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ABSTRACT 

Investigations have been carried cut regarding soIL 

movement, lateral load and stress distribution in a deep 

excavation in 5tif1 soil. The results presented are based on 

an integrated approach involving field observation, 

laboratory testing and analytical modeling. Special emphasis 

have been given to the influence of the stress path in the 

determination cf the stress strain relationship. 

A finite element ~rogram, using constant strain 

triangtes, sivulatEs the ccns*ruction phases involved in the 

field was developed. Different stress strain relatIonship 

can be accomodated In the program to evaluate the most 

signifIcant one. 

The results indicated that the actual behaviour 01 the 

retaining structure can be successfully simulated i~ 

laboratory tests are performed fcllowing stress paths 

pertinent to the field conditions.The laboratory tests 

included the performance of active and passive tests in 

ccnventional triaxial and plane strain apparatus. 

Use was made of an elastoplastic model to predict 

strains in the labcratory for active compression tests, 

based on conver.tional triaxial tests. 
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RESUME 

Des rechercheE ont ete effectuees sur le mouvement des 

sols et la disiribuition des tensions laterales dtune 

excavation ~rofonde en sol dur. Les resultats presentes sont 

bases sur une ap~roche inte~rale, induant des observations 

faites sur place, des essals de laboratoire et un modele 

analytique. Une attention speciale a ete portee sur 

l'in1luence ~e la ligne de tension sur la determination de 

la relation tensIon-deformation. 

Un programme de elements finis utilisant des triangles 

de deforaaticn conEtaniE slmule les pbases de construction 

du chantier. Differentes relations tension-deformation sont 

incluses dans Ie programme a1in d 1 evaluer laquelle est la 

plus significative. 

Les resultats Indiquent que Ie comportement actuel de 

la structure de soutenement peut etre simule avec succes si 

les tests de la~cratoire sont effectues Eulvant des lignes 

de tension periinentes a l'etat du terrain. La performance 

de tests actlis et pasEifs de l'apparei~ triaxial et de 

deformation des plans conventionnel est incluse danE les 

tests de latcratoire 

Un modele elasto-~lastique a ete utilise pour predire 

les deforma1ior.s en laboratolre pour les tests de 

compression actiis, base sur les tests triaxlaux 

conventionnels. 
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1. INTRCDUCTION 

~ Nature ~ ~bs ~robl~m 

The design of earth retaining structures involves the 

determination of the external forces imposed on the 

stru~ture and the evaluation of the displacements in the 

surrounding ground. The structure has to be strong enough to 

~arry the load sa1ely and the ground movement should not 

cause excessive ftovement to existing buildings and utility 

ducts. 

If the reiaining wall replaces identically the 

excavated ground, the ~nowledge cf the at rest coefficient 

o£ earth ~ressure would enable the soil engineer to predict 

the lateral load and no movement should be observed in the 

neighbcrhocd. Under these circumstances no ftobilization of 

the soil shear strength is permitted beyond the initial 

conditions. If, on the other hand, the construction 

procedure or the flexibility of the structure permits full 

mobIlization of the shear strength of the soil, the 

determination of the lateral load can be easily obtained by 

conventicnal earth pressure theories. The wall, however, 

would have to Kove in a certain fashion to guarantee this 

condition. Most engineering situations, particularly braced 

cuts, do not fall into any of these two limiting conditions. 

As a result of tte construction procedure the movement of 

the retaining structure does not produce the yielding 

necessary tc allcw the soil to fully mobilize its shear 

1 
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strength. ~hE trend towards deeper excavations in congested 

areas is forcing the engineering ~ro~ession to investigate 

the relationship between stress distribution and the 

magnitude and pattern o£ associated movement in connection 

with deep excavati~ns. 

~~ Mecta~~~~ ~Dvolved ~ ~xcayation§ 

The disturbance of the original state o£ stress Is 

produced in two ways. First, the removal o~ materia~ 

adjacent to the wall causes a release of the horizontal 

normal stress. This released load is transmitted to the 

retaining ~all and the struts whese de£ormation results in 

displacement In the adjacent soil which in turn mobilizes 

its shear strength. The load now is shared between the 

retaining structure and the s~rroundlng material. Typically 

this situation is predominant when excavating narro. 

trenches. ~he soil Rovement is primarily due to bending o£ 

the wall and yielding o£ the struts. Second, the removal o£ 

the soil causes a release in vertical norma~ stress at the 

bottom o£ the excavation • As a consequence there is a 

reduction of the passive resistance o£ the soil inside the 

excavation. The soil movement this time occurs towards the 

2 

bottom o£ the excavation. Again there is mobilization of the 

shear strength in response to the displacement. The .idth o£ 

the excavaticn and the depth to 8 £irm base below the bottom 

wilt play an important role in this case. Bjerrum , Frimann 

and Duncan (1972) believe the reduction in vertical stress 
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is almost the ~nty £actor responsible £or values o£ 

horizontal stresses greater than Rankine's ac~ive value. 

3 

The de£ormed shape of the wall is in£luenced by the 

stif£ness 01 the wall and the location o£ the struts. In the 

vicinity o£ the strut there will be much less horizontal 

movement than in the center of the wall. This uneven 

displacement will have a signi£icant impact on the stress 

dIstribution. The mechanis~ 01 t~e phenomenon was explained 

by Terzaghi (1943) and it is referred to as the arching 

effect. In his own words : 

" 11 one pert of the support o£ a mass 01 soil 

yields while the remaining stays in placE, the soil 

adjoining thE yie~ding part moves out of its 

original p~sition between adjacent stationary masses 

01 soil. The relative Dovement within the soil is 

opposed by shearing resistance within the zone of 

contact between the yIelding and the stationary 

masses. SinCE the shearing resistance tends to keep 

the yielding part in its original position, it 

reduces the pressure on the yielding part o£ the 

support and increases the pressure on the adjoining 

stationary part. This transfer o£ pressure from a 

yielding mass 01 soil ont~ adjoining stationary 

parts Is cca-monly catled the arching effect, and the 

soil is said to arch o,er the yielding part o£ the 

support. Arching also ta~es ~lace If one part o£ a 

yielding support moves out more than the adjoining 
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parts." 

Arching will be a dominant feature in redistributing the 

normal stress to be carried by the re~aining ~tructure. 

~~ Eartb ~~~~~ 3~rles 

Many advancements in engineering solutions have been 

generated in re~ponse to economic demands and material 

conditions of society. Such is the case of earth pressure 

theories where advancement ~as impelled by the construction 

of roads and canals in the eighteenth century. 

4 

The first com~rehensive treatment of 1he problem vas 

given by a French engineer , Charles Augustin Coulomb in 

1776. In his semoirs he recorded varIous engineering 

problems including that of earth pressure. Coulomb isolated 

a wedge of soil and wrote two force equilibrJum equations. 

The total value of the lateral pressure was calculated 

assuming a planar failure surface and shear resistance along 

this plane as full) mokilized, although he s~ated there is 

no movement 01 the wall. He pointed out the possibility of 

different failure surfaces but experience with overturned 

walls ted him to use this assumption. No reference was made 

akout the state of stress inside the wedge. The greatest 

thrust for all possible wedges is the design load. Coulomb 

initially considered no friction being developed between the 

soil and the .all but in a later section the equations were 

modi1ied to include it. The position of the resultant was 

clearly definEd when he studied the equilibrium of the wall 
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by writing a moment eq~ilibrium equation around ~he toe. A 

triangular distrlbution of earth pressure wae assumed. 

