
31 0 150.0
32 0 150.0
33 0 200.0
34 0 260.0
35 0 200.0
€ 0 200.0C
37 9 203.0
38 0 200.0
39 3 200.0
40 0 200.0
41 9 200.0
42 0 200.0
43 0 20040
44 0 200.0
48 ] 220.9
46 0 200.0
u7 0 250.0
48 0 250.0
49 0 250.0
59 0 300.0
€1 0 300.0
52 0 300.0
£3 0 300.0
S4 b] 300.0

0.0
7C0.0
10690.0
1270.0
1322.0
1500.0
1730.0
1900.0
2970.0
2100.0
2400.0
2500.0
2620.0
2745.0
2800.0
129€.0
2085.0
27172.5
1165.0
1270.0
1322.3
1411.0
1985.0
2070.0
210%.0
2250.0
2680.0
2745.0
2800. 90
129€.0
2085.90
2772.5
300.0
1060.0
1270.0
1322.0
1200.90
1700.0
1903.90
2070.0
21030.0
2400.0
2500.0
2€20.0
2745.0
2803.0
1296.0
208S.0
2772.5
1165.0
127C.0
1322.0
1411.0
19€5.0

6 o 6 0 8 o4 0
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[-X-F-N-X-N-R-N-F-N-R+H-RoN-F- NN NN N Y-NoN-NoR YN -N-N-N-N-N-N-RsN-F-NSR-NIN- NN NN NN N-No N N-FIN-F-RIR-FIN N

300.0
300.0
300.0
300.0
300.0
300.0
350.0
350.0
350.0
400.0
400.0
400.0
400.9
490.0
400.0
43C.0
430.0
400.0
439.0
400.0
4oV. 0
400.0
400.0
403,

400.0
450.3
4S5u.0
450.0
530.0
500.0
500.0
500.0
500.0
500.0
500.0
500.0
500.0
50C0.0
500.0
55040
550.0
550.0
600.0
€303.0
600.0
600.0
600.0
600.30
600.0
630.0
600.0
600.0
600.0
600.0
€00.C
600.0
600.0
606.0
600.0
650.0

2070.0
2100.0
2250.C
2~80.0
2745.0
2800.0
1256.0
208%.90
27172.5
0.0
700.0
930.0
10r0.0
1270.0
1322.0
1500.0
17€0.0
1900.0
2070.0
2100.90
24CC.0
2500.90
2620.0
2745.0
2800.0
1296.0
2095.0
2772.5
1165.0
1270.9
1322.0
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19€5.0
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2100.0
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1236.0
2085.0
2772.5
2.0
350.0
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1296.0
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167 .

1€8
169
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260
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1072
1073
1074
107%
1076
1877

110
111

118
116§
120

2€7
268

294

MNO O

£

€2

&=

87

6
11
90
42
87
75
81

2
30 91
248 258

261



1078
1079
1080
1081
1082
1383
1084
1085
1036
1087
1088
1089
10390
1991
1092
1093
1094
109¢
1096
1097
1098
1399
1100
1101
1102
1103
1104
110¢
1106
1107
1108
110¢
1110
ARRRI
1112
1113
118
111€
1116
1117
1118
1119
1120
1121
1122
1123
1128

" 1128

1126
1127
1128
1129
1130
1131
1132
1133
1134
113¢
1136
1137

290

281

296

297
26€
299
380

109
25¢C
s
259
m
262
1mm
262
172

258 259

262



263



264
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COMMON ¥(12),PR(17) ,LO (10) ,X(35)), ¥ (350),0(350),V(350),TN(527),
1STIF (700,14C) ,AP(100) ,EST1¥(6,6) , ECH {3, 3), Fb¥ (3, 8),F39(3,K), A
COMMGN NUMND, NUMEL, NOMAT, K006 (35¢) , 4D (3, 600) , YAT (600) ,mFAND,

1 NFQ,M,LY(6)

CO1MON KODE1 (350)

CO4MON ST3C(10,9) ,AA(10,3) ,BB(10,4),K0(10) ,Z5FC

COIMGN DSIGEL(600,3),5ISTIRL{600, 1) ,DSTGA (350,3),SIGIA (359,13)
COMON 13TGEL(600,3),TSIsA{350,3),TH(709)

COMMON N (350) , VN (350) , NUYL(25), NNYL(?5)

COYMCY B3(&0C), PRT(G0J) ,T3ISER(600,2)

CO1MON 2IL,XK,XEP
COMMON DI(700) )
DIMENSION XP(80,8),¥P(89,8),NTP(80),NG(30),
1T ITLE(20),XG (80),¥G (80) , XPF (10) ,¥PF (10)

b o b wd o b —h
COMNMEWN4a0OVINDTONT WUN -

REAL KO
READ (5,209) IPRINT,NIPALN, IPLOT, NIPRIE

17 200  FOEMAT (%15)

18 CALL RFAD3E

19 READ(S,45C) ¥NT2,NPH

20 450  PORMAT (2I5)

21 WRIT®(6,4%51) YNT?

22 ust PORMAT(///.' NUMBER OF NODES TO BE PLOTTED',IS,

23 17/, 10%, ' NODES NO')

24 READ (5,452) (NTP(I),I=1,NNTP)

25 452 FORMAI(10I5) .

26 ARITE(6,452) (NTP(I),I=1,NNTP)

27 READ(5,457) (TITLI(I) ,I=1,20)

28 457 PORMAT (20A%)

29 READ(5, 450) ¥KG -

30 READ (5,452) (NG (I),I=1,NNG)

31 DO 456 I=1,HUG

32 NNH=N3 (1)

33 . X6 (I) =X (N¥N)

3y 456 YG {I)=Y (NUN)

35 DO 453 I=1,NKTP

36 J=NTP (1)

37 X2(I, 1) =X(J)

38 4s3  YP(I,1)=Y(J)

39 DO 80 L=1,NLQ

) 4 TB(L)=0.

81 CALL SST

42 c

43 C CALL INITIAL STRESSES

sy c

45 CALL INIT

u6 DO 59 HM=1,NUMNP

47 PSIGA(M, 1) =SIGIA(Y, 1)

u8 TSIGA (M,2)=SIGIA(M,2)

49 59  TSIGA(M, 3) =0.

50 DO S0 M=1,NUHEL

51 TSIGEL (1, 1) =SIGI1EL(Y, 1)

52 TSIGFL(4,2)=SIGIEL(M,2)

53 50 TSI1GLL(d4,3) =0.

sy c .

55 C CALL NEW LOAD

56 c

57 s0 CALL NLOAD(NPHASE,NIPRIN)

58 IP (¥PHASE.EQ.0) GO TO 91

59 41 FPORMAT(///,10%X,19 NODAL POINT QUTPUT,///

60 114 ,59H NOLE KODE X CNOPD Y CCORD ‘X FORCE Y PORCE




61 2/7)

62 W POLMAT( X, ONLRUT OF COMPLFTF NOTAL BATA ')
63 +3 PORMAT(I4,I6,F13.3,3F12.3,I5)

68 wo FORMAT(///.10:, 131 FELEMENT DATA ///,

65 1 40H.TLEA I J K MAT THICKNESS //)
66 c

67 C  CALCULATE PKINCIPAL STRESSES

68 c

69 D0 S1 M=1,NUMEL

70 SIGM= (TSIGEL (M, 1) +ISIGEL (4,2)) /2.

71 SIGD2= (TSIGEL (M,1)-TSIGEL(M,2))/2.

72 RAD=S JFT (SIGD24%2+TSIGLL (#,3) #*2)

73 PSIGED (M,1)=SIGH+RAD

74 51 TSIGEP(Y,2) =SIGN-RAD

75 00 FOFMAT(1H1,5X,'i0TAL PRINCIPAL STRESSES',/,S5X,
76 15 SI1GX SIGY SIGXY SIG1 SIG3Y)
77 b1 FORMAT(5X,I5,5F10.4)

78 c

79 C DIVIDE THZ LOAD IN STEPS

80 c

81 DO 62 I=1,NUMNP

82 U(L)=UN(L) /4.

83 62 V(I)=VN(I)/b.

au DO 70 IJ=1,4

85 c

86 C -OMPHTE B BEPORE EACH STE?

87 c

88 CALL DETZ (NIPRIE,NPHASE,1J)

89 v3 FOPYMAT (141,10X,114STEP NUMBER,IS,

90 VA, 16(%Y),//7/)

91 IP (IPRINT.WE.1) GO TO 201

92 WRITE(6,64) L]

93 WRITE (6,40)

94 YRITE(6, 41)

95 WRITE (6,43) (4, KSIE(N) ,X(¥) ,Y(N) ,U(N),V(N),KODE1(¥),
96 1N=1, NUMNP) w

97 HIITE(6, 46) :

a8 WRITE (€,55) (1, (NR(J,M),J=1,3) ,MAT (¥) ,TH (M) ,EE (M) ,N=1,NUMEL)
99 63 FOFMAT (I4,416,E11.4,F14.3)

100 201 CORTINUE

101 c

102 c

103 C UPDATE SIT3SSES AND DISPLACEMENTS

104 C APFIER FACH STEP

105 C  I3LGA = TOTAL NODAL STRESSES

106 C TSIGEL = TNTAL ELEMENT STRESSES

107 C TSIGEP = TOTAL PRINCIPAL STRESSES

108 C T = TOTAL NODAL DISPLACEMENTS

109 C 9I = DISPLACKMENT FOR EACH INCREMENT

110 c

1M c

112 CALL CSE

113 D0 A3 I=1,NUNNP

114 DO €7 J=1,3

118 ol ISTGA(I,J3)=1SIGA(I,J)+D3IGA(L,.)

11¢ ©3 CONTINUE

117 DO Kk I=1,NUMEL

118 DO €8 J=1,3 -

19 oo TSIGEL(L,J)=TSIGAL(L,J) +DSIGEL(L,J)

120 o COETINUE



N S EEN D s = mEm ||} 2|3

121
122
123
124
125
12¢
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
14¢
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
16€
167
168
169
170
171
172
173
174
175
176
177
178
179
1RO

DO %9 I=1,NFQ
vl  TB(I)=TB (I)+DI (I)
c
©  CALCULATF PRINCIPAL STRESSES
c

(o]

DO 71 M=1,NGMEL
SIGY=(T5LGEL (¥, 1) +TSIGEL(M,2)) /2.
SIGD2= (5 3IGEL(M, 1) =TSI32L(N,2)) /2.
RAD=SQRT (GIGD2*#2+TSIGYL (1, 3) %2)
TSIGLD (4, 1) =SIGM+IAD

/1 TSIGE?(M,2)=SIGM-KAD

/0 CONTINUE
1F (NIPKIE.B0.1)GO T0 300
IP(NPHASE.NE.NPE) 50 TO 660

340 HRITE(6,60)

WRITE(6,61) (M,TSIZEL(M,1),TSIGEL(Y,2) ,TSIGEL(H,3),
1TSIGE2(M,1) ,TSIGE2(!,2) ,4=1, NUNFL)
WRITE (6,72)

J2 FORMAT(///,' TOTAL NODAL DISPLACEMENT')
WRITE(6,76)

16 PORHAT(///,' NODE NO',10X,'0",14X,'V')
50 75 I=1,HUMND 3
IY=I%2
IX=1Y-1

75 9RITE(6,77)I,TB(IX),TB(IY)
77 PORIAT(i 10,2F15.6)

600 K=NPAASZ*+1
DO 458 I=1,NNTP
J=NTP(I)

IY=J%2

IX=IY-1
D(=TB(IX) *50.
DY=TR(IY) #50.
X2 (I,&)=X (J)+DX

44  Y2(I,K)=Y(J)+DY

6wy FOEMAT (3[5,8F15.5)

IF ALL THE STEPS-HAVE BEEN PERFORMED
PEOCZED TO THE WEXT PHASE

NN

GO TO 90
2} WPI1E(F,92)
32 FOEMAT(//////////." UNREAL EVERYTHING VYOKKED !')
IF(IPLOT.NE.1)GC TO 455
CALL CGPL (XG,YG,YG,NNG,1,1,1,8,1,-200., 200., 24.,
1-296.,200.,16.,TIILE,6)
DO 470 KL=1,NNTP
XPF (1) =XP (KL, 1)
YPF (1)=YP(KL,1)
CALL CG2L(XPF,YDPF,APF,1,4,1,1,1,1,-200.,200.,24.,
1-2)0.,200.,16.,TITLE,6) .
4/Jy CONTINKE
ADi=NIIe ]
DO 453 I=1,NNTP
DO 453 ¥=1,NPH
XPF(K)=%P(I,K)
409 YOF (K) =Y2(L,K)

453 CALL CGDL(Y2F,YPF,XOF, 0, 139,1,1,4,1,-200.,200.,24.,

1-210.,200.,16.,TITLF,6)
CALL CGOL(X0F,YPF,iPF,NTH,0,1,1,4,1,-200.,200.,24.,



181
182
183
iy
185
186
187
188
189
190
191

‘192

193
194
195
19¢
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
21
238
236
237
2338
239
240

0o 0 00

nnocann

G o

455

1-210.,200.,16.,TITLE,6)

CONTINUE

sST0P

END

SUNRPONTINE CST

CO%HOY E(10),PP (1) ,R0O(10) ,X (350),Y (350),U (350),V (350),TH(A00),
1STIF(700,169) AP (700) ,Z5TIF (6,6) ,ECM(3,3),EBM(3,5), FSH (3,6) ,NT
COYMON NUANP,NUMEL,NUMAT,KODE(350) ,NP(3,600) ,MAT (600) ,MBAND,

1 NFQ,M,LM(6)

COMMON KODE1(350)

CO1NON SIGC (10,4),AA(10,8) ,3B(10,84),K0(10),2SEC .
COMMCY DSIGEL (600,3),SIGIEL (609,3),DSIGA (350, 3),SIGIA(350,3)
COMMON TSIGEL (600,3) ,TsTGA (350,3),T5 (700)

COMMON 1IN (350) ,VN(350) , NNYL(25) , NNXL (25)

COMMON EE(600),PRT(600),TSIGE? (600, 2)

COMMON PHI,XK,XEP

COAHON DI (700)

REAL KO

CALL ASTIP
CALL BAND1

CALL STRESS
PETURN

END

SHDBROUTINE ASTIF

TdAIS SUBROUTINE TAKES EACH ELEMESNT IN TOURN AND FORMS THE ELEYENT STIFPF!
MATRIX (BY CALLINSG FLSTIP).IT ASSZMBLES THE ELEMENT STIFPNES3ES IRTO
¥FSTIF , ASSEMBLES THE A?PLIED LOAD VECIOR (AP), A¥D MODIPIES THE
ASSEMBLAGES FOR DISPLACZMENT BOUNDARY CONDITIONS (BY CALLING MODIFY)

COMMON Z(10),P3(19),R0(10),¥(350),Y(350) ,7(350) ,V(350),TH(600),
13TIF (700, 140) ,AP(700) ,ESTIF(6,6) ,ECY (3,3) ,FuM(3,6) ,ESM(?,6),HT
CO1MON NUMYP,NUJEL, NUNAT,KODE(350) ,NP (3, 600) ,MAT(600) ,4BAND,

1 NEQ,M,LM(6)

CO4MON KODE1 (350)