Although he recognized the influence 01 different types o~ 

soil, which was done £or the first time, he concluded with a 

very practical rec~mmendation: " I thInk that £or all kinds 

of soil, reiaining valls can be designed without danger with 

a batter of 1/6 and with the ridge one seventh of the 

height". In lEE7 Rankine propoEed basically a particular 

case of Coulomb's analysis in whIch there was no friction 

between the soil and ~he vall. Rankine, however, assumed a 

plastic state bein~ developed behind the wall and, departing 

from Coulomb, a eaall movement of the wall being enough tp 

reach that state of stress, although nothing was said with 

reEpect to the magnitude of this movement. In 1910 Resal 

extended Rankine's equation to determine the lateral load in 

cohesive materials. 

The assum~tion of hydroEtatic stress distribution both 

along the back of wall and the surface of slIding when 

applied to situations where there is friction bEtween the 

wall and backfill material leads to a failure o~ the forces 

to concur at one point as shown in £igure 1.1.a. , where W 

is the wedge's weight, R the soil reaction and Pa the 

lateral 10ad.This violation of e~uilibrium can be explained 

by the fact the actual slip surface is curved as in figure 

l.l.b. Similar to the Co~lomb's asumptions, the general 

wedge theory became a very popular tool to design retaining 

structures. Instead of planar surfaces, circular and 
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logarithmic spirals ~ere extensively used. There is no 

requirement .ith respect to the location of the resultant of 

lateral Etresses and consequently stress dIstribution. This 

very attractive theory just laid down induced designers to 

believe the prcb~e~ was almost Eolved. Terzaghi (1936,b) 

expressed his concern about the limitations of the theory: 

"Hence tte fundareentat misconception associated with the 

traditional earth ~ressure coaputations does not reside in 

the theorieE as such. 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, 1riction offered by the .all 

or the position of the resultant, although he was aware of 

their importance. His apprehension was related to the 

complete mobilization of the shear resistance of the soil 

along the failure plane. Coulomb simply assu~ed no movement 

and Rankine presuaed little movement would be enough to 

reach a ainiaum value for the lateral stress. In 1936 

Terzaghl repcrted large scale model tests results in sand to 

investigate the influence of the lateral displacement. He 

ran tests in loose and dense sands allowing the wall to 

displace in the horizontal direction and to rotate around 

the toe. Terzaghi concluded for dense sands a triangular 

stress distribution to be representative as long as the 

displacement was large enough to induce slip. The yielding 

necessary to reach Coulomb's total load was significantly 

smaller. Initial displacements change the initial state of 
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stress (at rest) very rapidily to Coulomb's value but not 

with a hydrostatic distribution , and further yield causes a 

gradual redis~ribution of stress without changing the value 

of the resultant of the lateral stress. When tes~ing loose 

sands, the resultant remained i~ the same ~osl~ion 

throughout the test and a much larger displacement of the 

wall was necessary to reach CculGmb's value. The stress 

distribution was of triangular shape during the entire 

duration of the test. It was evident the archini effect was 

a predominant 1actor in the redistribution of the stresses 

in dense sands. 

The most striking difference between Terzaghi's tests 

and the actual behaviour of strutted excavations is in the 

type of de1ormation. As soon as the first level of struts is 

placed, the horizcntal movement at the top is greatly 

obstructed, and further excavation causes Rovement of ~oints 

below the strut until a new level of struts is installed. 

The final displacement shape is closer to a wall rotation 

around the top, 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, not to mention details related to the 

construction procedure being used. Coulomb's earth pressure 

theories suit 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 
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would be considered unattainable. The most e~~icacy can be 

obtained by gradually gaining experience ~rom instrumented 

~ield cases to evaluate the shortcomings o~ the analytical 

solutions. 

~~ Semi-empiLl~ LY~~ 

This section presents some case hls~ories which 

illustrate the developHent o~ semi-empirical design rules 

~or braced excavations. It is not the aspiration o~ the 

writer to present a complete collection o~ ~leld 

measurements in the area. Some investigations which deserve 

to be mentioned may well have been overlooked. 

9 

One o~ the ~lrst engineers to direct his attention to 

the actual behaviour o~ braced excavations was Meen (1908) 

who noticed In strutted excavations in sands that the upper 

struts were vorking at very tigh stresses compared to the 

lower struts. It vas a purely visual observation at that 

time. The upper struts in some cases even bent a little 

while the lower level ones were not so tight. This 

observation contracicted Coulcab 4 s hypothesis o~ a 

hydrostatic lateral pressure distribution. Meen attributed 

this anomalous behaviour at that time to archin~ e1~ects. He 

then proposed a ci1~e~ent approach to the design o~ such 

structures. The resultant was to be applied at a distance of 

2/3 of the teight from the bottom o~ the excavation. He 

assumed a wedge cf soil (~igure 1.2) ABC sliding freely 

along Be which makes a angle ~ (angle o£ repose) with the 
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horizontal direction. The ansle ABC is bisected by BD. The 

total horizontal thrust is calculated by : 

11 

Pa = W(ABD)/tan a ••••••••••••••••••••••••••••••••• (1.1) 

This design procedure was .idely used by the 

engineering prcfession on some of the most important 

constructions in that decade for example the retainins 

structure for the Brooklyn Subway in New York. 

Moulton (1920) also recognized the influence of the 

arching effect and noticed that the maximum earth pressure 

was either at or slightly above the midheight. He argued the 

faIlure surface was not a function of the angle of repose 

but it would be , regardless of the type of soit in a 

plane reacting the surface at a distance of balf the depth 

from the wall. 

Terzaghi (1936,a) assumed the ratio between the 

horizontal and VErtical stresses to be of the form: 

x = Xc ( 1 + Ci*Z/H ) ••••••••••••••••••••••••••••• (1.2) 

where 

Kc = minimuu value of the ratio (Ka) 



Ci = coef~icient which express the relaiion between K 

and the sheeting deflection. For example , for Rankine 

siate (active) Ci = O. 

H = de~th of the e~cavation 

Z = vertical distance bet.een the bo~tom of the 

excavation and the point in question. 

12 

He obtained a trapezoidal earth pressure distribution 

for sands. These results had still to be confirmed. Field 

measurement in sands was done in a braced excavation for the 

Subway in Berlin (~erzaghi, 1941) which confirmed Terzaghi's 

prediction. He then proposed the earth pressure distribution 

of figure 1.3 • Be believed the reaction of the soil below 

the bottom of the excavation had little influence on the 

stress distribution, therefore it was ignored. The arching 

effect hypothesis was then s~bstantiated by field 

measurements ir. sands. 

Peck (1941,1943), during the construction of the 

Chicago Sukway , took the oppcr1~nity to investigate the 

behaviour of cohesive soils. Feck's concern, besides the 

determination of the strut loads, was the validity 01 the 

implicit hypothesis in Coulomb, Rankine and the general 

wedge theory abo~t futl mobilization 01 the shear strength 

of the soil. It was clear to him that this had to be 

obtained at the expense of seme lateral displacement. If 
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In5u~ficlent expaneion .o~td explain loads larger than the 

earth pressure tteories, he shculd obtaIn significant 

scat~pring be~ween different contractors' section lOdds. 

Nevertheless, ty monltorln@ loads In sections built by 

dlfferent contractors, he consistently obtained a ratio of 

0.15 between ~te 5hear strength actually developed and the 

ffiaximum available shear strength. The insufficient expanslon 

hypotheei~ _as very unli~ely. It ~eemed the shear strength 

of the soli was bein~ mobilized hut the presence ~f the 

q1ruts was inducin~ shear etresE redistribution. lhe 

rpsultant of the lateral load was located at a distance 01 

O.43H ~rom the bottom of the excavation. Fro~ Peck's 

m~asu~ements a ne. insi¥ht was broupht ~ith respect to the 

amount of yielding neCEssary to mobilJze t~e ~oil's ~heer 

strength. ~he designers telleved lateral dis~lacement in the 

order of 5' of the depth of the excavation ~as necessary, 

hut Peck observed O.25~ would be ~nou~h. I~ the conclusion 

ta hts work, Peck euggested the stress distribution of 

ft~ure 1.4 • 7he factor or 1.2 .as to comp~nsate tor ~he 

sCAttering 01 the re~ults. ~hese design recc~rnendatlons 

emerged iro~ field ~~asurements in medium stif~ clay~. 

P~ck's deteruinatlcn of Ka eftn be reproduced by computinv 

the total l8tF~al load Fa fron Rankine'9 ~xpress!on for 

active stresses ~here pur = O. (equation 1.2) and dividing 

hy the total fluid pres~urelH**2/2. 
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Pa -= ~H 4 Cu ••••••••••••••••••••••••••••••••••••• ( 1. 3 ) 

Ea = ·~1I**2/2 2 eu 1l •••••••••••••••••••••••••••••• (1.4) 

Ka = ~H**2/2/F.a •••••••••••••••••••••••••••••••••••• ( 1.5 ) 

Ka = 1 4 Cu/«(fl) •••••••••••••••••••••••••••••••• (1.6) 

It is i~pliclt in this d~rlYQtlon that tension _Jll b~ 

dev~lc perl up 10 the h~igh~ 4 Cu/tcontrlbutin~ to the 

s tability of the ~a Tschebota~lotf (1951) qu~s~loned the 

v~lldfty of Feck's recom«ecdation and propoEed *te str~ss 

rll~trlbution on fi~ure 1.5 • 

Co 1 d~ r( H : 48) took measurements j nat r~nch e xca va tE'd in 

~tl!f fissured c18Y~ ~nd according to cla~~lcal eart~ 

p!'eseur~ theories or Pecli's reco.mendations tile wall WQ\lld 

hav~ teE'n able t~ stand hy Itself, but t~~ struts _ere 

ohsprvect to be carryln@ a SUbstantial load. 

CiAiag~io a~rl AJerr\lR (1957) confirmed the pres~oce of 

lrnd 1n trac~d excavatlon~ in stifT fissured cLays for 

rlE'pt hs in w~lch Feck's distribution lndicated no load. but 

after 6 certain de~th Pecli's ~redlc1ionE _ere suitable. tn 

view of data collected since ler~aghl and Peck (1948) they 

reviewed t~elr reccmmendatlons in 1967 ~hich werp even more 

substAntiated ty f\lrt h .~ we8sur~ments (Peck, 1869). Peck 

maJn~81ned ttat the cuts prlmarily investigatE'd rlict not 
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allow devetop~en1 cf failure below the bottom of the 

excavatton due to 1he presence of much stIf£pr material. In 

this case the expres9ion 1.6 yo~ld remain u~altered tor 

medium ~nd soft clays. The soil ~roflle in Oslo(NGI, 1962) 

dld nat ~rovide the sase ccndltlons. In thl~ ca~e the 

poten~ial ~lip surface can extend well beyond the bottom of 

the cut therefore a new ex~ression for Ka .as proposed 

(pquAtion 1.7) (figure 1.6a) • 

1\1'\ = 1 rr. 4 Cu/( H) •••••••••••••••••••••••••••••• (1.7) 

tn which ~ is 6n empirical reduction facioT tc ke applied to 

ttlp vl~lue of Cu. For the Oslo cuts the value of m wa~ found 

to be 0.4 .hich also applles to the measurements for the 

5ubwey In ~exlco City (Rodrig~ez and Flammand,196~). It ts 

"orth whIle to mention that In ChicA~O cuts t~e strut loads 

corr~s~ond to the v~lue m = 1.0 even ~or i~tprmedlate 

rlepths, a situatIon tn which the potential slip surface 

could develop beyond the bottcm. Ter7.a~hl and Pee-k (18f7) 

attributed thp variation 01 m to the stress ~train 

chAracteristics of the clay, nnd not to t h E> value of Tr.e 

~t8hllity numher N ( H/Cu), which is a factor indjcative ~he 

excavation i~ ap~roaching a complete base failure. They 

belleved the basic dIfference between the ChIcago and the 

Oslo cLays .as tte preloadI~g to which both have been 
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subjected. Th~ Oalc clays (as for Mexico Cit.y clays) are 

truly no~matly con~olidated whereas the Chicft~o ClAYS have 

been qllphtly ~reloaded. This preloading was not pnough to 

a11~r th~ 5t~pn~th parameiers but it was sufficient to 

modify the initial modulus of deformation. Eased on a slip 

surface helo_ the bottom 01 the Excavation HenkeL (1572) 

ottained vatups of lateral ~tress sl~nific8ntly higher than 

Rankine's vslue, and he ~herefore attributes the value cf m 

to be associated _ith wea~ soil ~elow the bottom of the 

pxcavation. With r~~pect te stiff clays the v61up 01 K~ 

using pquatlon 1.7 ~ould stIll be negative. ~he .xpres~ioo 

for Ka w~ s based on the 8~su.~tio~ o~ the developwrnt of 

pla~tic zones, but for values of N(4 this .ould r. ot be the 

casp, thprefcre it shoul~ not be u~ed 10r valueR of N(4. 

T~rza~ht and Pec~ (1967) then ~Tcposed .hr strrs~ 

distribution of figure 1.6.b. ~he lowe~ va to retainin~ 

structures allowing reduced ~ovement and for ~hort 

ronstr\lction tim(l, and tt-e Uft:er value other",ise. This waH 

an empirical reccm~p.ndatior. still to be proved h} field 

m~a3\lrements. Sp~cial attention from now nn ~ill ~e dEvoted 

tn ~xcav6tlon In ~ti~( clays, an area in .hJch there are 

x nrp que~tJon~ still to bp ans.ered. 

Some "ore recent field instruw.entatJor.s reglst(lred 

lateral loaden wall In stifi soll~. Measure~ents of stre~R 

on a tied-bac~ wall In sti1f clays hy ~~nsur and Alizadeh 

(1970) Indicated a v~lue of O.10~". Chapman, Cording and 

Schnahel (1972) instrumented several sectionF in the 
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Washington D.C. ~uh.~y • Yhe ~oi' profile ie composed of 

stratified layers of stiff silty clay, sand and gravel. The 

resul~~ of t~eir ~easure.ent~ suggested 0.t5~H for depths 

around 10 fe.~t 0.20(H for depths of 40 to 50 feet and 0.2a, 

H for depths of 60 feet. Armenta (1972) monitored the 

p~rformance 01 a braced excavation in ~tlff sandy clay in 

Oakland, California. He _ ~ropoeed the strese dIstribution of 

figure 1.7 • Clough, Weber and Lamont( 1972) o~talned O.4!H 

8S the best fIt for their measurements on a tied-back watl 

in Seattle stiff fIssured, varved lacustrine clay. 