COM40N 3I5C(10,4) ,aA(10,4) ,38(10,%),K0(10) ,ZSFC

CO4MON DSIGEL(500,3),3IGITL(600,3),NSIGA(350,3),5IGIA(35C,3)
CO140N TSIGFL(609,3),TSIGA(350,3),TB(700)

COMON 1N (350) , VN (350) ,NNYL(25),NNXL(25)

CN1MON FE2(600) ,PKL{600) ,TSIGEP (600,2)

CO1MON PHI,XK,XED

COMYON DI(700)

R2AL KO

INITIALIZZ AP?LISD LOAD VECTOR AND “ASTER STIFFNESS MATRIX AND ECHM

PO 10 T=1,NEQ

A2(I)=0.0

20 10 J=1,MRAND
STIF(L,J) =0.0

DO 20 I=1,3

DO 20 J=1,3

HCM(I,J)=0.0

fORA ELEMENT CONSTITOTIVS MATRIX (ECH) IP NUMAT=1)

IF(NBMAT.NEL. 1) GO TO 30



241
242
243
244
245
216
247
248
249
250
251

© 252

253
254
255
256
257
258
259
260
2€1
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
234
285
286
287
238
289
290
291
292
293
254
295
296
237
254
299
300

onOsE

5

nons

0

nnoow

60

70

806

100

EPU=PR(1)
COM=E(1)/((1.+EPR)* (1. =2. ¢EPR))
COM1=COY#*(1.~EPR)

CNY2=COM*EPR

EC1 (1, 1)=CoM1

KEC™ (2,2) =COM1

ECY(1,2)=CON2

BCM (2, 1) =COM2
%CM(3,3)=E(1)/(2.%(1.+EPR))

DO 45 M=1,NUMEL

CALL ELSTIF (1)

SSEM3ILE ELSTIF INTO MASTER STIFPNESS MATRIX

po 35 1=1,3
12=2%1

LA (I2) =24NP(I,N)
LA(I2-1)=LM (I2)~1

DO 40 I=1,6
II=LH(I)
DO 40 J=1,6
JJI=LM(J) -II+1
IF (JJ.LE.0) GO TO 40
STIF (11,dJ)= STI1P(II,JJ)+ESTIF(I,J)
CONTINUE

ADD GRAVITY LOADS INTO AP VECTOR

DO 45 1=2,6,2
II=LH(I)
AD(II)=AP(II)-WT
CONTINIE

ADD NODAL LOADS, INTO AP VECTOR

50 50 N=1,NOMNP
N2=24N
AD(N2)=AP(N2) +V(N)
AP(N2-1)=AP (N2-1) +U (N)

JODIFY STIFFNESS AND LOAD VECIOR FOR DISPLACEMENT BOUNDARY CONDITIONS.

DO 100 N=1,NUANP =
N2=2%N

IF (KODE(%) -10) 80,70,60
I1T1=%2-1

CALL “ODIFY(II,N)

CRLL MODIPY (N2,N)

GO TC 100

I[I=N2-1

CALL MODIFY(II,N)

GO 10 100

IP(K0DT(M) .59.0) GO TO 100
CALL MONLiFY(N2,N)

CONTINUE



T T N D D D O e e

301

302

3013

304

3105
306

307
308
309
310
311

312
313
314
315
316
317
318
319
320
321

322
323
324
325
326
327
328
329
330
33
332
333
334
3135
336
337
338
339
340
341
342
343
344
345
346
3u7
3u8
349
as¢
351

382
353
354
355
356
357
358
359
360

C
(o
C

RETURN

END

SULROUTINE FLSTLP(KOP)
LHIS SUDROUTINE PORMS THE EL2MFNT 3TIPFNESS “MATRIX (ESTIP) OR
cLEMENT STRESS MATRIX (ESM) POR THE CONSTANT STRALN TRIANGLE

cCo4MON E(10),PR(10),R0O(10),X (350),Y (350),U(350),V(350) ,TH(60),
13T1F (700, 140) ,AP {700) ,ESTIF (6,6) ,5C*(3,3) ,EBN(3,6) ,ES4(3,6) ,4T
COMMON NUMNP,NNMMEL,NUMAT,KODE(350) ,4P (3,600) ,”AT (5600) ,MBAND,

1 NFQ,M,LN(6)

CONMON XODE1(350) .

COTMON SIGC(10,4),AA(10,04) ,BB(10,8),K0(10),Z5FC

COMAON DSIGEL (500,3),SIGIEL (600, 3),DSIGA (350, 3) ,SIGIA(350,3)
COMMON TSIGEL(600,3),TSIGA (350,3),TB (700)

CO1MON HN(350),VN(350),WNLL(25),NNXL(25)

COMON EE(600),PHT(600) ,TS LGEP (600, 2)

CO#MON PHI, XK, YEP

COMMON DI (700)

REAL KO

DIMENSTON AV(3),BV(3)

D0 10 1=1,3
Do 10 J=1,6

10 2B"(I1,J)=0.0

C
C
C

C
G

o]
C
C
3

I=N2(1,4)
J=NP{2,H)
K=NP (3,M)

FORM ELEMENT DIMENSIONS

AV (1)=X (K)~X (J)
AV (2) =X (I) -X(K)
AV (3) =X (J) =X (I)
B (1) =Y (J) =Y (K)
BV (2)=Y(X)-Y (I)
BV (3) =Y (I) =Y (J).
ARFA2=AY (3) 3V (2) =AV (2) *BY (3)
IF (TH(%).IQ.0.) TH(M)=1.
VOL=TIi (%) *AREA2/2.
IF (VOL.LE.0.) GO TO 75

FORM CONSTITUTIVE MATRIX

IP (NUMAT.EQ.1) GO TO 30
Nu=MAT (d)

ZPK=PRT (#)

COM=FEF (M) /{ (1. +EPR) *(1.=2. *EPR))
COM1=CO%* (1.=EPR)

CJ42=C0M *EPK

ECM (1,1) =COM1

ECH (2, 2) =CON1

ECH (1,2) =CUM2

EC¥ (2, 1) =COX 2
ECY(3,3)=FR (M) / (2. * (1« +EPK))

POPM ELEMENT P MATRIX (E3Y)

[¥] D0 40 1=1,3
I2=2%*]
12M=2¢1-1



e

=3

361
362
363
364
365
366
367
368
369
370
kFA
372
373
374
375
376
377
378
379
330
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
u19
420

0NN &

0oao

ERHM (1,T21)=RY (I) /AREA2
EDM {2, I2) =AY (I) JAREA2
ERN(3,124)=ERK (2, I2)
EB¥ (3,12) =cRM (1, 124)

FOPM ELEMNENT STRESS MATKIX (ESM)

po 50 I=1,3
DO S0 J=1,6
ES%(1,J) =0.0
DO S0 K=1,3 .
50 ES%(I,J)=ESY(I,J) +ECM(I,K) *EBM(K,J)

IF(K02.2Q.2) GO TO 80
IP (NUMAT.EQ.1) N#=1
WT=VOL *RO (NY) /3.

FORM ELEMENT STIFPNESS MATRIX (ESTIF)

po 70 I=1,6

po 70 J=1,6

ESTIF(I,J)=0.0

DO 60 K=1,3

ESTIF(I,J) =ESTIF(I,J) +EBM(K,I)*ESH (K,J)
ESTIF(I,J)=ESTIF(I,J) *VOL

Go To 80

¥RITE(6, 1000) M

CALL EXIT

BRETORN

1Cuy FOLMAT (1H1, 18H VOLUME OF ELEMENT ,I4, 1883 IS LESS THAN 2ZERO)

nnonn

END
SUGRCOTIYE MODIFY (I,N) .

IHIS SYBROUTINE MODIFIES KSTIF AND AP IF A DISPLACEMENT BOUNDARY CONDIT IO!
4S5 IMPOSED IN BQUA‘TIUN T ASSOCIATED WITH NOCAL POINT N

coMneN B (10),Pk (10),20(10) ,X(350), ¥ (350),U (250),V{350),TH(500),
1STIF(700,140), AP (70C) ,ESTIF(6,6) ,2C*(3,3),ERM(3,6),ESM(3,6),4T
COYMON NUNND,NUMEL,NGXAT,KODE (250) ,KP(3,600) ,MAT (600) , MBAND,

1 NSC,%, LM (6)

COYMON KODE1(350)

COYMGN SIGC (10,4),AA(10,8) ,88(10,4),K0(10),7SFC

COvMCY DSISLL (600,3),SIGIEL(ACO0,3),D3IGA(350,3),SIGIA(350,3)
COYMON T3IGEL(609,3),TST45A (350,3), T8 (700) .
COYNON UM (350),VN(350),BNYL(25), NHXL (25)

COMMON EZ(6C0),PRI(600),TSIGEP (500, 2)

COMMON PHI, XK, XEP

CO*MCN DI (700)

REAL KO

DI5P=1 (N)
IF ({I-2%V).EQ.0) DISP=V(N)

DO 59 J=2,NMPAND
IL=1I41-1

[U=I-J¢1
IF(IM.LE.D) GO TO 10



421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
4u0
441
uy2
443
uuy
445
446
447
4ug
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
a6
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
430

10

50

onon

c
C

50

10v

(]

C
(o}
C

1

1

AP(L") =AP(IU) - STLF(IU,J) $DISP
ST1¥ (1G ,J)=0.0

IP(IL.GT.HEQ) GO TO S0

AP(IL)= AP(IL)=- STIF(I,J) *DISP
STIF¢I,J)=0.0

CONTINNE

AP (I)=DISP

STIF(I, 1) =1.0

RETURN

END

SUPROUTINE BAND1

IHIS SUBROUTINE SOLVES FOR DISPLACEMENTS USING A GAUSSIAN ELIMINATION
TECHNIQUE FOR SYMHNETRIC BANDFD MATEICES STORED IN CORE

CoMMNN E(10),PR (10) ,RO(10) ,X(350),Y(350) ,0(350) ,V(350) ,Tl(600),
A(700,140) , B(700) ,ESTIF(6,6),ECM(3,3),EBH (3,6),ESH(3,6),HT

COMMON NUMND,RUMEL, NUMAT, KODE(350) ,NP (3, 600) ,MAT (60C) ,4H,
NN M, LY(6)

COMNMCN EODE1 (350)

CO'tMOW SIGC(10,4) ,AA(10,4) ,BB(10,4),KO0(10) ,Z2SFC

COMNON DSIGEL(600,3) ,SIGIEL(600,3),DSIGA (350,3),SIGIA(350,3)

CO1MON TSIGEL (600,3),7SiGA(350,3),TB(700)

COMMNN 1IN (350) , Vil (350) ,NNYL(25) , NYXL(25)

CO4MGN EE(600) ,PRT(600) ,TSIGEP(600,2)

CO1MGN PHI,XK,XEP

COAMON DI(700)

REAL KO

44T ANGULARIZE AND RFDIJCE RIGHT HAND SIDE

NL=NN-NH +1
NA=HN-1
4R=KY

D0 100 N=1,NN

IF (A(N,1).LE.0.) GO TO 700
BN=E (N) :

B () =BN/A(N,1) .

IF (N¥.GT.NL) HRSNN-N+1

DO 1C0 L=2,MR
IF (A(N,L).EQ.0.)60 TO 100
c= A(N,L) /A(N, 1)

1= N+L-1
J=0

DO 50 K=L,4R
J=J +1

A(I,d)= A(T,J)-C*A(N,K)
B (I)=8(I)-C*BN
A(N, L) =C

CONTINUE

BACK SUBSTITUTE

I=NN

B (VN) =B (NY) /A (N¥,1)
20 400 N=1,N¥

I=i-1

IF (N.LT.HM) YE= Nl



481 DO AOO .1=2,MR

482 K=[+J=1

483 60u  B(L) =B(E) = A(IL,J)*N(K)

48N D0 30 I=1,uN

485 30 DLLIj=4(T)

486 RETUaN

437 705  WRITE (€,2700) N

488 CALL EXIT

489 2040 PORMAT (110, 81if ZEPO OR NEGATIVE ELEMENT ON MAIN DIAGGNAL OF TRIA
490 INGULARIZED MATRIX FOR EQUATION ,I5)

491 3

492 END

493 SURBROUTINE STRESS

u9y
495
496
497
498
499 COMMON P (10),PR(10),RO(10),X(350),Y(350),0(350),V (350),TH(600),
500 1STIF(700,140),AP (700) ,2STIF (6,6) ,BC4(3,3),EBM(3,6) ,ESH(3,6),4T
501 CONMON NHUMNP, NUMEL,NUMAT,KODE (350) ,NP (3,600) ,M4AT (600) , HNBAND,
502 1 NEQ,M,LM(6)

503 CO“MON KODE1(350)

50u COMHMON SIGC(10,4),AA(1C,4) ,BB(10,4),K0(10),ZSFC

505 COMMON DSIGEL (€00,3),5IGIEL (600,3),D3IGA{350,3), sxuzA(aso,m

! 506 COXMON TSIGEL(600,3),TSIGA(350,3),TB(700)

[2]

THIS SURLOUTINLC FORMS THE ELLMENT STRESS MATRIX (ESY) ,FULTIPLIES BY
THE ELEMFNT DISPLACEMENT VECTOR (ELDISP)ANC RECORNDS THE STRESSES IN
SIGELe IT THEN COMPOYTES THE PRINCIPAL STRESSES AND DIRECTIONS(SIGP)

nanonon

507 COY10N UY (350), VN(JSO),NNYL(ZS) NNXL (25)

508 CO™MCHN T.E(600),Pn'1'(600) »TSIGEDP (600, 2)

509 cCoriuey PUI, XK, XEP

S10 COMMON DI {7C0)

511 EEAL KO

512 (of

513 DIMENSION SIGFL (600,3),SIGP(600,4) ,ELDISP(6) ,SIGA(350,3),
514 1 KOUNT(350)

515 EQUIVALEWCE ( STI®?(1, 1).SIGEL(1.1)),( STIF(1,4),SIGP(1,1)),
516 1 (ST1F(1,8) ,SIGA(1,1))

517 C

518 DO 5 N=1,NUMNP
519 KOUN1 (N} =0

520 po 5 J=1,3

521
522
523
S24
525
526 DO 10 I1=1,3

527 12=2+%I

528 LMI2 =2*NP(I,M)
€29 ELLISP(I2)=AP2(LMI2)
530
531
532
533
534
515
53¢ D0 20 1=1,3

517 SIEL (Y, [)’0 1]

518 DO 26 J=1,%

539 20 SIGEL(Y, 1) =S5IGUL (4, I) ¢E5M(I,J)*LLDTSP(J)
SaQ (o

SIGA (¥,J)=0.0

DO 109 M=1,MUMEL
COMAPUTE ELEZMENT DISPLACEMENTS

0a ow

0 ILDTSP(I2-1)=AP (LYI2~1)
COYDPUTE  FLEMENT STRESSES

CALL ELSTIF (2)

0 00



S41
542
43
Squ
5u5
Su6b
547
548
549
550

. 551

552
5513
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
576
530
581
582
583
584
535
S8€
587
588
589
590
591
592
s91
864
594
59n
597
599
nag

€00

C ACCOMULATE POF HODAL STREISSES
(o

PO 30 K=1,3
N=31P (K, ¥)
KOUNT (N) =KOUNT (N) #1
no 10 1=1,3
30 SIGA (N,I)=SIGA (N,I) + SIGEL(M,I)
c
C JOMPUTE FLEMENT PRINCIP?AL STXESSES AND CIRECTIONS
o .
SIGM= (SIGEL (M, 1) +5IGEL (M,2)) /2.
SIGD2= (SIGLL (4, 1)-SIGEL (4,2))/2.
RAD =S{RT(SIGD2%%2 +SIGEL (Y, 3) **2)
SIGP (M,1)=3IGM+RAD
SIGP(¥,2) = SIG%-RAD
5IG?(4,3)= RAD
IF(SIGP(M,3) .LT.0.01.AND.SIGP (M,3) .GT.-0.01)GO TO 700
SIGP(M,4) = 0.5%57.29578%ATAN2(SIGEL (4,3) ,SIGD2)
GO 'TO 100
100 SIGP(M,4)=0.
100 CONTINUE
c
C FIND AVERAGE NODAL STRESSES
c

DO 110 ¥=1,NINANP
RR=KOUNT (N)
DO 110 I=1,3
1% SIGA(N,T)= SIGA(N,I)/RK

DO 47 M=1,NUMFL
po 47 1=1,3

4] DSIGEL(M,1)=-SIGEL(H,I)
DO 48 N=1,NUMNP
DO 48 I=1,3

40 DSIGA(N,I)=-SIGA(N,I)

END
C
C
c .
C SUBRONTINE DRTZ
C
C
C
SUBROUIINE DETE (NIPRIE,NPHASE,IJ)
C
C
C
C THIS SUBPOUTINE DETEXMINES E FOR EACH ELEMENT
C
C
C

CoiMeY E(10) , PR (19) ,k0(10) ,X(350),Y(350),0(350),V{350), TH(600),
13TIF(709,140),AP (700) ,BSTIF (6,5),7CM(3,3),EnM (3, 6),ESM (3,6) ,NT
COMMON NiUMNP, NUVEL, NUMAT,KODE (350) ,HP (3,600) ,MAT (600),MEAND,

1 NI, ML,LN(A)

COUNON KODET(350)

CO"M0Y SIGC (10,4) ,AA(10,8),BR(10,8),X0(10),25FC

COMMCN D51EL (A09,3) ,518T2L (600, 2) ,08IGA(350,23),5IG61A(350,3)
TNUMON THTGEL(6CI, ), THLGA (350,3) , T3 (700)

COAMON UN(3%0) , VN (35G) ,NNTL(25), NNYL (25)

COLMNY PEG00) , 20 £(F60) ,T3IGRP (R00, )




601
602
603
6904
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
64l
645
646
647
hfuB
649
650
651
A52
653
A54
655
€56
687
658
659
€60

anon (e NeX2] aonh

nAnANA

450
10

41

COMHON PUT, XK, XED

COYHMCN DI (700)

REAL KO
EP1(S163,5IG1,4A,BB)=AA* (3IG1-STG3)/ (1.~ (SIG1-SIG3) *BB)
Z1(FA, OR, PEP1,PR)=2.%PR*AA®100. / (AA+DR#FEDPT) *%2
EP2(5163,5IG1,S5163L,31511,AA,88) =AA# ((SIG3-SIG1)~
1(3TC3T-3IG11) )/ (1.- ((STG3=-SIG1) - (SIG3I-SIGII))*PB)
E2(AA, BH, PEP2) =AA®100./ (AA+BB4FPEP2) %2
EP5(SI63,SIG1,SI631,51511,AA,BB) =AA & ((SIG1-S1G3)~
1(SIG1I~-3IG3I))/ (1. - ((5161-51G3) - (3I611-51G3I) ) *#BB)
E5(PA, B, PEP5,D)= (AR®100. / (AA+BB*FEDS) #%2) ¢p% (1, +2)

EPT (SIS, SIG1,AR,3D) =AA*(SIG1-SI33)/ (1.~ (SIG1~SI53)*B3)
E7 (RA,30,FEPT) =AA*100./ (AA+BE*PEDT) *%2

IF (NIPFIE.PQ. 1) GO TO 450

IF (NPHASE.NE.7) GO TO 451

IF (IJ.NE.3)GO TO 451

WRTITE(6, 105)

FORMAT (1H1,5X,*NEY STRESS STRAIN PARAMETERS',//, 1X,

1 EL MAT SIGX IN SIGY IN SIG1 SIG3*,
26X, *SIGX SIGY ETANGENT')
CONTINUE

DO 999 M=1,NUMEL

2RINCIPAL STRESSES

$2=TSIGCP (M, 2)
51=TSIGAP (",1)
$3=51-52

T1=SIGIZL(M,1)
T 2=SIGIEL (4, 2)

MATEGRIAL NUMBEE 1

IP(MAT(*).NE.1) GO TO 1
2RT (M) =PR (1)
¥1=SIGC(1, 1) /KO (1)
¥2=SIGC (1,2) /KO (1)
V3=SIGC(1,3) /XQ( 1)

CHECKING WHERE SIGMA3 INITIAL STANDS

IF(SIGIEL (1, 1) -LT.SIGC(1,1))GO TO 83
IF(SISIEL(M,1) .GT.SIGC(1,3)) GO TO 81
IF (SIGIZL(4,1).6T.SISC(1,2)) GO TO 82

U AL¥AES I5 A VALWUE OF DEVIATOR STRESS ABOVE

& #HICH IT IS TOO CLOSE TO FAILYURE.

IF THAT HAPPENS F VALTGE I35 ASSUMED A VFRY SMALL
VALTE TO AVOID PRORLE%S WHEN CALCULATING EPSILOMN1

ivd

41
<l

SU=0.95/3B(1, ©)

AS=SIGC(1,1)

AB=51sC(1,?)

IT(S3.GT.SY) GO TO 41
XS=EP1(52,51,aA(1,1) ,BR(1,1))
ESEV(AM(1, 1) ,i8{1,1),X5,PR(1))
FOTMAT (5715.5)

GO TO 42

T8=20,

SU=0.35/348(1, )



6A1
662
663
664
665
666
667
668
669
670
671

672

573
674
675
676
677
678
679
680
681
682
633
€eu
685
636
697
688
689
6590
691
692
€93
694
695
696
697
698
699
700
701
702
703
704
705
70¢€
707
708
709
710
711
72
713
714
715
716
717
718
719
72¢C

e XeNeXeKeNaXaRe X2 Ke el

C
C
C

+3

IP(S3.3T.SU) GO TU 43
Xn=EP1(52,51,AA(1,2),30(1,2))
EB=E1(AA(1,2) ,3B8(1,2) ,XF,PR(1))
GO T0 @9

ER=20,

UNTERPOLATING E VALUE
IF SIGMAI INITIAL SYALLEF THAN THE ANY OF THE TESTS
Us? STRESS STLAIN CHRVE WHFRE A=A(1,1)

B

FUNCTION O% PHI AHD SIGMA VURTICAL

FOR THIS PARTICULAK CASE SIN(PHI)=.642
I[F SIGMA3 INLTIAL GREATER THAN ANY OF THF TESTS
J3E STKESS STFAIN CIRVE POR THE GREATEST SIGMA3

39

382

w4
45

46
31

83

+V

EE (M) = (EB* (SIGLFL (M, 1) ~AS) +ES*(AB-SIGIEL (4, 1)) )/ (AB=AS)
GO TO 1V

SU=0.95/88(1,2)

AS=SIGC (1,2)

AB=S16C(1,3)

IF ({53.GT.SU) GO TO 44
XS=EP1(S2,5%,A4(1,2) ,BB (1,2))
ES=E1(AA(1,2) ,3B(1,2) ,XS,PR(1))
GO TO 45

£S=20.

50=0.95/BB (1,3)

IF(53.GT.SY) GO TO 46
XR=EP1(52,51,AA (1,3),BR(1,3))
EB=E1 (A& (1,3),EB(1,3),XB,PR (1))
GO TO S9

£B=20.

- GO TO 99

50=0.95/88(1,3)

IF(S2.GT.SU)GO TO 40
XX=EP1(S2,51,AA(1,3),B8(1,3)) .
EE(%)=CE1 (AR (1,3),3B(1,3),XX,PR(1))
GO TO 10 .

BE= (1.4.642) /12 ¥ 6422T2)
3U0=.95/3E

IF(S2.GT.Sil) GO TO 40
Xx=EP1(52,31,ha(1,1),BR)
LE(M)=E1(AA(1,1),BE,XX,PR(1))

GO TC 10

EE(Y)=20.

50 TO 10

4ATEFIAL NUMBER 2

lut

LE (AT (%) -42.2)60 70 2

PRT (M) =PK (2)

53=-53 .
IF(TSIGEL (1, 2) «GT.TSIGZL(M,1)) 30 TO 101
TEMP=52

532=351

51=TEM?

53=-81 .
V1=3I3C(2,1) /KO (2)
V2=S15C(2,2) /KC(2)
V3I=0IGC(2,3) /KO0 (2)



721
722
723
724
725
726
127
728
729
730
731
732
733
734
725
736
737
738

739
740

741

742

745

713
774
77¢%
77¢
177
778
779
7RO

ana

aOno

34
3.2

CHRCYING WHERE USIGMA3 INITIAL STASDS

.17 (STGTSL(M,1). LT.5TGC(2,1))60 T0 13
IF(SISTEL (1,1).6T.313C (2,3))60 To 11
LFP(SIGIEL (1, 1) «5T.SI16C(2,2)) GO TO 12

5 IGMA3 IN BESTREWN TESTS 1 AND 2

5U=0.35% ((T1-T2) +1./BB(2,1))
AS=SIGC(2,1)

AB=S16C(2,2)

IP(S3.G7.5i) GO TO 48
XS=F22(52,51,T1,T2,AA(2,1) ,BB(2,1))
1P (XS)321,321,322

x5=C.

ES=E2 (AA (2,1) ,BB (2,1) ,XS)

GO TO 47

48 ES=20.

+

33
324

7 SU=0.95%((T1-T2) +1./BB(2,2))
IF(S3.GT.S5¥) 50 TO 58
KB=EDP2(52,31,T1,T2,AA(2,2),BB(2,2))
1F(XB) 323,323,324
XB=0.

EB=E2(AA(2,2) ,BB(2,2) ,XB)
GO TO 99

53 EB=20.

GO TO 99

C
C SIGYA3 IN BETWEEN TESTS 2 AND 3
[

12 S0=0.95% ((T1-T2)+1. /B3 (2,2))

AS=S1GC(2,2)

A3=5IGC(2,3)

1F (33.GT.S%) GO TO 55
XS=EP2(52,51,T1,T2,AA(2,2) 35(2 2))
IF(XS) 325,325, 326

3.5 %3=0.
3ib EBS=E2(AA(2,2),3B(2,2) ,XS)
GO TO 56
55 ES=20.

50 3M=0.95&((21-T2)+1./BB(2,1))

1F(53.5T.SH) GO TO 57
Xn=EP2(S2,51,T1,72,AA(2,3),3B(2,3))
IF(XB)327,327,328

3.7 (8=0.
3.4 EB=52(AA(2,3),5E(2,3),¥3)
GO TO 99
57 En=20.
50 TO 99
c
€ SIGAA) GFEATER THAN TEST 3
c
11 31=0.35% ((T1-T2) +1./8B(2,3))
l’(u]-ut.b") G0 IO 40
£P2(32,51,T1,T2,AA(2,3),ER(2,3))
Ir()‘)!!? 326,310
1.y X%=0.
v EE(¥)=T(AA(2, 3),BB(2, 1) ,XX)
(XA VI I



781
m2
783
784
785
786
787
798
789
790
791

792

793
794
795
796
797
798
799
8C0
8e1
802
8c3
804
805
806
807
808
809
810
811
812
813
814
815
81¢
817
818
819
320

(g}

C
C

nOnn anhao [e ¥ e X2l

anG

a0on

C

1

i
352

2

SEGMA3 OGMALLER THAN TESL 1

3 30=0.95% ((¥1-T2)+1./83(2,1))
IF(S3.GT.SG) GO TO 40
XX=EP2(52,51,T1,T2,AA(2,1) ,DBB(2,1))
IF(XX)331,331,332
1X=0.

EE (M) =E2 (AA(2,1),BB(2,1) ,XY)
GO TO 10

MATERIAL NUMBER 3

IP(MAT (M) .NE.3) GO TO 3
V1=SIGIFEL (4,2)

DRT (1) =PR(3)

T3= (12-T2) #0.95
IF(S1.LT.T3) GC TO 31

IF DEVIATOP STRESS GREATER TIHAN INITIAL DEVIATOR STRESS
USE STRESS STFAIN CURVE DISPLACED BY IWITIAL DEVIATOR STRESS

SU=1.00% ((T2-T1) +1./BB(3,1))
IF(S3.GT.SU) GO TO 61

XX=292 (51,52,T2,T1,AA(3,1) ,3B(3, 1))
EE(M)=E1(AA(3,1),38(3,1) ,XX,PR(3))
30 T0 10

o1 EE(M)=20.

3

3

GO TO 10

IP DEVIATOR STRESS LESS TIAN INITIAL DEVIATOR STRESS
USE E FOR LOADING NUNLOADING ACCORDING TO THIS STRESS PATH

1 EE (M)=E(3)
GO TO 10 .

MATERIAL NUMBER 4

IF(MAT (M) .NE."S) GO TO 4
EE (M) =E (4)

PRT (%) =PR(Y)

50 10 10

MATERIAL NUMBER S

IF (¥AT(Y).NE.5) GO TO 5

2RT (%) =2R(5)

V1=SIGC (5,1) /KO (5)

¥ 2=S1GC(S5,2) /KO (5)
IF(SIGITL(M,1).1T.3IGC(5,1)) GO TO 51
TF (SIGIEL (1, 1)-6T.316C (5,2)) 60 TO S1

INTEFPCLATION OF E

30=0.95% ((T2-T1)+1./BB(3,1))
A3=516C(5,1)

AB=SIGC(S, 2)

IF (53.61.2.) GO TO 63
IF($2.LT.C.) GO TO 63
X3=EE5(£2,31,T1,T2,20(5,1) ,2R(5, 1))



841
au2
843
844
aus
8u6
su?7
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
36%
866
867
8€8
869
870
871
872
873
374
875
876
877
878
879
380
331
882
883
834
885
386
887
/88
ar9
890
891
892
8913
894
R9S
33F
897
89R
894
900

4y

IF (XS)400,500,601
v XS=0.

4u1 E3=ES(AA(5,1),BB(5,1),%XS,PR(S))
Yy

4

GO TO &

03 ES=20.

o4 SU=0.95%((T2-T1)+1./BB(5,2))
[F(53.G1+2.5) GO TO 65
IF ($2.1£.0.)GO TO 65 .
XH=E23(52,51,T1,T2,AA(5,2) ,®B(5,2))
1P (XB) 402,402,403 4

& XB=0.

4u3 EB=ET(AA(5,2),BB(5,2),%8,PR(5))

nNnOatn

L)
4y

[N X2} non (s Ne X2

[eNe K2l

GO T099
5 EB=20.
GO TO 99

IF 5IGMA3 GREATER THAN THZ GREATEST OF SIGMAY IN THE
TESTS ASSUME THE SAME STRESS STRAIN CURVE SHIFTED
BY INITIAL DEVIATOR STRESS

IP(S2.LT.0.)GO TO 62
SN=T2
IP(S3.GT.SU)GO TO 62
EYOI=7.696%(T1/1.033) *%0.9436
AE=1./EY0I
BE=(0.254AE¥ (T2-T1-T2)) /(- 25% (T2~ (T2-T1)))
XX=E®5(32,51,T1,72,AE, BE)
IF(XX)404,400,405

¢+ X¢=0.