1~~ ~QE~~~~ ~ud~ 

Accordlr.~ to the ty~e of structure deslgn~d to Fupport 

tat~ral e~rtt pr~ssure and control settlements, ~lfferent 

modes o~ behaviour are present, thereiore r~quirin~ 

d!stfnct treataents. The rigIdIty of the r~taining structure 

has a direct impact on leads and dlsplac~lDeots and here, for 

si"plicfty, they are divided into three cate~oripe: 

1. ri~id ~all - the retalnlnq st~ucture i~ stiff encugh to 

prpvent 80) bendin~ of the wall. It moves as a rigid 

block elt~er by trans\aticn or rotatlor arounn tte hese. 

Tradltlonal earth pressure theorie~ estiThate the tetal 

load and earth pressure dIstrIbution with satisfactory 

accuracy. 

2. flexible wall - the stiffness of the retatnlng wall is 

Quch t~at sl~nlflcant bendln8 is presen~. The emb~dment 

at the hase provideR 8 SUbstantial contrihution to 
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resls~ the lateral load. Cantilever and anchored sheet 

pIles fall Int~ this category, as wel~ as braced 

sheeting. 

3. semirigid wall - a class of structure where hracing or 

anchors are present to avoid excessive settlement and 

the wall is not £lexible as a sheet pile wall, but 

flexible enough to allew some bending, £or example a 

diaphragm or tangent pile wall. 

7he problem being investigated here, relates to the 

behaviour of semIrigid structure in stiff soil. 

The objective of this research, besides documenting a 

£ield case of a deep e~cavation in sti£f soIl, is to 

improve the capability to predict earth pressure 

distribution and the pattern and magnitude of the 

displacement caused by the excavation. 

23 

~he line cf attack adopted here involves four di£ferent 

phases descrihed as follows: 

1. acquisition o£ field data 

~o evaluate the gap hetween theoretical methods and 

actual hehaviour 01 engineering structures It is 

imperative to have field observation on full-size 

structures. An analytical method which is able to 

reproduce field data provides a sound basis for future 

design guidelines. The first phase involves the 

ins~allation of field equipment necessary to monitor 

strut loads, soil aove~ent and lateral stresses in a 

semirigid struc~ure in stiff soil. 
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2. laboratory representation 

Peck (1969) alle~es the modulus 01 de10rmation o£ 

the ground to be t~e 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 determination of an adequate stress-strain 

relaticnship to represent the actual 1ield conditions. 

Samples of "undisturbed" material will be extracted and 

submitted to laboratory tests under different stress 

paths. 

3. analytical model 

In situations _here the stability factor is less 

than 4 there is no uarked ~resence of a zone of 

plasiification, therefore traditional earth pressure 

theories are not suitable. 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 failure (Morgenstern and 

Eisenstein, 19,0). The objective of this phase is an 

analytical solution for semirigid structures in stiff 

soi Is. 

4. analysis of the case history 

All tte three previous steps ~ill be brought 

together in this phase. With the stress strain 

relationship obtained from the laboratory 

representation, with the aid of the results generated by 
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the analytical model , a critical analyeis o£ ~he 1ield 

data will ~e per£ormed • It is hoped the field data can 

be reproduced by the analytical model, therefore 

allowing a reliable parametric study to evaluate ~he 

influence cf seme of the variables. 

It is expected that a broader perepectlve can be 

obtained by this integrated approach. Field observation, 

laboratory Investi@ation and the analytical solution 

will be all examined with the purpose to evaluate the 

relative i~portance of each one of them in the light of 

the overall ~ehaviour. 



2. DESCRIPTION OF THE FIELD CASE 

l~! ~~~dys!icn 

The rapid developmen~ cf the C!~y o£ Edmonton led the 

city planners to propose the construction o£ a light rail 

transit system to improve its public transportation 

£acilities. ~he North East ~ail Rapid Transi~ line (figure 

2.1) was concluded to be the line o£ the highest priority. 

It Joins the dcwntcwn area to zones which host public 

entertainment events, therefore requiring £ast flow of 

people in short periods of tiae. 

The dominant presence of sti££ soil, in the £orm o£ a 

glacial till (figure 2.2) in the area o£ the underground 

portion of the linE, of£ered a great opportunity to study 

the per£ormance of retaining structures. The geotechnical 

properties and a brief summary of the local geology will be 

presented in subsequent sections. The underground part 

connecting Jasper and Centen~ial stations vas constructed in 

two parallel tunnels and their per£ormance has been 

described elsewhere (Eisenstein and Thomson, 1978). The 

Jasper station is located in the downtown core of the city 

surrounded by buildings. The Centennial station location, on 

the contrary , is 1ree o£ interference from construction in 

the neighborhood, and is therefore a more appropriate case 

£or an investigation. 

26 
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~~ Geolo~~ 

The geology of the Edmonton area has been described by 

a large numbEr of authors (Bayrock and Hughes, 1962 , 

Bayrock and Berg , 1966 , Wesigate , 1969 , Ramsden and 

Westgate , 1971 and May and it.omson, 1978 ). A brief sumary 

will be prEsented here. 

During laie Cretaceous time ( 80,000,000 years B.F.) 

the Edmonton area ,as covered with a shallow continental 

sea. Clay, silt and sand were deposIted. Some volcanic 

activicty In the WEst deposited blankets of volcanic ash. As 

a result, fine-grained bentonitic sandstones, siltstone and 

clay shales (sedimentary rock formed by particles less than 

0.06 mm. with laminated structure) were formed. During much 

of the Tertiary and early Fleistocene times, the area was 

subjected to erosion cycles. The last major erosion cycle 

before glacisti<n formed the preglacial channel of the North 

Sas~atche.an River. Streatts tlowing from the ~est deposited 

differeni sizes 01 quartzite roc~ fragments known as 

Saskatchewan sands and gravels. A thick lCE steet advancing 

from the nor1heast laid down a glacial deposit called lower 

till. A later ad~ancement from the northeast gave origin to 

the upper tIll. The upper iill is yellowish ~ith columnar 

joints and the lower one greyish with a rectangular Joint 

system. The presence ot thin layers of sand represent minor 

washing of glacial debris by running water. The melt~ater 

from the glaciEr resulted in the formation of proglacial 

lakes which gave origin to the surficial deposit known as 
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Lake Edmon~on clay. 

b~ .1~1 ~1ile 

In addi~lcn ~o the ~est hole da~a obtained for this 

research ~roJect, boreholes logs from nearby ¥roJec~s were 

u~ilized tc aid the interpretation 01 the local profile. At 

the location of the sec~ion under investigation three 

boreholes for multiple-point magnetic extensome~ers and one 

for a slope indica10r .ere drilled. Previous light 

construction activities in the area has removed part 01 the 

surficial materials, and assorted fill has been encountered 

in the initial 1.5 meters. ~able 2.1 can be taken as the 

general ~rcfile for the section under study. ~he presence 01 

water was observed at depths of 27 meters. 
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:!AELE h.1 

descri~tion •••••••••••••••••••••• ~ •• depth(m) 

Li~ht brown clay. Some gravel 

and sand. Pieces of concrete and 

clay bricks from old 

construction •••••••••••••••••••••••• O to 1.5 

Ero\\n and dark grey silty clay. 

Firm to stl1f ••••••••••••••••••••• 1.5 to 4.5 

MedIum brcwn clay tIll. Clay, 

silt and sand. ~races 01 coal. 

Some gravel. Stlff ••••••••••••••••• 4.5 to 10 

Dark grey clay till. Clay sIlt 

and sand. Traces of coal. Some 

gravel. Sti1£ ••••••••••••••••••••• 10 to 17.5 

Nedlum sand with traces of coal ••• 17.5 to 23 

Interbedded ~udstones and 

slltstones ••••••••••••••••••••••••••• 25 to ? 
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~~ ~YS3~~ ~ ~~ruction Rrocedur~ 

The retaining structure for the Centennial station 

consists of a ~ertical wall supported laterally by three 

levels of permanent struts. 