5 ZE(M)=35 (A%,BE,XX,PR(5))
GO TO 10

62 EE (M)=20.
GO TO 10

WATEFIAL NUMBER 6

5 IP(MAT(Y).NE.6)GO TO 6
EE (M) =E (6)
PRT (M) =PR(6)
G070 10

MATERIAL NUMBER 7

o IF(MAT(M).-NE.7) 50 T0 7
2RT (M) =78’(7)

CHECX ING VHSRE SIGYA3 STANDS

TP(S2.LT.SI3C(7,1)) G0 T0 73
[7(S52.6T.5I5C(7,3)) GO T0 71
I¥(52.GF.SI3C(7,2))GC TO 72

IF 31IGMA3 IS IN BETWYEEN TETS 1 AND 2

S11=0.95/87%(7, 1)
A5=SIGC(7,1)
ABR=S13C(7, )

IF (53.GT.50) GO IO 6A



i N = -

=7
)

i

BE= I

s

=

901
902
903
904
905
906
907
908
909
910

<IN

912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
336
937
93¢
339
940
941
942
943
9uy
945
916
9u7
9u8
9u9
950
951
952
953
954
955
956
957
958
959
Ar o

C
C
C

C
C
C

T N0Nn0N

3ul
Jue

9]
v

v5=507(52,51,AA (7,1),BB(7,1))
IF(Y5) 301,301,302
X5=0.
E5=ET(AA(T, 1) ,BR(7, 1) ,XS)
G0 TO »7

6 Es=20.

1 56:0.55/8B(7,2)
I?(53.6T.57) GO TO 68
XB=2P7(52,51,AA(7,2),BB(7,2))
1F(XB) 393,303,308

343 (B=0. :

kv

4]

7

345
ENTY

B

EB=ET7 (AA (7,2),73B(7,2) ,XB)
GO TO 89

8 EB=20.
GO TO 89

IF SIGMA3 STANDS IN BETWEEN TLSTS 2 A¥D 3

2 $9=0.95/BB(7,2)
AS=SIGC(7,2)
AB=SIGC(7,3)
IF (S3.GT.50) GO TO 84
XS=BP7(32,51,A%(7,2) ,88(7,2))
IF(XS) 205,305,306
X5=0.
E3=E7(AA(7,2) ,8B(7,2) ,XS)
GO TO 85
4 ES=20.

85 50=0.95/BB(7,3)

3.7

3u8

8

7

3u3
3t

3

IF(S3.GT.SU) GO TO 86
XB=2P7(32,51,AA(7,3),BB(7,3))
IF(XB) 307,307,308
XB=0.
EB=E7 (AA(7,3),3B(7,3) ,XB)
G0 TO 89
6 EB=20.
GO TO 89

°
LP 3IGMA3 GKEATER THAN IN TEST 3

1 50=0.95/38(7, 3)
[F(53.GT.50) GO TO 95
XX=FP7(32,51,AA(7,3) ,BB(7,3))
1F (XX} 309,309,310
vx=0.
CE(Y) =27 (AA(7,3),3B(7,3) ,XX)
GO I0 10

IF SIGMA3 SMAILER THAN IN TEST 1

JSiE STRESS STRAIN CURVE WHERE

B FUNCIION OF PHL AND JIGMA HORIZONTAL
a FUNCTIOY OF SIGMAY , XK AND- XEP

IF(S2.LT.0.5)60 ™ 95
LE=1./(1%%*1.233%(352/1.033) ¥*XED)
BE= (1,-5IN(PUL)),Z(2.%52%5 N (PHII))
$'1=0. 95788

LF(S3.GT.311) GO T 95
XX=f'1{52,31,AE,33)

LF (YO 311,311,312
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961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
931
992
993
994
995
g9a¢
997
998
999
1000
1001
1002
1003
1004
1005
1170¢€
1007
1008
1009
1010
IDRR!
1012
1013
1014
1015
1016
1017
118
1019
1020

aonn

nan

onNnOnnNn NnOonnNn0an

n
312

33

)

Xx=19.

EF (1)=(£7 (AE,BE,XX)) /100

60 TO 10

Fe(M)=29.

GO TO 19

2F (M) = (RB* (TSIGEP (M,2) =A5) *+E5% (AB-TSIGEP (4,2)))
1/ (AB=-AS)

GO TO 19

YATERIAL NUMBER 8

7

]

193

20U

W

914

3
999

IF(KAT(M) .NE.B) GO TO 8
PRT (M) =PR (8)

EE(4) =E(8)

GO TO 10

ATERIAL NUMBER 9

IP(AAT (M) .NE.9) GO TO 200

IP(S2.1T.0.2) GO TO 103

PRT (M) =PR(9)

BE= (1.~-1. 143*SIN(PiUI) ) /(2.%52%1, 143*SIN(PHI))
SU=0.75/BE

IF(S3.GT.SU)GO TO 103
XX=EP7(S2,S1,AA(9,1),BE)

EE(M)=E7 (AA(9,1),BE, XX)

GO TO 10

ER (M) =20.

GO TO 10

PRT (M) =PR(10)

EE(¥)=F(10)

IF (TSIGEL(4,1).1T.0.)EE(M)=10.
TF(NIPFIE.EQ. 1) GO TO 993

IF (NPHESE.KE.7)GO TO 999

IF(IJ.NE.%) GO T0 939 :

JRIIE (6,93) M, MAT(Y), bIGfEL(H,l),SIPIFL(H,Z) ISIGEP (M, 1),
1TSIGE2(4,2) ,TSIGEL (4,1),TSIGEL(M,2),EE(M)
POLMAT (1X,215,6F10.3,FP14.3)

CONTINUE

RETUEN

END

SYAROUTINE INIT

audiS
l.:

SUBRCUTINE INIT

5 STBROOTINE CALCTULATES THE INITIAL STRESSES
I NODES AND ELEMENTS

co7¥ay E(10) ,PR(1)) ,R0(13),X(350),¥(350) ,U(I50) ,V(350) ,Ti((600),
1STIF(700,180) ,AE(100) ,E5TLP (,€) ,EC%(3,3) ,EBM(3,6) ,ESH (3,6),4T
CIMMCN NUAND, NUNFL, NiTMAT, KODE (350) , 8P (3, 600) ,MAT (600) ,43AND,
1ONTC,M,LY(6)

COIMCY KODEY (350)



=

1021
1022
1023
1024
1025
1026
1027
1028
1029
1030

031

1032
1133
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1040
1050
1051
1052
153
1054
1055
10596
1057
1058
105S
1060
1061
1062
1063
1064
1065
106¢
1067
1008
1069
1070
1071
1072
1073
1074
1075
107¢
1077
1078
1079
1030

anaNn nnNao

aGo

C

anaan

CNMMON S1IGC (10,4) ,AA{10,4) ,"B(10,4) ,K0(10) ,Z5FC

C Y4MON DSIGTL{60C,3) ,3IGTIEL(600,7) ,DSIGA (350,3),SI31A(350,1)
COMMON TSIGEL(609,3),151GA(350,3),TE(700)

COMMAN 1 (350) , VN (350) ,NNTL (25) ,NNXL (25)

CO"1MON EE(600) ,PRT(€00),TSIGEP(600,2)

COAMON PUIL,XK,XEP

COMMON DI(700)

REAL KO

RELAD SPSCLPIC WEIGHT AND ELEVATION OF THE GKOUND SURFACE

READ (5,13)GAMA,Z5PC
WHhITE(G, 10) GAMA,75FC

10 POGHAT(//,5X,'SPECIFIC WEIGHT *,F10.5,/,5X," HEIGHT' ,F10.3)

FOKMAT (2F10.3)

IF THE MATERIAL ELENMENT IS CONCRETE
SZEZT INITIAL STRESSES = 0

DO 1 N=1,NUMEL

IP (MAT(%).NE.5%) GO TO 2
SIGIEL (M, 1) =0.
SIGIEL(M,2)=0.
SIGIEL (4, 3) =0.

GO TO 1

INITIAL ELEMENT STRESSES

I=4P (1,4)

J=KP(2,H)

Z=NP (3,1)

YEL= (Y (I) +Y(J) +Y(K)) /3.
DIPTH=25FC~YEL
SIGIEL (A, 2) =GAMA*DEPTH

MATN=MAT (4) }
SISTEL (1,1)=SIGIEL (¥,2)*KO (MATN)
SIGIEL (Y, 3) =0. .

CONTINHE .

INITIAL NODE STRESSES

DO 3 M=1,NUMNP

IF(KODE1(M) .NE.4) GO TO 4
SIGILA(M,1)=0.

SIGIA(M, 2)=0.

SIGIA(Y,3)=0.

GO TO 3

DIDTH=25FC-Y (M)

SISIA(M,2) =GAMASDEPTH
MATN=XODE1 (4)
SIATA(M,1)=JIGTA (4,2) %Ko (MATH)
SLGLA(M, %) =SIGLA(Y,2)~SIGIA(M,1)
CNRTINIS

RZTIRN

eun

SURRONTINE NLOAD



1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1M
1112
1113
1M14
1115
111€
1117
1118
1119
1120
1121
1122
1123
124
1125
1126
127
1128
1129
1130
113
1132
1133
1134
1135
113F
1137
1138
11139
1140

(e ¥e X2 Xe X2l nONnOnNnOnNCnnO

Nnntn

35

41

4z
i

4y

SUBROUTI NE NLOAD (NPHASR, NIPRIN)

Co“MON E(10),PR (10) ,K0 (10) ,X (350), Y (350) ,U(350),V(350) , TH(K00),
1STIF(700, 14G) ,AP(700) ,ESTIF(6,6) ,ECH (3,3) ,EBN(3,6) ,FSH(1,6),KT
CO*HMCN KUMNP,NUMEL, NUMAT, EODE(350), NP (3, 600) ,MAT (600) , MBAND,

1 NFG,M,LH(6)

CD4YMON KQDE1(350)

COAMON S1GC({10,4),4A(10,4) ,BB(10,4),FK0(10),25FC

CAMMON [SIGEL (600,3),5L3TEL (600,3),NSIGA (350, 3),SIGIA(350,3)
CO¥MON T5IGEL (€00, 3),TSIGA (350,3),TB (7090)

CO1MON UN(350),VN(350),RNYL(25), NNXL (25)

COMMON LE(60C), PRI (600) ,ISIGEP (600, 2)

COMMON PHI, XK,XEP

CO1MON DL (700)

DIMENSION SIGNR(350,2),IEL(20)

THIS SUBROMTINE TETERMINES THE NEW LOADS DUE TO ANOTHER
CONSTRUCIION PHASE.IT CHANGES THE MATERIAL PROPERTIES FOR
THE MATERIAL WHICH d4AS BEEN REMOVED OR CONCRETE WHICH

dAS BEEN POORED

DO 35 I=1,NUANP
SIGNR(I, 1) =0.
SIGNR(I,2)=0.
N (I)=0.
VN(I)=0.
KEAD(5, 1) NPHASE,NYL,NXL
TP (NPYA3Z.E0.0) RETURN
WRLTE(6, 2) NPHASE -
2 PORMATN1i1,/,5 (1X,60 (%) ,/) ,2(1X, 22 (" ¥}, 20X, 20 (**'), /),
11X,20(**'),'  DHASE NUMBER',I3,2X,20('*'),/,2(1X,
220 (%), 20X,20(°%*) /) »5(1X,60("*') ,/)s////77)

SYL NOMBZIR OF NODES LOADED VERTICALLY
NNYL NODE NUMBER WHICH NILL BE LOADED
NELI NUMBLR OF FLEMENTS INVOLVED IN TIIS NODE

DO 40 I=1,NVL

ROAD (5,1) NELI, ¥NYL(I)

READ(S,1) (TEL(J),J=1,NELI)

NN=HNYL(I)

20 41 K=1,NELT

STCNE (NV,2) =SIGNE (NK,2) ¢T3 IGEL (IEL (K), 2)
IN=YELT

SIGNR (NY,2)=STGNR (NN,2) /ZN

ARITE(A, 42) NN, STGNR (98,2 :
FOaMAT(//,' NOLE NO *,I5,!' SIGY REYOVED',¥10.5)
WR1TE {6,F0)

PONYAT(/,*  ELLMENTS INVOLVED?')
YRITF(F, 3) (IEL(J) ,J=1,NELI)

coxtiNgs -

NXL NUMBER OF NCODES LOADED HORIZOKTALLY
JULL NCDE NBMUER WUICH AILL BE LOADED
NZLI YJMBER OF FLIMENIS INVOLVED IN THIS NODE



1mM4
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
11563
11e4
1165
1166
1167
1168
1169
1170
"N
1172
1173
1174
1175
117¢
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1123
1194
1198
1196
1197
1198
1199
1290

nao

0 aOnn

non

nno

nnan

21

22

E)

D)

7

1w

DO 50 I=1,NXL
READ(5, 1) NELI,UNXL(T)
READ (5,1) (LEL{J),J=1, NELI)
NN=NNYL (D)
DO 51 K=1,NSLI
SIGNK(NY, 1) =SIGNP (NN, 1) +TSIGEL (LEL (K) ,1)
CN=NELI
SIGNP (NN, 1) =SIGNR (NN, 1) /XN
WRL1IF (5,52) NN, SIGNR (NN, 1) :
FORMAT (//," NODE NO ',I5,' SIGX REMOVED?,P10.5)
WRITE (6, CO)
WRITE (6,3) (I1EL{J),J=1, NELI)
0 CONTIMUE
FOEMAT (10I5)
WRITE (6, 80)
FORKAL (/,5X, *NODES LOADED HORIZ')
WRITF (6,3) (NNXL (I),I=1,8XL)
FOR™AT(/,5X,5L7)
WRITE (6,4)
POEMAT (/,5X," NODEZS LOADZD VERT')
WRITE(6,3) (NNYL(I),I=1,NYL)
DO 5 I=1,NUNNP

LOADS IN THE X DIRECPION

DO 6 .I=1,NXL

XLOAD=0.

IF (I.EQ.NNXL{J))GO TO 7
GO TO 6

CUECK IF IT IS THE LAST NODE AFFECTED
IF(J.EQ.NXL) GO T0 9

K=NHUXL (3 +1)
DL=Y (K}~-Y(I)

CHECK 1F THE ADJACENT NODE HAS HIGHER STRES3ES

IP (SIGNR {K,1).GT.3IGNR(I,1)) GO TO 10
XB=SIGNE (I, 1)
X$=SIGVR (K, 1)
XLOAD=X35%DI./2++2. /3. #0. 5% (XB~XS5) *DL
ALOAD=XLOAD®TK (1)
50 10 9

XB=SIGNR (K, 1)

XS=SIGNR(I, 1)
XLOAD=X3*DL/2.+1./3. #0.5 # (XB-XS) #DL
XLOAD=XLOAD*TH (1)

CEECK IF IT IS THE PIRST NUDE APPECTED
£8(1.2¢.1) G2 TO 12
K=3NXL (J=1)
DL=Y ()= (X)

CHECY TF TAE ADJACEWT NODE HAS HIGHER STRFS3ES

IF (S158R (K,1)aGT. SIGHS (I, 1)) GO TO 11



12Mm
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
121¢
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1262
1253
1154
1255
1256
1257
1248
1259
1260

neon nnn

[ We X2

Cc
c
C

TNOnNnOn0n

n

1

o

14

17

18
i3

XB=STGNR (I,1)
£S=SIGNR(K, 1)
(LOAD=X;0AD*(KSODL/Z.OZ./J.‘O.S‘(XB-XS)'DL)*TH(I)
50 T0 1

B=SIGNR (K, 1)
X3=SIGNR (I,1)
KLOAD=XLOAD*(XS*DL/2. #1./3.%.5% (XB-XS) *DL) *TH (1)

2 UN(T)=-XLOAD*1.1

CONTINNE

LOADS IN THE Y DIKECTION’

DO 13 J=1,NYL
YLCAD=0.
IF (I.EQ.NWYL(J)) GO TO 14

CHECK IF IT IS THE LAST NODE AFFECTED

GO TO 13

IP(J.EQ.NYL) GO TO 17
K=NNYL (J+1)
DL=X (K) -X (I)

CHECK IF THR ADJACENT NODE NAS HIGHER STRESSES

IF(SISNE(K,2) «GT.SIGHR(I,2)) GO TO 16
¥YB=SIGNR (I, 2)

{S=SIGNR (X,2)
YLOAD=YS#DL/2.+2./3.%0.5% (YB~YS) *DL
YLOAD=YLOAD*TH (1)

Go TC 17

Y R=S1GNP (K, 2)

YS=SIGNR(L,2)
YLOAD=YS#*DL/2.+1./3.%0. St(IB-YS)*DL
YLOAD=YLOAD*TH( 1)

IF(J.EC.1) GO TO 18

K=NNYL (J-1)

DL=X(£)-X(K)®

CHECK IF THE ADJACENT NODE HAS HIGHER STRESSES

IF (SIGNR (K,2).GI.3IGNR(I,2)) 6O TO 19
?B=5IGNR (I,2)
vS=SIGNK (K, 2)
YLOAD=YL.CAD+ (YS#DL/2.+2. /3. %0.5% (Y B~Y5) *OL) ®TH (1)
30 TO 18
9 VYB=SIGNR (K,2)
¥3=S15YR(I,2)
YLOUAD=YLOAD® (Y5%DL/2. +1./3.%0.5% (YD~YS) $DL) *TH (1)
VN (1)=YLOAD
CONTINIE
CONTINGE

IP TJUAZLE IS ANY TRAJASFER OF NODAL LOADS
DUE 7O TFONOTRICAL CONPLSUBATTON ENTER NLD
NUMBFR O} NODES KWHICIH WILL HAVE THEZ LOAD
AFANSFEREED OTIHERWNISR
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1262
1263
1264
1265
126¢€
1267
1268
12¢9
1270

f12m

1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
131
1312
1313
1314
1318
131
1317
1318
1319
13120

(e N e N2 X2 X2)

naonOn

541

Sus

5J5

READ (5, 1) NLL
ARIT®(G, 501) NLD

POLMAT (//,5K, ' NIMBER OF NODES WiICH WILL HAVE !,
19 THE LGAD TI:ANSFERRED!,15)

1P (NLD.F0.0) GO TO 502

PEAD (5,1)NA, NB

WRITE(G, S03) NA, NB

FOLMAT (//,5%,'NODES CARRYING THF LOAD',2I10)

DO 504 I=1,NLD

KEAD (5,1) NIt

WRITE(6, 505) NU

FORMAT(//,5X, ' NOD2 UNLOADED', I5)

TRANSFER THE LOAD OF NODE NU TO NODSS NA NB

Su4

5u2

Y

(NA) HAS TO BE GREATER THAN Y ({NB)

X XA=Y (NA) ~Y (NO)
XXL=Y (N&) =Y (NB)
EB=UN (KU) *CXA/XXL

RA=UN(NU) -RB

UN (ND)=0.

UN (NA) =UN (N A) +RA

ON (NB) =1N (NB) +RE

FORMAT (4F 10. 5)

4RI TF (6,21) (I,UN({I),VN(I),I=1,NOMND)
IF(NIPEIN.NE.1)GO TO 666
WRITE (€, 20) NPHASE

20 FOLMAT(//,5X,*NODAL LOAD POR PHASE NUMBER',IS,

21

1//7,5%,* NODT HORIZONTAL VERTICAL')
WRITE(6,21) (I,UN(I) ,VN(I),I=1,NUMNP)
FORMAT (5X,I5,2F10.5)

cLEMENTS TO BE CHANGED

600

«0

2

N
~N -

-3

2

READ (5,22) NELCA
WRITE(E, 26)

FORMAT (/,5X, 'ELFMENTS WUICH WILL BE REMOVED!)
FGRYAT (35)

IF (NFLCA.EQ.0) GO TO 27

DO 23 I=1,NELCA
KEAD(5,22) INEL

YRITE (,22) INEL

TSIGEL (INEL, 1) =0.

TSTGLL (INEL,2)=0.

I5IGEL (INEL, %) =0.

4AT (INEL) =0

READ(5, 22) VELCC

4RI 1T (6,28)
FORMAT(/, 5%, ' ELF4ENTS WHICH WILL BE CHANGED TO CONCEETE')
1F(NELCC.EQ.0) GO TO 31

0 2% 1=1,N%LCC

PEAD(S,22) INTL
WRITE(h,23) INEL

MAT (INFL) =4

TSIGEL (INEL, 1) =0,

THIGEL (TYEL, 2) =0.
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1332
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1334
1335
1336
1337
1138
1339
1340
1341
1342
1143
1348
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
135¢
1360
1361
1362
1363
1364
1365
136¢
1367
1368
1369
1370
13N
1372
1373
1374
1375
137¢
1377
1378
1379
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71

NnOAON N

non o

anno

ona

“

3
2

5
3

THIGEL({INBL, 3) =0.

READ (5,22) NELCG
WERITE(6, 70)
FOUMAL (/,5X, "ELEMENTS WilICH WILL BS GROUTED')
1F(NELCG.EQ.0) GO TO 31
po 71 1=1,MELCG

READ (5,22) INEL

TS1GEL (INEL, 1) =0.
TSIGRL (INEL,2)=0.
T5IGEL (14ZL, 3) =0.

WP11E (6,22) INEL

MAT (IMEL) =10

NODES WHICH WILL HAVE THE STRESSE3 ZEROED
CONCFETE JUST POURED OR CONCRETE SOXL REMOVED INTERFACE NODES

1 WRITE(6,29)
9 FORMAT(/,5X,'NODES WHICH WILL HAVE THE STRESSES ZERCED')
READ(5,22) NNC
IF (¥XC.EQ.0)GO TO 32
pCc 25 I=1,NNC
READ {5,22)J
WRITE(6,22) J
TSIGA (J,1)=0.
TSIGA(J, 2) =0.
TSIGA(J,3)=0.
2 RETURN
END

SUEROUTINE SST
THIS SUBEOUTINE READ3 STRESS STRAIN PARAMETERS

Co%MON E(10),PR(10),RO(10),X(353),Y (350),1 (350),V (350),1H{K00),
13TIF(7090,140),AP (700) ,ESTIF (,6) ,ECM(3,3),E3M(3,6),ES1(3,6),H4T
CONEON NIMNP, NU%EL,NUMAT,KODE(350) ,N2(3,600) ,¥AT (600) ,NBAND,

1 NEQ,M,LM ()

COMMCN KODE1(350)

CO1M0Y SIGC (10,4),AA(10,84) ,BR(10,4),K0(10),2ZSPC

COY™0Y DSIGEL (€00,3),SIGIFL (600,3),DSIGA(350,3),SIGIA(350,3)
COTMON TSIGEL (500, 3),TSIGA (350,3),TE (700)

CO1MON YN (35C),VN(350), NNYL(25) , NNXL (25)

CO4%0N TE(500),PRF(600),TSIGEP (600,2)

CoT40Y THIL, XK, XEP

CO4MON DI (7G0)

REAL KO

usAD AND RRITE STRESS STRALN PARAMETERS

“o

*

1
1

ARTTE(E, 48)

FOLMAT (1:t1)
2 RiAD(S, 1)AM

POTMAT(I5)

P0OI 55085 RATIO AND KO

KEAD (5,%) PR (MM) , KO (MM)
FOUYAT(2F10. 5)



1381
13482
13313
1384
1385
13186
1387
1388
1389
1390

. 1391

1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
11y
1415
1416
1417
1418
1419
1420
121
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
14138
1436
1417
1438
1439
1440

annNno

nnnn

[sNeNeKe])

(e Ne X2 Ke)

ncnn

IF(Mm-1) 13,13,3

MATERTAL NU4BER 1
3 TESTS TRUIAXIAL STRESS PATH COMP ACTIVE

13 DO 5 J=1,3
9

PEAD(5,6) SIGC (YM,d) ,AA(MM,J) ,UB (44,J)
WRLTE(E,7) MM, PR(MY) ,KO(HH)

7 FORYAT (///.5X,*MAZERIAL NUMBER',IS,//,5X,'POISSONS PATIO *,
1F10.2,/, 5%, 'KU= ',F10.2) .
WRITE (6,9)

Yy FORMAT(SY,'CONP STR A BY)

WRITE (6,8) (SIGC (MM,J) ,AA(MH,J),BB(4M4,Jd) ,J=1,3)

& FORYAT(S5X,3F10.5)

GO To 10

3 IF(MM-2)11,11,12

MATERIAL NUMBER 2
3 TESTS TRIACIAL STRESS PATH EXTENSION ACTIVE

11 RIAD(5,6) (SIGC(MM,J) ,AA (MM,J),BB (¥¥4,J) ,J=1,3)

SRITE(6,7) (M4, PR{4N) ,KO(48))

WRITE (6,9)

WRITE(6, 8) (SIGC (M¥,J) ,AA (MN,J), BB (MN,J) ,J=1,3)
GO T0 10

12 I7P(MM-3)16,16,17

1o

MAIEEIAL NUMBER 3
1 T3S71 TEIAXIAL STRE2SS PATH KO-COYP ACTIVE

READ(S,6) E(MN) ,AA (MM, 1) ,BB (M4,1)
WRITE(6,15) MM,PR(YM) ,E(MN) ,AA(MY¥,1) ,BE(MN,1) ,KO(HY)

15 FORMAT (///,5X,'HATSRIAL NUMEER',IS,//,5X,'POISSONS RATIO *,

(]

1F10.2,/,5%,'E INLOAD-RELOADING ',E10.3,//,5X,'A ',F10.6,
2/,5%,'38 ',F10.6,/,5X,'K0' ,F10.2)"

FORMAT (3F10.6)

GO TO 10

17 1P (%N-4)18,17,19

1o

Pa

1

M4

<3

MATERIAL NUMBFER 4%
1 T®ST CONCRETE

RZAD(5,F) E(FY)
WRITE (6,21) MM, E (MY) , Pa (M) ,KO(NM)
FOR4AAT (///, X, MATCRIAL NUMCER *,IS5,/,5Y,'E !,F15.5,/,
15X, 'POISSONS RATIN ',F10.5,/,5K,'KO', F10.2)
GO 10 10

9 IF(M4-5) 22,22,23

MATERIAL UUMBEK 5
2 TESTS PLANE STFAIN COMD. ACTVE

DO 24 J=1,2

RFAD(S,5) SI6C{NY,J) ,AA(4",J) BB (¥1,JT)
WEITE(6,7) 44, PE(HY) ,KO(1Y)

FRITE (5, 1)

WRITE(%, 3) (SLGC(11,J) ,AA (HM,3) 00 (84,J) ,3=1,2)
GO TO 10

I8 (HY-6) 25,25, 26



1341
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
18
1485
1486
1487
1488
1489
1490
1491
1492
1403
1464
1495
149¢
1497
1498
1449
1500

1

nan

25"

28

<b

3

(e N e X2 N3]

30
)

+9

<l

nann

a7

34

33

1

(s NeX2 N3]

52

53

20v

231
31

[sNsNeNoRaNaXsl

noO

MATERIAL KUMBER 6

TEST CONVENTIONAL TRIAXIAL FOR FILL

RIAD(S, 4) E(MM)
WRI1E (6,7) 44, PR (MN) ,KO(MM)
WRITE(R,28) E(MM)
FOFMAT(S5X,'E',F15.5)
G0 TO0 10
IP (MM-7)36,36,27

HATERIAL NUMBER 7

TESTS TRIAXIAL CONVENTIONAL TRIAXIAL

20 30 J=1,3

READ (5,6) SIGC (44,J) ,AA (14,J) , BB (MM, J)

WRITE(6,7)4%,PR (M4),KO("1H)

WRITF (6, 9)

WRI IE (6,8) (SIGC (43,7) ,AA (MM,J),BB(MM,J),J=1, 3)

READ (5, 6) PIiT, XK, XEP

WRITE (6,49) PHI,XK,XEP

FOFMAT (5X,*PHI=*,P10.3,/,5X,'K=*,F10.2,/,5X, *N=1,F10.2)
GO 10 10

IF(MH-8) 37,37,38

MATERIAL NUMBER 8
AIR

READ (5,6) E (B¥)
HRITE(6, 34) ¥4, E (M) ,PR(MN) ,KO (M¥)
FOR“AT(///,5X, " MATERIAL NUMBER',IS5,/,5X,"B',F10.2,

1/,5%,*?R*,F10.3,/,5Y,*K0*,F10.2)

GO TC 10
IF (1M=9)52,52,53

MATERIAL NUMRBER 9

TEST CONVENTIONAL TRIAXIAL

READ(S,6) SIGC (¥4, 1) ,AA (MM, 1) ,BE (44,1)
ARIGE(6,7) 4M,PR(HY) ,KO(MY)
¥RITE (6,9)
YRITT(6, 8) SIGC (MM, 1) ,AA("M,1) ,BR (1M, 1)
Go 10 10
IF(*M-19)250,250,251
READ (S, 6) E(4%)
WRIZE(6,21) A4, E (MM) , PR(1M) ,KO(NY)
SEIUPY

WD TE (6,31)
POTYAT(//4 5%, " ERROR TOO MANY MATFRIALS?)
RETUEN
SND

SURROUTING RTADGE

SOBBOTITING GEADGE

Su1s SUETCrTING READS AND PRINTS MATERIAL DATA, NODAL CATA,

ELEM2NT DATA.



1501
1502
1503
1504
1505
1526
1507
1508
1509
1510
1511
1512
1513
1514
1515
151¢€
1517
1518
1519
1520
1521
1522
1523
1524
1525
152€
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
154¢€
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
150
1560

«dE BAND

nonnea

COMHACN

LI GRMEFAIFS COORDINATES OP INTERMEDIATE YOCUAL POINTS AND CALCHLATES

WwLDTH AND NYMRER OF EQUATIONS

£(10) , PR (10) ,RO(10) ,X (350), Y (350),1 (350),V (350), TH (600) ,

1ST1E (700, 1490) , AP (700) ,STIF (6,6) ,ECN (3,3),EBM(3,6) ,ESH (3,6),HT

CO“™ON
1 NEQ,HM
COMMON
CO1YON
COUNMON
COMMON
COZMON
covMon
convon
Ccoinen

MIMND, NUMEL, NU4AT,KODE (350) , NP (3,600) ,MAT (600) , N3AND,
JLU(5) .