32 

A typical cross section can be seen in figure 2.3 • The 

vertical wall is composed of concrete tangent piles (figures 

2.4 and 2.5) • Every fifth concrete pile starts at the 

ground level and the bcttom is belted and embedded in the 

bedrock; their diameter is 106.7 em. The four i~termediate 

concrete piles are 91.4 em. diamEter. Their tops are at the 

mezzanine le~el and their bcttoms are located 200 em. below 

the bottom of the exca~ation (figure 2.4). The sheet pile is 

composed of sections of the ty~e MZ 27 which diBensions are 

in figure 2.6. Tte girders, forming the street level 

surface structure, are precast concrete beams with the cross 

section of flg~re 2.7. 

On top of the long piles there is an "L" shaped 

concrete bEam which runs parallel to the axis of the 

excavation, providing 8 support for the girders(figure 2.9). 

The mezzanine floor structure Is cast-in-place with the 

dimensions of figure 2.10 •• The bot~om floor is a 

continuous beam also cast in place with the dimensions of 

1igure 2.8. 

The first stage of the construction procedure consists 

of drilling holes for the long belled piles, followed by the 

placement of the reinforcement and the concrete. After all 
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the long piles are in place, the same operation is repea~ed 

for the shcrt ones alternatively • ~he upper part of the 

short piles is ~ackfilled with soil and compacted. The next 

step consists of a small excavation for the "L" shaped 

beams, which rest en top of the long piles. Lhe sheet pile 

wall is then driven to cover the space het~een the girders 

and the mezzanine. At this ~oint the actual e~cavation 

procedure starts. When at a depth enough to provide room for 

the excavation equipment to work belo~ them, the girders are 

placed on top of the "L" beams. Lhe excavation proceeds to 

the second level of struts (Figure 2.14) when the mezzanine 

floor is poured. Figure 2.11 illustra~es the end of this 

stage of construction. After the concrete is cured for 28 

days the excavation resumes from ~he ends of the station 

(figure 2.12) ap~reachlng the section under investigation 

(figure 2.13) • ~hen the excavation reaches the midhelght of 

the second s~an, a temporary sliding system of struts is 

installed. When the final depth Is reached the bottom floor 

is poured and the tempcrary struts are released. The total 

elapsed time for the censtruction of the Centennial station 

was 2 1/2 years. 
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FIGURE 2.13 EXCAVATION NORTH OF CENTENNIAL STATION 

FIGURE 2.14 EXCAVATION BELOW THE GIRDERS 
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3. FIELD INSTRUMENTATION 

.aw. Prellmina~ ~.l! 
Previous fo any £leld monitoring equipment insta~lation 

a preliminary analysis was performed to guide the design o£ 

the field instrumentation. 

The pertinent soil data were ob~ained £rom previous 

work in the arEa. As the behavi~ur of the construction is 

determined predominant~y by the presence of the glacial 

ti~l, the preliminary analysis concentrated on this 

materia~. 

Norgenstern and Thomson (1970) presentEd results from 

unconsolidated undrained tests tc compare fests on specimens 

£rom blocks and from the Pitcher sampler. They indicated 

shear strength results smal~er for block samples and the 

compressibi~ity was independent o£ the mode of sampling. The 

cORpressive strength for samples taken from depths varying 

from 20 to 28 aeteys varied between 3.5 and 8.0 kg/cm2. De 

Jong (1971) and De Jong and Morgenstern (1973) considered 

the values obtained £or the modulus of defcrmation 

inadequate when determined from triaxial tests results. 

Va~ues as low as 80 kg/cm2 were obtained from unconsolidated 

undrained tests. Back analysing de£ormation measurements led 

to the conclusion that these results were £ar below the 

actual values. Eisenstein and Norrlson (1973) predicted 

£oundation de£ormation using results from pressuremeter 

tests which agreed remarkably well with field observations. 
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A value of 1400 kg/cm2 for the modulus of deformation in the 

area transpired from ~teir wcrk, therefore it was used 

throughout the preliminary analysis. The geol~gic history 

indicates this ~aterial 10 be lightly overconsolidated, 

therefore KO 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 neighbourhood 01 0.85. 

A simple 1inite element analysis was performed assuming 

the material to betave in a linearly elastic manner. 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 to the 

excavation whict, when added to the initial state of stress, 

yield the final state of stress. The analysis performed was 

done incrementally until the final depth was reached. 

~hree distinct stress paths emerged from this analysis. 

The elements lccatEd beside the wall in region A (figure 

3.2) exihibited no significant change in the vertical normal 

stress, while the horizontal normal stress was gradually 

being reduced as t he excavati~n was taking place. The 

elements in zone B sho.ed no change in the horizontal normal 

stress and a red~ction in the normal vertical stress. The 

elements in zone B conferred a prop~rtional reduction in 

both stresses at the early stages of the excavation followed 

by a reductIon in horizontal stress with constant values for 
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the vertical stress. The proportional ~oading (along KO 

line) was observed untIL a reduction in 20% of the vertical 

stress took placE. ~here was , of course, a gradua~ change 

£rom one stress path to another t there10re an arbitrary 

determination c£ the bcundaries _as established. 

BasEd on this preliminary analysis the location 01 the 

displacements deiectors was planned. Valuable informatIon 

obtained ~as ~Ith respect to ground movements: it was 

initia~ly ~lanned to install slope indicators and sur1ace 

monuments to distar.ces as far as 20 meters from the wall, 

whereas the analysis suggested no signi1icant movement wou~d 

occur at those distances. It became clear that 1£ the 

material behaviour is stress path dependent, laboratory 

testing would deserve some attention in that respect. 

3.2 Layout ~ ~ InstrymentetA~~ 

The first question facing the investigation 01 an earth 

retaining structure Is the measurement of the loads imposed 

on it by the surrcunding ground. The overwhelming majority 

of the field wor~ concerning the appraisal 01 lateral load 

on braced E~cavaticns involves the measurement of the strut 

load although it seems more useful to search for the lateral 

stress distribution along the wall. The low ef1iciency of 

measurements of lateral stresses directly compelled the 

researchers to look for an alternate approach which consists 

in monitoring strut loads. The efficacy o£ stress 

measurements is even lower when dealing with stiff soils. 
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During the course of this project an attempt to measure 

stress changes along the wall ~as done with the installation 

of two hydraulic pressure cells at the interface between the 

tangent pile wall and the s~rrounding ground (figure 3.3). 

A direct measurement of the strut load on the girders 

was done with eighteen electrical load cells placed between 

the girders and the "L" shaped beam. It was necessary to 

measure lateral lead c~vering the horizontal distance 

between 2 long piles to pick up changes due to the 

nonhomogeneity 01 the cross section along the axis 01 the 

excavation. It was decided to monitor the horizontal 

distance between 3 long piles to account for eventual faulty 

load cells. The same procedure was adopted for the other two 

level of struts. 

The second level of struts was resting on top of the 

short piles, tbereby preventing the measurements by toad 

cells. Eight strain gauges were installed at this level 

(figure 3.3) • The bottom flo~r resting on the ground and 

cast in place allowed the installation of t~elve load cells 

and eight strain gauges. 