KODZ1(350)

S15C (10,4) ,AA(10,6) ,BR(10,4),K0(10),ZSFC

PSIGEL (600,3),53IGIEL (600,3) ,DSIGA (350, 3) ,SIGIA(350, 3)
TSIACL(609,3),15IGA (350,3),TR (700)

Uk (350) ,VH (350) , NNYL (25) , NNXL (25)
TE(600),PRT(600) ,TSIGEP (600, 2)

PiI, XK, XEP

DI {700)

REAL KO

DIMENS

10N HED(20)

C x2AD PRELIMIMARY INPORMATION

READ(S
WPLITE(

C
C READ AND
[

L=1

,1000) HED,NUMNP,NUMEL,NOMAT
6,2000) HED,NUUN2, NUMEL, NUMAT

HRITE NODAL DATA AND GENERATE INTERMEDIATE NODAL DATA

READ(S, 1020) N,KODJE (N) , X (N) ,Y(N),T(N) ,V (N) ,KODE1(N)

GO T0

40

20 READ (5,1020) N, KUDE(N),X(N) ,Y () ,U (N),V (N) ,KODE1(¥)
. DN = N-L
DX =(X(¥)=-X(L))/DN
DY =(v{Y)-Y(L)) /DN

25 L=L#+1

IF (¥-L) 50,40,30
30 X(L) = X(L-1) *DX

Y (L) = 1(L-1)+DY

KODE1(L) =KODR1(L=1)

KODE (L)= 0
(L) =0
v(L)= ©
GO TO 25
c
4+  CONTINOE
IF (NUMNP-N) 50,60,20
c
50 WRITY (6,202°) ¥
calL ECIT
c
w0 WRITE(F, 201€)
Y2173 (0,201°)
WRITE ((,2020) (N,KODE{N),X(N) ,Y(N) ,7(N),V(N) ,KODE1(N),N=1, NUMND)
c

C wHEAD AND
C

vL=0

»2ITS ELERMFNT DATA

51 IF (%L.G%.NGMEL) 50 €0 70
READ(5,1033) M, M2(1, M) ,N2{2,M), NP (T, M) ,MAT(Y) ,TU{Y



1561 A4=4L+1

1562 IF (MA.T2.M) GG TO 65

1963 C

1564 55.1L1=RL+1

1565 IF(ML1.EQ.H) GO TO 65

1566 NL2=ML+2

1567 MLY% 1=1L-1

1568 I (MLM1.LE.0) GO TO 85

1569 DO 62 I1=1,3

1570 NP (1,412)=NP(I,4L)+1

1571 ©2 NP{L,4L1)=NP(I,MLdA1) ¢1

1572 AAT (ML2) =MAT (ML)

1573 AT (ML 1) =MAT (LN 1)

1574 Til (ML2)=TH (1L)

1575 TH(ML1)=TH(ML411)

1576 HL=ML2

1577 30 TO 55

1578 c

1579 65 ML=N

1580 GO TO 51

1581 70 CONT INOE

1582 AT TR {6,2032)

1583 YRITE(6, 2030)

1534 WRINE (5,2035) (M, (NP(J,M),J=1,3),NAT (M), TH(N),"=1,NUAEL)
1585 c

1586 c DETERMINE BAND HICTH AND NUMBER OF ECUATIONS
1587 c

1538 L=0

1589 DO 80 X=1,NUMEL

1590 70 RO 1=1,2

1591 II=1+1

1592 20 80 J=II,3

15913 K= IABS (NP (1,H4)-NP(J,H))

1594 IF (K.RT.L) L=K

1595 30 CONT INUE

1596 c

1597 MBAND = 2% (L41)

1598 NEQ= 2%NUMNP

1599 c

1600 ARITE (5,2040) MBAND, VEQ

1601 IF(18AND.LE. 140.AND.NEQ.LE.700) GO TO 90
1A02 4RI TE (5, 2050)

1503 CALL EXIT

1604 85 NRITE(6, 2060}

1505 CALL E(IT

1606 c

1607 90 4RITT (5,3000)

1€08 3000 FOSMAT( ' PEADIN COMPLETED * ///)

1609 RETURN

1610 c

1611 C FOFYAT STATEMENTS

1612 100e  FOFMAT(20A4/ 316)

1613 2000 FOLMAT(/,10%,20A4,////

1614 110, 261 KUA34E OF NODAL POINTS = ,I6/
1515 2 M, 261 NHMHER OF RLEMENTS = ,16/
1616 3, 261 NUMRER OF MATERIALS = ,1A)
1017 1010 FOIiMIT(~X,F12.0,2Fb.0)

1518 2000 FOEIAT(1@ LIS,F17.0,F15.3,F17.1)

1610 200e  FORYAT( /, 6X, 'OUT2YT OF INPUT NODAL DATA ')
1420 2015 FOP¥AT(///7,40%, 190 NOOAL DOINT OUTPNT,///



1621
1622
1623
1624
1625
1626
1627
1628
1629
1€30
1631
1632
1633
1634
1635
1636
1637
1638
END OF FILE

2010
108v
2009
205
20,0

20451
2042
10,5
2055
2904

2050
2000
C

1

1ii 591

2/7)

1

1

FOI¥AL{*1¢', 5X, 'OUT2IT OF CONPLEIE NOLAL DRATA
216,4F12.0,1I%)

FOP“AT(

NODF HODE £ COORD Y <oean

FOIMAT(IY,I6,F13.3,3P12.13,15)

FOLMAT (1§19, 28 IZRROT

TORMAT(///. 10X, 131 ELZMWNT DATA ///.

4041 =L
POPMAT (* 1%, 5X,

FPORYAT(
FORMAT
FORMAT
FORMAT

FORMAT(///1D%, 33H PLOULEM EXCEEDS SPECIFI

FOFMAT (

END

(516,FA.0) ;
{ Is, 4I6,F11.4).
t///713%, 221 BAND FIDLH
10X, 22¢ NUMBER OF FIUATIONS

*MLM1 IS LF3S THAN OR EQUAL 1O ZERD

X FORCE

IN NODAL CATA,YODE = ,14)
1 a1 K MAT  THICKNESS //)
'ONTPOT OF INPUT ELEMENT DATA' )
*11, 5Y, 'QUTPUT OF COMPLETE LLEMENT DATA
18/
16)

ED LIMITS )

')

')

)

Y PORCE
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APPENDIX B PLANE STRAIN APPARATIUS

Descrition of the arparatus

The design of this plane strain apparatus was inspired
by similar ecuipments described by Duncan and Seed (1966)
and Campanella and Vaid (1972).

The sample dimensions are 2.5 cm widey, 5 c¢cm high and 10
cr longe The plane strain condition is guaranteed by two
fixed smooth plates which restrain movement lengthwise
(figure Bel) ¢« A load cell is housed in one of the end
plates to measure the internmediate principal stress (Figure
Be2)s The lateral rrincipal stress is applied by a pair of
flexitle, air filled, rubber membranes {figure B.3) fixed to
the lateral =suppcrt plate (figure Be4)e The vertical
principal stress is applied by a rigid loading cape There is
a load cell at the base pedestal to monitor the amount of
vertical lcad keing absorbed by friction betuween the sample
menbrane and the side plates and membrane sealing platese.
(figure BeE) ¢« There is a clearance of 0.06 cm between the
tor cap and membrane sealing platese The top cap and base
pedestal are sectioned horizontally to seal a membrane which
encloses the sample between both halves. COne of the halves
accomodates a "O" ring to prevent leakage between the the
sangle memktrane and one of the halves of the top cap or base
pedestal. The same precaution was taken with respect to the
lateral membranee.

The dimensions of all the parts are shown in figures

Be6 to Bello,



FIGURE B.T FRICTIONLESS END PLATE

FIGURE B.2 LATERAL LOAD CELL



FIGURE B.3 SEALING PLATE WITH MEMBRANE

FIGURE B.4 LATERAL SUPPORT AND MEMBRANE SEALING PLATES
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FIGURE B.5 LOAD CELL AT THE BASE PEDESTAL
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APPENDIX Co CALCULATICN OF MEZZANINE LOAD

The straighkt line in figure 3.10 was determined by least
winimum sguare which indicates ttere will be tension at the
lower part until a point at a distance 227 cm from the
bottome

Figure Celea represents the cross section of the
mezzanine while Cosleb is the transformed sections The moment
of inertia is:

I = 4947834, cm4
and the croses sectional area

A = 5685 cm2.

The normal stress at the top i=s 50.26 kg/cm2 therefore

50,26 = P/A + 53.3& M/1

and at the bottom is —13.58 kg/cmr2 therefore

-13.58 = P/A - 53.35 N/I

where P is the normal load and M the bending moment in the

sectiony, which solving for P and M yields P = 208533 kg per

S533¢4 cme which is the horizontal distance between long

piles (figure 2.8) resulting in a lcad of 39,095 kg/m
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K2 |
o conf, stress = 2.59 kg/cm2
60
* conf, stress = 2.24 kg/cm2
g5 | x conf, stress = 2.06 kg/cm2
50 [
85
80
35 |
K2 = 13.628 + 0.4854 f
30
.5 ) 1 1 ] 1 1 1 L ! L -
25 0 35 %0 M5 50 55 0 65 70 75 °° f(13/1))
1 3

FIGURE 5.1 VARIATION OF K2 WITH STRESS LEVEL EDMONTON TILL
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FIGURE 5.2 RELATION BETWEEN PLASTIC WORK AND STRESS LEVEL  EDMONTON TILL
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occure A redeflinition cf stresgs level which includes tre
first stress invariant cseems to be more apgrorriate. A
latter modification of the theory hy lade (1975) defined the

cstress level aes 2

m

eesei{Se15)

L
pa

where m is a nmaterial grapertye.

Values of g smaller trtan 1 were encountered for sand
(Lade 1975) and clay (Lade and Musante 1¢87¢)e The sane trend
occurred for the Famontcn till where higher values of f were
reached for smaller vatlues of the confining stress (figure
5¢2)e The yileld surfaces (equatiorn 5.3) in kKendulic stress
space represent a cone ( figure 5.3) while a redefinition of
tte stress level as in equation S+15 with values nf n less
than unity makes it concave towards the hydrcostatic axess A
average value fcr tre limiting value of the siress level was

taken to perform the calculations, yielding 3

- - 1
f- )T o= = 5
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FIGURE 5.3 REPRESENTATION OF THE YIELD SURFACES
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Values of a and 1 for the equation S.13 obtained from figure

54 are 000012 and 1.099 respectivelye.

S.4 Apalysis

Based on the rarameters just obtained, predictions from
triaxial compression active tests, described in chapter 4 ,
were performed (figure 5.5 t0 5.9) « These tests were
selected among others to investigate the applicability of
the model since plane strain tests have already been
predicted in sands successfully and the active compression
tests depart the most from the cecnventional triaxial
testeAlthough the rarameters were obtained from tests which
exhibited failure at values of 2% for the vertical strain,
the model rredicted satisfactorily vertical strains in tests
failing at strain values as low as «5 %e Test 18-23 with an
initial coenfining stress of 2.278 kg/cm2 was not accurately
predicted tut its behaviour does not seem to be
representative when compared with tests 18-25 and 18-27 with
initial cornfining stresses of 2.10 kg/cm2 and 2.45 kg/cm2
respectively. Despite the averaging of the value ocf
(f-ft)ult, failure was predicted accuratelye. The samples
were initially isotropically stressed, therefore f
initial=27 and taken to failure which was assumed to occur
at f=82, Plastic strains of the same magnitude of the
elastic ones were observed at values of £f=27.8, doubled the
elastic strains at £f=30. and gquadrupled at £f=40. The

material exhibits a significant portion of plastic strain at



.log a = 1.099 log os/P2 - 8.992
log a |
a = 0,00012 pa ( oa/pa ) 1,099
-8.5 +
-8.0 T+
-7.5 ; : { : ]
.60 .70 .80 90 T o

Tog ca/pa

FIGURE 5.4 VARIATION OF PARAMETER a WITH CONFINING STRESS EDMONTON TILL
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early stages of loadinge

Predicticns of strains in compression active tests
using Lade’s stress strain theory compared very favorably
with the laboratory measurements. It seems promising to
pursue the subject further to investigate the possibility of
using the model for other types of stress pathse. For
situations involving primary locading with predominant
increase on the isctropic stress (figure 5.10) , the

inclusion of a cap at the open end of the yield surface as

suggested ty Drucker, Gibson and Henkel {1857) and enployed

by Roscoe and Poorcoshasb (1963) and Lade (1975), makes it
it necessary to account for the plastic strain contribution

of the isotrogpic stress
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FIGURE 5.10 STRESS PATHS WITH PREDOMINANT INCREASE IN

ISOTROPIC STRESS COMPONENT



6¢ NUMERICAI SOLUTION

£e.1 introduction

The finite element method, as a result of its ability
to sinulate complicated boundary conditions, construction
sequences and to deal with different constitutive models,
has been widely used for complicated Geotechnical
Engineering problemse The method has been used extensively
toc analyse the behaviour of retaining walls and excavations
{Duncan and Dunlop 196¢, Clough and Duncan 1969, Chang and
Duncan 1870, Clcugh, %Weber and Lamont 1972, Clough and Mana
1976, Izumi, Kamemura and Sato 1876, Stroh and Breth 1876)
and results have ccmpared very favorably with field
measurementses A finite element program was written to
simulate various phases of the construction procedure in
connection tc the stress strain behaviour exhibited during

the laboratory testinge

6.2 General descriction of the solution

In this section the overall logic of the solution will
be presented while the technigues employed will be explained
in subsequent secticnse.

Due to the rapid response of the slope indicator and
the monuments to the excavation , and because of the very
short time required to consolidate the labecratory samples,
the treatment will be entirely in terms of effective

stressese.

15§&
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The initial vertical stresses are equal to tre
overburden stress while the hcrizontal stresses are

calculated using thre equation 3

Gh: KOO'V cessslbal)

where KO is the at reat coetficient of earth rressures. The
elastic constants are then obtained from these initial
conditionse Tn order to represent different constructicn
phages and the constitutive mcdel adopted, the protlem is
snlved in stagese The first operation which involves the
excavation of saore material 1s represented hy the
applicaetion of surface tension at the koundary, ecual and
apposite tc the stress distribution on that surfacees Tlre
finite elezent method requires thre surface tensicn to be
ivposed bty means of nodal loads. Consequentely the element
cstresses are to te reduced tc raedal loadse TiLe new boundary
is now streee freee. The elements removed have their elastic
constants reduced to very small values to represent the air
and have trtelr stresses zeroede The load just obtained is
divided into a number of sters and applied incrementallye.
The firat increment is apolied and the finite element
calculations are performed. The stresses and strains
obtained are accumulated and the resultant stresses are usad

to obtain ancotter set of elastic constants for the next
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incremente After all the load ircrements have been applied,
another construction phase will take places If it involves
the placement of any structural elements; such as struts,
the elements cecrrespondent to them have their elastic
constants assigned new values to represent the structural
materiale The material preperties from now on will remain
constant throughout the analysise. Figure 6.1 illustrates the

logic just explained.