To evaluate the extent and ~a@nitude of the ground 

movement, three slcpe indicators, eleven settlement p~ints 

and three borehole extensometers were installed. Due to the 

nature of the soil and the dimensions of the structure,it 

was anticipated, based on experience collected by Peck 

(1969), that it would be necessary to monitor points as far 

as 3 times the depth of the excavation. After results 
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obtained from the pretiminary analysis It .as concluded that 

the w.overnent of points situated that far £rom the wall would 

be insignificant.It was decided there£ore net to place any 

disptacement measurement equi~ment £urther than the depth of 

the excavation. 

The movement cf the soil around the excavation can be 

caused by inward movement of 1he wall, volume change of the 

ground and 110w of soil below the wall. 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 o£ the excavation, which 

ultimately causes flow of solI, it was decided to install 

two borehole extensomeiers inside the excavation (figure 

3.3) 

~~ Q~~ ~oyement 

~l ~~S!~~~~~ 

One slope indicator (SI1) with aluminum casing .as 

placed at a distance of 8.5 meters from the retaining wall. 

Concr~te sand was used as backfilling material, as dense as 

possible to provide good contact beteween the slope 

indicator and the s~rrounding ground. Very Iltte movement 

(figure 3.4) was observed due to the excavation. The 

preliminary analysis suggested that the zone affected by the 

excavation to ~e very reduced, end according to the results 

obtained frow. this slo~e indicator it proved to be even 

smaller than the analysis indicated. It transpires £rom this 
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inclinometer readings there is a remarkably sma~l zone of 

influence of the lateral disptacemen~ for the present case 

history. Lambe, Wolfskill and Ja~orsky, 1972) reported for 

the subway in Washing~on D.C. (very stIff to stiff clays) 

movements of about 3 cm and 2.5 cm. for points 4 m. and 11 

m. from the ~all. 
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Two slope indica~ors were installed in the deep piles. 

The first one of the« (SI2) had its aluminum casing attached 

to the reinforce~ent of the pile wbich was being mounted in 

the horizontal position. During the lifting operation 

excessive def~ection caused the collapse of one of the 

joints. When it was being repaired a rotation of the casing 

caused misaligr.ement of the groove with the axis of the 

excavation. ~he an@le of misalignment was measured and 

proper correction was done by the computer program. To avoid 

slailar problems the next slope indicator (SI3) had plastic 

casing where no di1ficul~ies were encountered (figure 3.5). 

The reading for SI3 (figure 3.7) indicated a maximum 

deflection of 0.91 cm. at a poInt between the girder and the 

mezzanine level. S12 (figure 3.6) recorded a much greater 

deformatior. (1.4 cm.) registeTed at the ground surface. SI3 

indicates the presence of a significant load being carried 

by the girders while S12, 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 transait it to the "L" shaped beam and finally to the 

girders. There is a clearance of 7.6 cm. between the "LI' 
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shaped beam and the precast girders which is filled with 

cement grout. ~he grout in the cross section c~ slope 

indicator SI2acted as a so1t material there£ore not 

transmiting the lateral load to the girders. 

~~ HYJ3~RSl~~ extensgmeter 

56 

The multipoint borehole extensometer developed by the 

Building Research Establishment (Burland ,Moore and Smith 

1972, Ward and Burland 1973 and Smith and Burland 1976) 

consists basically of a magnetic ring housed in a PVC 

cylindrical unit which is spring loaded against the wall o~ 

the borehole. The depth o~ each magnetic ring is determined 

by lowering a probe containing reed switches which operate 

as they pass through the magnet. 

For the first borEhole a 1.62 cm. diameter hole was 

drilled until the Edmonton formation was reached and kept 

~illed with drilling mud to prevent caving. The PVC pipe was 

introduced and the placing tool lowered to install the first 

magnet. Great difficulty was encountered at the depth o£ · 

approximately 6 meters, indicating some caving took place. A 

20 cm. diameter hollow auger was placed outside the PVC pipe 

to the depth of 6 meters. All the remaining magnets were 

installed and the same procedure was adopted for the ether 

two boreholes. To prevent similar problems in the long run, 

after the installation of each magnet the hole was 

back~illed wIth concrete sand to the depth of the next 

magnet to te lowered. Measurements during the early stages 
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of ~he excava~ion indicated no movement o£ 1he magnets. Tbis 

behaviour was attributed to the high degree o£ densi£ication 

attained by the sand caused by the vibration o£ the 

construc1ion equipaent. ~he strength o£ the back£illing 

material becamE then c~mparable to the surrounding soil 

which e££ectlvely locks the magnets on the PVC pipe 

(Marsland and Quarterman, 1914). A£ter the recognition 01 

the problem an extra borehole was drilled inside the 

excavation wten it reached ihe mezzanine level. No caving 

was to be expected considering the upper 6 meiers had 

already been excavated. A 12.1 em diameter hole was drilled, 

there£orethe springs had to be modi£ied £or the new diameter 

borehole. A ~entonite slurry was used as back£ill as opposed 

to concrete sa~d and special heavy protection around the top 

o£ the PVC pipe was made to prevent the dropping o£ small 

lumps of soil ~y the excavation equipment. Once more no 

aovement was recorded. It appears the springs which had been 

lengthened could nct provide enough spring load to overcome 

the small friction beteween the PVC pipe and the cylindrical 

unit. No records o£ bottom heave and deep-seated vertical 

movements could therefore be obtained. 

~~ Set.!..!~.!!l~Jl..! ~~~ 

To monitor the sur£ace vertical uovement o£ the ground, 

eleven sur£ace monuments were established. The installatIon 

procedure consis1ed of augering a 20.3 cm. diameter hole 1.5 

meters below the sur£ace. A 1.8 meters long steel bar 
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(diameter = 1.25 err.) was placed inside and ~ammered d~wn 

the remaining 30 cm and the h~le was back~illed with 

e~ncrete sand. A precision level was used to determine the 

change in vertical position with the excavation. Figure 3.8 

represents tte vertical rrovement when the excavation reached 

its ~inal depth. The gradual reduction o~ vertical movement 

with the proximity of 1he ~all indicates the angle of 

1riction between the retaining wall and the surrounding 

ground was enough to prevent relative rrovement. 

~~~ Loads A~~ ~~esse§ 

~1 .f.U~Y...U ~.!.!~ 

~wo Gloetzl hydraulic pressure c~lls were placed to 

detect the change in the lateral stress with excavation. The 

units were located at the interface between the concrete 

piles and 1he s~rrounding soIl. After the hole for the pile 

was augered and tte reinforcement cage already intr~duced, a 

vertical surface was excavated beside the pile at the 

required level, ~roviding a flat surface to rest the 

pressure cell en. A me1al frame traced the cell against the 

opposite side of the borehole 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 



." ..... 
'" c::: 
::0 
JT\ 

W 

00 0.. 
-t. 

III 

Ul M-
III JT\ ~ -I n r- et> JT\ 

3: ....., 
JT\ 

"'1 :z 0 -I 3 

M--0 ;:r 
0 et> ..... 
:z 

~ -I III Ul --' 
--' 

::0 -JT\ 3 ):0 
0 ..... 
:z 
:i') 
Ul 

o 

o 

W 

O"l 

~ 

--' 
N 

vertical movement (cm) 

o 
00 

0 

_0 
0 

o 

o 
N 

o 
o 



60 

leads. 

~ 4. 2 ~.!.n Q.§.!U!~.§ 

Each horizontal beam shaping the mezzanine provides 

lateral support for 5 consecutive tangent piles. ~wo of 

these beams were instrumented with 3 vibrating wire, 3 

electrical strain gauges embedded in the concrete, and 2 

weldable electrical strain gauges on the reinforcement. 

Their locations in the cross section can be seen In figure 

3.9. ~hen the excavation reached 10 meters deep a 

modification introduced in the original design was to be 

I 
eXEcuted. An additional ~edestrian exit adjacent to the wall 

required an e~cavation to ~he nezzanine floor outside the 

I wall. As a result of this modi1ication the lateral load was 

to be partially released. Therefore the results presented 

I herein express the lateral load produced by 10 meters of 

excavation. The inferred stress distribution (figure 3.10) 

I indicates a lateral load 01 40,000 kg per lInear meter along 

the axis of the excavation (A~pendix C). 

For the bottom floor 5 vibrating wire and 3 electrical 

strain gauges .ere installed to monitor the lateral load in 

this strut. All the strain gauges were embedded in the 

concrete. As was mentioned before, a set of temporary struts 

was placed half way between the mezzanine and the bottom 

floor. The temporary struts .ere released 14 days after the 

bottom floor wes poured • The strain gauge readings were 

taken until a month afier the temporary struts were released 

.. ' 
I 
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and no load was recorded. It appears the load was carried 

solely by the mezzaninE. Ttis is con£irmed by negligible 

movement of the wall at the level of the bottom floor 

compared with the uovement at the mezzanine level (figure 

3.7) 

~~ LQa~ cells 

63 

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 the girders were assembled in a styrofoam 

panel (figure 3.12) isolating each girder load. A roller was 

placed under each girder to prevent trans£er of the load by 

friction bEtween tte girder and the "L" shaped beam. The 

panels were then in contact witb the vertical £ace of the 

IlL" shaped beam (figure 3.13) and the girders fInally 

lowered in front of each panel (figure 3.14 and 3.151. The 

load cells for the bottom floor were mounted in a very 

siallar way. 

The results of the load cells on the girders indicated 

the absence of load in all panels. This observation agrees 

with the readings of 512 which is located in the same area 

(figure 3.3). Due to the small magnitude o£ the 

displacements in this case history the stress strain 

properties of the erout which a space of only 7.6 cm. 

assumes great importance in the lateral stress distribution 

and even more in its primary function which is to transmit 
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~he load 10 the strut. 

The readings for the bottom load cells confirm the 

results of the strain gauges where no load was present along 

the bottom floor • 

.as. 4. 4 Su.!!l.!!!Al:~ 

A deep excavation in stiff clays was instrumented with 

the purpose10 of regis1ering lateral load and 

displacemen1eassociated wi~h the excava~ion 

Vertical ground uovement was monitore ky set~lemen~ 

points which indicated the zone a~fec~ed by 1he excavation 

to be reduced to the poinis si~uated at a horizon~at 

distance 01 ap~roxlmately the dep1h of ~he excavation from 

the wall. The maximu« displacemen~ occurred at points 

situated 11 m from ~he wall, The pile movements indicated a 

maximum lateral displacement of 0.91 cm a fir« contact is 

provided bEtween the .all and the stru~s and 1.4 cm for a 

situation in which the girder is not activated. 

Load cetls and strain @auges were installed in the 

struts indicating a loed of 40,OOOkg per linear meter along 

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

~~ In~ucti~D 

ALthough much attention has been devoted Lately to the 

importance of etress paths in soils, the assumption that 

stiff clays behave as linearly elastic materials (Burland 

1977 and Wroth IE71) obscured the significance of the stress 

path for such materials. For predicti~ns of settlement in 

London Clay, which is the classical example of stiff clay, 

Simons and Som (1969) c~ncluded it is of the utmost 

importance to reestablish the existing in situ etresses and 

submit the specimen to stress paths similar to the field 

conditions. 

During the preliminary analysis for this project it 

became clear the stress paths associated to excavation 

problems bear no resemblance _ith conventional laboratory 

testing. As the prediction of soIL movement is considered 

one of the meJcr goals of this wcrk, the laboratory testing 

will concentrate on the effects of different stress paths on 

the stress strain parameters. 

A typical feature in stiff clays is the presence of 

fissures which makes the job of determining in situ strength 

and stress strain parameters much more difficult. Small 

specimens are not representative of the field conditioDs and 

tend to overestimate the shear strength. 

When these materials have their i~ situ stresses 

relieved, they tend to swell, causing a red~ction of the 

69 



70 

modulus of de1ormation. Comparisons between di£ferent types 

01 tests iro London Clay indicated the moduli o£ de£ormation 

obtained 1rom pressure~eter and laboratory tests to be 

substantially smaller than the ones obtained 1rom large in 

situ tests (~arsland 1S65). Moduli o£ de£ormation determined 

£rom large plate loading tests (865 mm) were compatible ~ith 

ground movements for excavations and £oundations, provided 

that, a£ter the surface has been machine £inished, the 1irst 

50 to 70 mm are removed by hand digging £rom the base of the 

borehole (~arsland 1971,a). One important 1actor to be 

considered during these tests is the length 01 time between 

the excavation and the per£ormance of the test. 

With respect to the undrained strengtt, the results 

from laboratory tests with samples large enough to contain 

sufficient fissures fell within the values obtained from 

large plate loading tests (Marsland 1977), while the values 

achieved by the pressureme1er tests were considerably higher 

(Marsland and Bandolph IE77). Comparative studies between 

borehole and block samples (Ward, Samuels and Butler 1959 

and Ward ,~arslar.d and Samuels 1965) indicated a reduction 

in undrained strength and the modulus of deformation £or 

tube samples; the dominant reduction being observed on the 

modulus of deformation. When a block sample is taken from 

the ground, the fissures open due to the stress release and 

the material behaves like blocks o£ weakly bonded material. 

Shearing £orcee developed during tube sampling operation 

weakens these bonds to a much higher degree. 
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The in£luence on the undrained strength, when compared 

to the undrained uodulus of de£ormation, is less predominant 

but still present. With respect to drained strength, a 

di££erent behaviour Is present. Results £rom large in situ 

shear box tests, were _ithin the range o£ data £rom triaxial 

tests with 7E and 125 mm diameter specimens (Marsland 

1971,a). The same conclusion can be drawn from results in 

Barton clay published ky Marsland and Butler (1967). 

Christe~sen and Hansen (lE5S) also encountered the same 

trend for drained strength data obtained from large plate 

loading tests and small triaxial specimens in fissured 

clays. Drained strength parameters £rom laboratory tests in 

stlf£ fissured clays from Nanticoke, Ontario were consistent 

with results from field shear bex tests(Lo, Adams and 

Seychuk 1B69). There was no definite tendency of the modulus 

o£ de£ormation with the sam~le size for block samples, but a 

pronounced di~turkance in borehole samples (Lo, Seychuk and 