63 Load determination

In excavation problems where the boundary conditicns
are specified as a change in lcad, without modificatien in
the boundary shape with the surrcunding ground being linear
elastic and time independenty, it can be proven that the
solution is unique (Ishihara, 1970) Under these
circumstances there is no need to treat the problem
incrementallye In the field however, it is very difficult to
csatisfy all of these requirementse The introduction of
struts and tiebacks regrresents a modification in the
boundary shapee Even if the material is linearly elastic and
stress path independent, for cone final state there is not a
unique soluticne The scil stress strain prorerties for the
case history under investigation has proven its dependency
on the stress pathe There is therefore ample evidence that
for a realistic analysis of an excavation in stiff soils
every phase c¢f construction must be simulated as closely as

possiblees This requirement is not unigue to excavation
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problems; previcus experience with the analysis of
embankments incdicates a remarkable difference in strains
between one step and an incremental analysis (Clough and
Woodward 18€7)s The stresses were also affected but to a
much smaller extente.

One of the first aprroaches to this type of protlem is
the so called gravity turn on analysis. It consists
basically of two sters: the first involves the application
of gravity forces to a finite element mesh prior to the
excavation, and the second involves the application of the
gravity forces to a finite element mesh with the openinge.
The difference between both analysis represent the change in
stress and the disrlacements caused by the excavation
(Kulhawy 1874)e. This type of analysis is very attractive due
to its simplicityy, but has sowme deficiencies wmhich prevent a
brocader use of the technigue. The analysis has a built-in at
rest coefficient of earth pressure (KO= PR /(1- PR ), PR is
the Poisson'es ratio) which cannot be changed. The
surrounding grcund has one set of elastic constants
throughout the analysisy, therefore it is not possible to
analyse materiale with non-linear stress-strain
relationshipes A final drawback is the impossibility of
modelling construction procedures The incremental approach
can easily ocvercome these difficulties; the initial state of
stress can accommodate any at rest coefficient of earth
pressure and the excavation is then simulated by reducing

the elastic corstants of the excavated material to a very
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small value. Tte ncdal locad applied to the boundary points
is obtained from the accumulated stresses of the elements
adjacent to the boundary at the previous ster. The stresses
determined by the finite element method are representative
of points inside the elementy, while the incremental load is
to be determined from stresses at the excavation boundarye.
There is therefore a gradient of stresses between these two
points which will be discussed here. For the bottom of the
excavation Dunlop, Duncan and Seed (1968) proposed toc cbtain
the nodal loads by averaging the stresses between pairs of
elements situated above and telow the boundarye This method
has been proved accurate gprovided the elements on both sides
of the excavation are rectangles of the same sizee. Chang
(18969) calculated the toundary stresses from the element
directly above and assumed a gravity stress gradiente. Clough
and Duncan (1969) developed interpolation formulas to
express the relaticnship between the known stresses at the
element centers and the unknown stresses at the nodes ?f the
excavation bcundarye Christian and Wong (18973 ) used
extrapolaticn formulas from elements in a horizontal row to
okbtain the load caused by the excavatione. Ctandrasekaran and
King (1974) overcame this drawback by a completely different
approacheIt consists of imposire a boundary displacement
egual to the cne cohserved in the previous step which, when
multiplied kty the stiffness matrix of the structure below
this line, will determine the nodal lcad due to that

incrementes Clough and Mana (1876) calculated the nodal loads
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by obtaining the resultant cf the forces from values at
Gauss pointse

During the develogment of the program for this project
the mesh waes designed to provide small elements beside the
vertical wall to initially reduce the distance between the
boundary nodes and the centers of the adjacent elements, A
qualitative horizcantal stress distribution of the shape of
figure 6.2 was oktserved. Higher stress gradients in a
horizontal line for points closer to the wall, as mentioned
by Christian and %ong (1972), were detected, although much
reduced due to the grresence of the wall. In this project the
nodal loads were obtained from averaging the stresses of the
elements to be excavated adjacent to the walle These results
were analysed for a wall without embedment, for which case
the resultant of the final lateral stress should correspond
te the strut lcadse The results indicated consistently a
difference of 10% between both lcads towards the lateral
stress distributions Ta acccunt for this difference the
nodal load in each phase was increased by 10%, after the
averaginge Tre final result exhibited besides the
egualization of the loads a coincidence of the point of
application of bcth resultantses For the load at the bottom
of the excavation the average was taken between pairs of
elements above and below the rodal pointse The exacavation
was incremented in layers of no more than 2.5 meters thick,
which is considered small when compared with layers of 6

meters used by Clough and Duncan (186%):s The elements were
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distance from the wall

horizontal line immediately helow the

bottom of the excavation

---------- horizontal line at some distance from

the bottom of the excavation

FIGURE 6.2 STRESS DISTRIBUTION BELOW THE BOTTOM
OF THE EXCAVATION
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therefore swmaller which decreases the distance between the

pocint where the stress is known and the boundary point.

£e4 Strecs strain relationshirg

The stress strain curves obtained in the labcecratory
indicated that the nonlinearity can not be ignoreds The
incremental proccedure can acccmmodate this behaviour guite
easilye After each load increment is performed the stresses
are evaluated to determine the new set of elastic constants
to be used for the next incremente This procedure has been
called by Clough and Duncan (1868) the "gast stress
solution" , because the analysis is performed using elastic
constants which are a result of a previous incremente An
alternate method consists in determining the elastic
constants also for stresses at the end of the increment,
average them, and gerform ancther set of calculations, this
time with the averaged stress strain parameterse This method
has been used by Kulhawy, Duncan and Seed (1968), Ciough and
Duncan (1969) and Gopalakrishnayya (1973), where it reduced
the number of iterations to obtain the same precisione The
modified Newton—Rarhson method or initial stress method
(Zienkiewicz, Valliappan and XKing 1969) also reduces the
number of iterations since the stiffness matrix does not
have to be inverted for each incremente. The analysis was
performed with a different number of increments to evaluate
the necessity of using the average stress solutione No

significant difference was enccuntered for subdivisions
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beyond 4 incrementss Since average stress solution requires
fewer than half of the increwments of the past stress
solution,the latter is adequate for this prrobleme Each time
tre charge in configuration cccurs in the weshy another
stiffness matrix is generated, therefore the benefit of a
constant stlffness matrixyas it occurs Iin the initial stress
method cannct ke exercised. It was considered for the
cresent circumetances the past stress methed to be the most
suitatles

In orocer to {fit tte stress straln data pcinte in a

smcoth curve the following relationships were tried:

g -0, = a € A coesslbo)
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¢ = Oy = €

3 evsee{b6e5)
a+ b€

Curves of the type of equation 65 4 which regresent a

hypertola (Kondner 1962) , exhitited the best spproximation
for the data pcirtse For stress level beyond fajlure there
is some degree of departure due to the fact tte asymptotic
value of the deviater stress is larger than the failure
values The inverse of L represents this asymgptotic value,
and Tuncan and Crang ( 1970) proposed a correctlion factor Rf

applied on it to ccrrect ttkis i1l behaviour :

b = (64-63‘f

R

f seseslbeb)

whero( O" _ d3‘
R

- f is the correcticn factor, whict hes heen found

f is deviator stress at failure

tao vary tetween N,75 and 1

Tte use of Rf cifferent than cne caused excessive deviation
of the hypertolae 1from the data points at the early stages
of trhe stress strain curves Egquation 6.5 was hence left in
its original fcrme. Whernever the amagnitude c¢f the deviator
stress would reach failure, a szall modulus of deformation

would be assigned to that element simulating failure. For
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each stress rath the elastic contants were determined in the

following way 3

1. Pass lve conrpression tests: with a set of stress strain
curves oktained from the laboratory (figure 6.3ea) thre
ragnitude c¢f the modulus of deformatior was obtained by
interpalating linearly ketween values from two adjacent
curves with confining stresses below and ahove ttre one
being searcrede. For rointes falling heycnd the limits of
the tests, an additional assumption was made with
respect to tre relationship tetween the initial madulus

and the confining stress of the form:

- K O’3 "
Ei- pa pa e (647)

A hyperbola for these gecints is obtained, where a =1/Ei
and L exgrressed in terms cf Mohr—-Coulomtk failure

criteria as 3

b = 1—Sin(ﬁ
2‘?5 Sjr\gb (6o &)

2 Active extencsion tests: they are determined in the same
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way as the passive compression tests with the only
difference heing the hypertola has its origin disglaced
by a certain anocount as the result of anisotropic

consolidation (fizgure 6¢3eb)e The equation now becomes:

' I
o, = - [0, - q)
a+ be c(6e9)

g - € _ 02(1—K0) e

a.+ b €

Active comgpression tests! the only difference between
these types of test and the rauasive comgrression tests
iles in the fact each stress strailn curve refers to a
value of the ma jor princiral stress which remains
constant during the test (figure 643sc)e The expression
6¢e7 did not hold for these testsy but due to the ranze
of the performed tests, the few points falling beycnd
the limits were close encugh to allow the use of a
oktained from the rearest stress strain curve and the
value ¢f h expressed in teras of the Mohr-Caulomb

failure criterium as:
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b - 1+Sin¢) (6411)
2 0ysind

4. Proportional loading active tests: it was observed
during the test with this tyre of stress path very
little difference in the modulus of deforration for
deviator stresses below the initlal value and a curve of
the shape of a hyperbolae from there one A constant
value of the modulus was therefore assumed fcr deviator
strecsses ktelow the initial and a hyperbolae afterwsrds,
similar to tre procedure adopted in active conpression
testse

Cuncan and Dunlop (1969) apgroaching the proklem of
slores in stiff fissured clays using tre finite element

me thod, cbserved nc significant difference in stresses and

strains for values af Polsscon's ratlo from 0.2 to Ne475¢ The

value of (0442 encountered by back analysis in the Edmontnn
area (Fisenstein ard Morrison, 1972) was used for this case
history.

The medulus of deformation for the differert stress

naths were ocktained from the general eguations:

Bey: L[ Ag, - v (Ag, » A, )]

€ :--1-— - +
Ay 5 [Ao“y v(Adg, Ag, )]

m
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- 1 veoesl6al12)
Aez-—E—[Acrz “V(AG, Ady)]

For triaxial compression passive and triaxial extension

active cases tte modulus is readily obtained as:

E= A,

Aez

Fcr triaxial compression active tests:

E-_2y 00y
Ae,

For plane strain comgpression passives

E =

Ad, (1_1}2)
A€, |

and finally for plane strajin comgpression active:

E:-(1 "’U)V A_J_X__
Ac,

eoes( €al1)

cooe{fold)

sesel ¢el)

eeees(€elb)
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The ratio between stresses and strains required in
equations 613 to 6.16 is obteained from corresponding
hyperbolaes.

The last stress strain relationship left to determine,
regards the interface between the vertical wall and the
surrounding grounde Goodman, Taylor and Brekke (1968)
developed an uridimensional element capable of modeling the
behaviour c¢f jcinted rocke The same element has been used
(Clough and Duncan 186¢% and 1871) to simulate a soil
structure interfacee. The element accounts for the relative
novement between the structure and the grounde. The readings
of the vertical novement exhibited no relative displacement
between both (chapter 3), therefore the program developed in

this chapter dcoces not accommodate such elementse.



- I BN R D DD B B DD B G B B B B B BE e Ee

7« RESULTS OF ANALYSIS AND CONCLUSIONS

Je1 Introduction

Certain characteristics of the particular case history
which was analyzed that deserved special treatment before
the finite element program developed in chapter 6 could be
utilized are gcing to te describede The cross section of the
girders and mezzanine are discontinuous along the axis of
the excavatione As both of these structural elements work
under axial load,; they were reduced to a continuous section
with the same cross sectional areaes To represent the sheet
pile wall covering the vertical distance between the girders
and the mezzanine floor, an extremely large number of
elements wculd be required because of their reduced
thicknesse. The stress distribution inside these elements is
not being investigated here, therefore they will te replaced
by a continucus wall with equivalent stiffness and thickness
comparable toc the tangent pile wall. As opposed to the
struts, the sheet pile wall basically works in bending. It
was replaced by a vertical wall with the same flexural
rigidity FI ( E = godulus of elasticity and I = moment of
inertia)e This approxismation has been used successfully to
substitute composite walls c¢f soldier piles and lagging by a
continuous planar vwall (Tsui and Clough 1974 and Murphy,
Clough and Wceclworth 1975).

The retaining wall is primarily subjected to bending

moment having a very reduced axial loade The stress at any

175
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pcint along ite crosa secticon can be determined with the use

of the equaticn:

g- My

I ‘....(7‘1)
where
- M -bendirg voment at the section
- y distance from the neutral axis
- I moment of inertia with respect to the neutral axis

Fgquation 7.1 indicates, for the present circumnstances
arr accentueted gradient of cstress along the cross sections
Tre finite element provides only an appruximate solution
since the structure can aonly deform into specified stagese.
The approximate soluticn therefore stifiens the true
structures Tte finlte element prcaram develogped in crapter 6
made use of corstant strain triangles, which implies =

ynatant stress inside each elesente This additjional
recstraint has a large influence on the modeling of tre
tehtaviour of the retaining wall where the gradient of stress
is significante A sufficlient increase in the numker cof
elements to cvercome the problem satisfactorily, would
produce a significant expansicn Iin comgputing time and memory

requirenentcesCcnsequently the part of the mesh reprecsenting
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the pile wes taken separately , fixed at one end and a
concentrated lcad perpendicular to its axis was applied on
the other ende The resultant displacements strould be smaller
than those of the actual structure would undergo, whick are
gprcvided by the governing differential equation for
deflection o0t elastic keamse. The element stiffness in the

tinite elenrent mettrod is:

T
B D Bl t A

K

l....(7.2)
where

- t element thickness

A element area

- T constitutive matrix, It exrresses the stress strain
relationshipe.

- P matrix transformaticne 1t expresses tte strain

disnlacement relationshipe Fcr isotropic material in

plane strain ¢

r : - ad -y r -

65( -v v 0 €,

d, |- E v 1-v 0 |l¢
(12) (1-2v)

Txy o o0 1-2v|I|7
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The stiffness ¢f the element can be reduced by
decreasing E or t which are constant factors. In order
to obtain the results from the closed form solution a
factor of (.35 was employedin all the elements toc reduce
their stiffnesse

The mcst representative section of the overall
behaviour does not include the long piless Their
presence much beyond the bottom of the excavation
(Figure 7.1 - shaded area) prevents ground movement
below the short piles. The analysis of s0il displacement
y lateral stress and strut load was consegquently
performed in a section where only the short piles were
presente Fcr the analysis of the slope indicator
movement inside the long piles this section would
indicate excessive movements since the points in thre
shaded area of figure 7.1 would be free to move, which
does not represent the field condition. Alternatively
the elements in this area could be assigned concrete
elastic propertiese This assumption is equivalent to
saying there is a continuous wall from the surface to
the shale which will cause excessively high lateral
stress during excavation, since the soil cannot flow
around it, which in turn will produce unrealistic pile
movement in that areae

The finite element mesh employed ( figure 7.2)
contained 326 nodes and 586 elementse The average CPU

time to execute all the construction phases, using the
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University of Alberta computer( Amdahl 470v6), was 275
seconds with a CPU storage of virtual memory Iintegral
(VMI) of 770 page—-miny, each page containing 4086 bytes.
The rand width for this mesh was 130.

The analysis was performed under different
assumptions with regard to the stress—strain
relationship in order to evaluate the most appropriate
one to represent the actual field conditione The
assumptions employed as follows:

Linear elasticity

The ground vwas assumed tc behave as a linearly
elastic material throughout the analysise The modulus of
elasticity emrloyed was obtained from pressuremeter
resultse.

Non linear elasticity

The stress-strain relationships fcr both Edmonton
till and Saskatchewan Sands were obtained from passive
compression tests in triaxial egquipmente.

Triaxial active corpression

The stress—-strain relationship for the Edmonton
Till was oktained from results of active compression
test in conventional triaxial equipment and for the
Saskatchewan Sands from active extension and
proportional-active tests in conventional triaxial
equipment
Plane strain active compression

The stress-strain relationship for the Edmontgn



Till was obtained from active compression tests in a

plane strain apparatus, while the Saskatchewan Sands
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from active extension and proportional—-active tests in

conventional triaxial equipmente.
The constructicn was simulated in 7 different phases as
follows ( figure 7.3) =2
1. Excavation of the first 3 meters of soil. The tangent

riles already in placee.

2¢e Excavation of an extra meter of soil (4 meters deep) and

placement of tte first level of struts (girders)

3. Excavation of another 2.5 meters of soil ( 6.5 meters
deep )

4, Excavation of another 2.5 meters of soil ( 9 meters
deep) and placement of the second level of struts
(mezzanine).

Se¢ Excavation of ancother 2 meters of soil ( 11 meters
deep ).

6. Exceavation of another 2 meters of soil ( 13 meters
deep o

7¢ Excavation of the last 2.3 meters of soil ( 15,3 mete

deep e

J.2 Pile mgvement

The results of initial analysis performed indicated
extremely small lateral movement at the top of the pile.
the amount of movement observed in the field had been
absorkted by contraction of the girder due to axial load,

would amount tc a value much beyocnd the load capacity of

rs

If

it

the
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girdere As was pcointed out in chapter 2 (figure 2.7), there
is a gap of 7.6 cm between the girders and the ¥L" shaped
beam, which 1is filled with cement grout. The large
horizontal nmovement at the top of the pile is attributed to
a low value of the modulus of deformation of the groute.
Initially the grout was assigned the same modulus of the
girders and the concrete wall (140,000 kxg/cm2), but to reach
movements compatible with the field observations it had to
te reduced hy a factor of 4(0.

The resultant pile movements employing different
assumpticns regarding the stress strain relationship are in
figure 7¢4 « The use of a linear elastic material (E=1050
kg/cm2) assumption results in reduced displacements which is
caused by a constant value of the modulus of deformation
even for elements with high values of stress level. Results
from a a ncn-linear elastic nmaterial assumption based on
results frcm conventional triaxial tests exhibit
displacements significantly higher than field measurements.
The values of ncduli of deformation encountered in the
laboratory resulted in excessive displacement predictionse.
There is nct a significant difference between results from
active comrressicn predictions from triaxial and plane
strain, which indicate a better agreement with the field
datae A gccd orportunity to evaluate the assumptions made
along the liney, rests in the field data provided by slope
indicator £I2. It indicated tte girder was not activatede.

The analysis was performed with exactly the same input data
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for SI3, with the cnly difference being an extremely law
value of the modulus of defarmation (E=10 kg/cm2) was
assigned for the elements representing the groute. Figure 7.5
supports trte view the grout properties are responsible for a

poor use of the girders to carry horizontal loade.

J.3 Vertical ngvement

The results oktained for the different stress-strain
assumptions are indicated in figure 7.6 « The displacements
obtained frcm conventiaonal triaxial tests again reflect the
reduced nodulus of deformaticn cocbtained therebye. Maximum
dicsplacement of 123 cm was predicted whereas the highest
value encountered was (.67 cme Results obtained from an
assumption of linear elasticity were in good agreement with
the actual measurements. Smaller movements were indicated in
the vicinity of the walle, Elements next to the wall remained
with the same modulus, however due to the flexibility of the
wall, there should have been a reduction in the modulus
which was nct properly representedes This assumption also
tends to enlarge the zcne of influence of the movements due
to the excavatione If one extrapolates the field curve for
points beyond 16 meters from the wall a significant
difference is cbservede The higher stiffness inherent from
this assumrtion broadens the disglacement patterne The
predictions based on active comgpgression tests in triaxial
test depart considerably from the field curve for points

close to the walle. The conclusion that the modulus of
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deformation frcm triaxial teste with a passive compression
stress path can not be used tc cbtain the strains in a plane
strain conditior (Chapter 4) , can be extended to active
compression tests. The results from active compression tests
in plane strain predicted a nmaximum displacement of 0.71 cm
when it was observed to bhe (0«68 cme This assumption
exaggerated the displacements for points close to the wall
but predicted accurately the extension of the zone of

influence of the excavatione

J.4 Lateral load and stress

Due to the change in the original project for the
addition of a gredestrian exit it was not possible to monitor
the strut loads beyond 10 meters of excavatione The only
field measurement available for comparison refers to the
mezzanine load for these 10 meters of excavatione. Table 7.1
presents the ncrmal stress for the different analytic
assumptionse The results indicate the magnitude of the
predicted load is not as much affected by the assumed
stress-strain relationcship as are the displacements. The
only analysis falling ocutside the acceptable range refers to
the assunmption that the material behaves linearly elastices

The lateral stress distribution encountered for each of
the stress strain assumpticns are represented in figure 7.7,
where Peck?!s lateral strese distribution for lateral stress
is also indicated. Appart from the assumption of linear

elasticity, which indicates an unreasonable distributian,
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there is a reduction of the lateral stress in zones where
the retaining structure yields and an increase on the
supporting points, which agrees with results in model tests
in sands ty Bros (1972). Below the bottom of the excavation
the stresses increase very rapidly in the direction of the
at rest state of stresse The stress distribution can be
aprroximated by a linear increase of the lateral stress with

depth, exhikiting preaks in the presence of strutse.
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Normal stress in the mezzaninee.

192

conditiOnNneecscescecsccscssccscsscnsssenormal stress (kg/cmZ)

field measurement

linear elasticity

E=1050 kg/cm2

ncn—linear elasticity

stress path triaxial

stress path plane strain

13.03

18.5

13.6

12.13

12.6
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J.5 Influence of the thickness of the wmall

As the cost of the walls for the underground stations
represented 10% of the total cost of the project , whereas
the price ¢f beth tunnels jcining both stations accounted
for only 3.3% of the total cost, an evaluation of the
influence of the stiffness of the wall will be of economical
interesty particularly for future similar projectse.

Clearly, a reduction in the stiffness of the retaining
structure cecreases the lateral loades Figure 7.8 illustrates
the comparison of the lateral stress distribution when the
sheet pile pcrtion of the wall is replaced by a tangent pile
wall of the same stiffness as the rest of the walle The
stresses in the upger part apgroach the KO line , while with
tte sheet pile wall there iIs a stress release due to the
reduction in stiffness with a transfer of some of the load
to the non-yielding parte.

A change in thickness of the entire wall has a much
more significant edfect (figure 7.9)e Walls 2 meters thick
bring the stress distributicn closer to the at rest state of
stress and reduce the stress concentrations at the support
levels as a result of their large bending resistance. Figure
710 indicates the influence of the wall thickness on the
total and strut loade A flexible wall dces not give the
opportunity for the embedment to carry some of the loade A 2
meters thick wall enables the ground to carry as much as 20%

of the total load. Even with suchk a stiff stirutted wall the
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initial lateral grressure is reduced in 20%.

The reduction of load is done at the expense of some
ground novement (Figure 7.11) and expansion of the zone
affected by the excavation. A stiff wall reduces the maximum
displacement but the improvement becomes less effective at
greater thicknessess An increase in thickness from 40 cm to
80 cm reduces the maxirum disglacement from 0.75 cm to 0.55
cm while an increase in thickness from 160 cm to 200 cm
reduces the maximum displacenment from 0.40 cm to 038 cme.
Figure 7.10 and 7.11 indicate the minimum possible
displacement tends to a value ¢of «36 cm and the load to a

value of 1650 kg/cme

d.6 Summary

During the present research a field case of a deegp
excavation in stiff clay was documented with the purpose of
measuring the earth pressure distribution imposed on the
retaining structure and the ground movement associated with
ite As frequently cccurs, a fragmented set of data was
collectedes With the use of laboratory tests following the
appropriate stress path for excavations, a numerical
solution was employed aiming to reproduce the field
measurementse. Some information with respect to the lateral
load was ottained but not enough by itself to consider its
repgroduction by an analytical solution to be satisfactory.
In additicn to lateral load, movement of the retaining wall

and the grcund were also obtainede The results of
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deformation obtained by the analytical solution were in very
good agreement with the field measurementse The evaluation
of displacements in Gectechnical enginering are extremely
sensitive to the modelling esployeds It is therefore
considered that a solution which provides goaod reproduction
of the displacements in problems of such kind, is bound to
give even tetter results with respect to the lateral stress
which in stiff clays are extremely difficult to measure in
the fielde Ir the case history analysed the scarce field

data of the strut load was also reproduced accurately.

77 Copclusions and supggestions for further research

An integrated approach invclving field observation,
laboratory testing and the use of a numerical analysis
followed by an evaluation of its results proved to be of
great value to understand the behaviour of deep excavations
supported ty semirigid structures. Even with the usual
limitationes existirg in the field and the laboratory testing
and the simplifications necessary to secure a relatively
simple analytical solution, lcads and deformations for the
case history investigated were reproduced wnithin reasonable
accuracy which indicates this approach as viable to obtain
engineering scluticns for this type of probleme The ocutcome
of this research managed to give a significantly tetter
perspective of the lateral stress distributicn to expect
during the construction of retaining walls in stiff soils

and the most inportant factcocre involved in this type of
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probleme

Field measurements indicated that for stiff soils a
reduced zone cf influence of displacements is caused by the
excavation when ocne uses semirigid structures. No vertical
or horizontal movement was observed for points at a
horizontal distance equal to twice the depth of the
excavatione

Direct measurements of lateral stress in stiff clays
are extremely difficult to cbtaine Very small values of
lateral strain are enough to release a significant portion
of the lateral stress thereby rreventing reliable
measurementse The appearance of gravel in glacial tills also
presents an okstacle tc gocd performance of the measuring
devices The monitoring of lateral lcad by means of load
cells and strain gauges in the struts offers an alternative
approach to the measurement of lateral load imposed on the
structure.

To guarantee an efficient usage of struts, if they are
not cast in place, special care must be taken with respect
to the connection between the wall and the struts. The
degree of importance increases very rapidly the stiffer the
soils A poocr contacty; in soile which require very little
movement to motilize their shear strength, cauvses a
remarkable reduction in the strut load, resulting in
overdesigning of the struts and undesirable soil movemente.

Stiff clays when tested under active compression stress

paths indicated a remarkable reduction in the strain to
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failure and consequently a significant increase in the
modulus of deformation when compared with passive
compression testse A reduction in the isotropic stress
component causes a expansion in all directions « The total
vertical strain will be the resultant of this expansion and
the contraction due to an increase in the deviator stresse.

Active extension tests in dense sands also reduce the
isotropic stress component therefore causing an increase in
the modulus of deformationes Due to the fact these two stress
paths are dcminantly present in excavations and they depart
substantially frcm conventional triaxial testing, it is of
paramount importance to obtain the stress—-strain parameters
from tests following the appropriate stress pathe In these
cases the s0il is being loaded by the decrease of one of the
principal stressess For situations involving loading with
increase in the principal stresses not so much difference
should be expectede.

Passive ccmgression tests in triaxial and plane
strainloading led to significantly different values of the
nodulus of deformatione The prediction of displacements
based on results from plane strain and triaxial results in
active compression indicated significantly higher values of
ground displacements from triaxial resultse. Values of
modulus of deformation from plane strain and triaxial do not
lead to the same valuecs « The theory of elasticity can not
be used to simulate plane strain conditione from triaxial

tests results, even for small values of the stress level,
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Stiff clays are very highly stress path dependent materialse

The assumgption that the stress-strain relationship can
be represented by two constants, even if they are obtained
by following arprogpriate stress rath, leads to a gross
overestimation of the lateral loade For a retaining wall or
a construction procedure permitting considerable movement, a
more pronounced degparture is to be expectede.

Stiff clays require such a small strain under active
comgressicon lcocading that the construction of an extremely
thick wall will nct prevent the soil from contributing with
its shear strength to the carrying of the lateral load. The
construction of a semirigid wall can reduce the lateral load
45% from the initial conditionse.

Laboratory testing with lightly overconsolidated soils
leads to appropriate estimation c¢f the stress-strain
relationship provided the field stress path is observeds. The
unloading caused by the sampling and the presence of
fissures in highly overconsolidated soils lead to erroneous
values of the modulus of deformation, but the lightly
overconsolidated clay investigated here did not exhibit this
behavioure The stress path assumes such an overwhelming
importance that the performance c¢cf large in-situ tests are
not adequate to cktain tte representative stress—-strain
parameters for excavationse.

The stiffness of the wall plays an important role in
the lateral stress distribution and ground movement. Maximum

vertical displacement of the grocund as well as the extension
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of the zone of influence by the excavation can te reduced by
constructing a stififer walle The efficliency of the wall is
reduced as the wall becomes thicker. The lateral stress
distribution departs from a triangular shape as the rigidity
of the wall is reduced, with corcentration of stresses at
strut levels. The ground novement in stiff soils is very
recuced for any wall rigidity. It seems therefore , since
the wall is able tc sustain the resulting bending moment and
failure of the surrcunding ground doces not occur , a
flexible structure represents an economical and convenient
solutione.

An earth pressure distribution in the form of a diagram
to guide the designers has to include the stiffness of the
walle Peck?s empirical earth pressure distribution for
permanent structuresis indicated to be on the conservative
side for any wall stiffness for the case history
investigatedo

The f£low cf soil below the bottom of the excavation is
responsible for a significant portion of the ground
movement. The presence of a rigid base at the bottom of the
excavation can therefore effectively reduce ground
novementse.

The conclusions being presented refer to an excavation
with the ratio between depth and width of approximately 1.
The evaluation of the i1asportance of different factors, such
as the width of the excavation and the depth of the

embedment has not teen studied here.However they will grove
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to change significantly the distribution of stresses and
displacementse

Better information with respect to loads and
displacements for future decsign in this type of material can
be successfully cbtained if the importance of including
laboratory testing invelving the stress paths is recognized
and described with the use of the finite element methodwith
the arpropriate sinulation of the stepwise construction
procedures.

Since stiff clays are highly stress path dependent, the
evaluation of loads and displacements, especially in
excavationsy require laborious tests involving stress paths
which are gignificantly different from the conventional
oneses By the use o0f an elastoplastic model which
stress—-strain parameters were ocbtained from passive
compression tests 4, good predictions of active compression
tests were achievedes Investigzation in this area should be
pursued to evaluate the applicability of the model for
different stress paths and the possibility of its use in
actual engineering structures The use of the model in
overconsolidated scils cany in theory, also be performed
since the volume change caused by shear stresses can be
rerpresented, but considerable more investigation is needed
with resgpect toc the definition of the yield surface. It is
expec ted thre fissures in this case will introduce
considerable difficultye An evaluation of the behaviour of

stiff clays under different stress paths can also provide an



new engineering insight for the design of sdructures in

these soilse.
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