Adams 1971) was observed. Experience with the local till 

revealed no significant difference between block samples and 

borehole samples (Morgenstern and Thomson 1970) with respect 

to compressibility which was not the case for the stiff 

clays mentioned above. 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 pronounced reduction in the 

undrained shear strength a~d modulus of deformation from 

borehole samples , when compared with block samples. 
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Favorable conparisons between laboratory and in situ testing 

are encountered for d~alned teets. In view o£ the drained 

analysis bein~ per£ormed here and the good comparisons 

between block and borehole sawples in the area it wae 

decided to eubark on a labo~atory testing program. In situ 

shear, plate loading and pressuremeter resu~ts wou~d not 

enable an Investiga~lon o£ the stress paths observed in 

excavations. ~he results frcm pressuremeter tests obtained 

previously by Eisenstein ar:d Morrison (1973) will also be 

used during the analysis in chapter 7. 

±!.2 Till 

.4.J..2..!..1 ..§.a-pllng 

Cubic block samples of 50 cm. edge were extracted from 

vertical walls as the excavation proceeded.They were 

collected by first removing the outside materia~ of the face 

o£ the excavation and sawing a prism of soil from it. The 

vertical face was then narked and the blocks ~erE 

immediately covered with sheets cf polyethylene to prevent 

dryin~. ThE block ~as then wrapped with cloth and a layer of 

para£fin was applied. Upon ~he arrival in the laboratory an 

extra thick coating of paraffin wa~ was applied and the 

samples were s10red 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 ~lane strain ~esting. Some loss of 

material occurred due to presence of small pebb~es. In these 
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cases the sample was a~andoned since ~he lab~ratory 

specimens were o~ly o~ 3.81 crr. diameter. The carving was 

completed usually after 30 to 45 minutes. 

~2~2 ~~~~~xization 

Grain size analysis (figure 4.1) ~rom 3 di~ferent 

blocks indica1ed the follo~ing result! 

Sample II 

1 

2 

3 

% CLAY 

26 

27 

24 

% SILT 

33 

35 

32 

% SAND 

41 

38 

44 
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The average Atterberg limits for this material was 35% 

for tte liquid limit a~d 15.5% £or the plastic limit. 

Extensive determination of moisture content before carving 

the laboratory specimens registered an average o~ 14'. The 

specific gravIty cf solids ~as 2.69. 

~2~ :Il:J.Ali.al 

The greet majority of experience on s1iff clays 

available in the laboratory is related to undrained tests. 

The determlnati~n of the coefficient of consolidation 

indicated an average value of 0.02 cm2/sec. Very little time 

therefore is necessary for consolidation. Field data 
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collected from slope indicator and settlement points showed 

an insignificant time dependent behaviour. Experience 

(Eisenstein and Thcmson, 1978) from measurements in the 

tunnels Joinln~ Central and Centennial stations corroborated 

these readin~s. Eased on these premises it was concluded 

that drained tests best suit the present field conditions. 

Rate of strains between 0.035 cm/h and 0.500 cm/h were tried 

without any significant difference being observed. The great 

majority of the strain controlled tests were performed at a 

rate o£ 0.200 em/h. 

For normally consolidated Eeils the widely used 

expression te determine the at rest earth pressure 

coefficier.t 

KO = 1 - SIN( PHI ) ••••••••••••••••••••• ( 4.1) 

yields sufficiently accurate reEults for engineering 

purposes. In-situ measurements (Ejerrum and Andersen lE72) 

and laboratory determination (Poulos and Davis 1972) can be 

used in this type of soil. 

With respect to overconsolidated Eoils Bishop (1958) 

doubts if KO can ever ke measured for this type of material 

due to the disturbance 1he measuring 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 1975). 

Correletior,s with other related properties like 
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overconsolidation ratio and the plastici~y index pro~osed by 

Brooker and Ireland (1965) and the angle 01 shear resistance 

as proposed by Wroth (1975) provide reasonable results. The 

upper till and ~he ice advance acted as a preconsolidatlon 

load on the lower till, .hile only the ice was responsible 

10r the ~reconsolidation on the upper till. Estimative 01 

the preconsolldation The assessment 01 KO in the present 

study was based on these two correlations, yielding in both 

cases a value 01 0.85. 

The samples were subjected to di1£erent stress paths 

and figure 4.2 illustra1es the stress paths being 

investigated in this prcject. 

passive ~~~ssign conventional test in ~hich the 

vertical stress is increased While the lateral stress is 

kept constant. 

A~~ ~~m~~ test in which ~he lateral stress is 

reduced while the vertical stress remains cons~ant. 

A£!~~ ~~ension the lateral stress renains constant 

while the vertical stress is reduced. 

~~j~Al=Actiyg the sam~le initially has horizontal 

and vertical stresses reduced along the KO line and In 

the tatter part the vertical stress remains constant 

white the horizontal stress is reduced. 

With the exception o£ the passive compression tests, 

all 01 them were performed ur.der stress controlled 
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conditions. 

4.2,3.1 ~~~~~ ~mpressi~ 

Durin@ ~hese tests the samples were first submitted to 

an isotropic compression slightly higher (10%) than the 

overburden pressure. The vertical stress was gradually 

increased without any change in the lateral stress. ~hls is 

the commonly used triaxial test. Its results will be used to 

compare i1 .ith the nonconventiona~ stress paths encountered 

in the preliminary analysis. The points in the graphs 

represent laboratory measuring points, while the curve 

stands for hyperbolae fitted to the results. Some of the 

results are in figures 4.3 to 4.11. 

The angle of shearing resistance observed 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 clays. 

4.2.3.2 ~ciiye comRX~~~ 

This type of stress path is exper~enced by points 

situated beside the retaining wall. I~ was simulated in the 

laboratory by a reduction in the confining stress and a 

siRultaneous increase in the axial load to compensate for 

the relief of the cell pressure. Because of the reduced 

value of the axial strain at failure, it was very difficult 
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to depic~ tte exact polni of failure. As the material was 

n01 saturated the voluae change had to be monitored by the 

amount of liquid flowing in or out o~ the cell. A 

calibration ~~ the volume change of the cell with the 

con1ining 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 01 the cell much 

greater ttan the volume change of the soil. In ~hls series 

of tests the samples were consolidated isotropically. Stress 

strain curves in figure 4.12 to 4.16 indicate ~ailure 

occurred at 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 curves. 

~~2~~~~ ~~ad~ ~loadins 

These tests were performed with a dual purpose. First 

the use of the elastoplastic model to be explained in 

chapter 5 required ~he unloading-reloading nodulus 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 lS71). These results must be closer to 

the reloading part of large plate loading 1ests. The stress 

strain curves are In 1igures 4.17 and 4.18. 
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..h.2~ .fJ..!Ul~ .s.!.uin 

In order to sirnu~ate as closely as possible the actual 

£ieldstress conditions, a plane strain apparatus ~as 

designed and ccnstructed £or this project. Details of the 

equipment are in appendi~ E. 

4, 6 ,4..!.l" £.i!Ji§ i v e ~..Q~~ Ion 

The samples ~ere subrnited to vertical and lateral 

stresses slightly higher than the overburden pressure. The 

vertical stress was increased ~ntil failure, without change 

in the lateral Etress. The results are in figure 4.21 to 

4.24 • Specimen PS2 failed at the contact between the 

typical Edmonton till and an extremely silty material 

encountered where this block was taken. The results from the 

other 3 tests indicated an angle o£ shearing resistance of 

46.5 degrees. 

~ 2. 4-!.2, A c tlls .s~l!1~~~.n 

The samples in this type of test are supposed to be as 

close as possible to the field conditions and there£ore were 

consolidated anisotropically _ith the ratio between the 

principal stresses o£ 0.85. Figures 4.25 and 4.26 show the 

stress strain curVES £or these tests. 

h2 • 5 .fu!.ml!l..§~ 

Plane strain tests performed by Lee (1970) on dense 

sand indicated an increase of 8 degrees In the angle Qf 
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shearing reslsi4~ce compared to triaxial T@sts, fcr 10. 

values of cor.flnln~ stress. For the Edmonton titt an 

increase o~ f..5 cegrees was encountered, which stitt 

repr~sent~ a significant difference In terms of shear 

strength.FI~ure 4.29 illustrates the shear stren~th results. 

Comparln~ the stress strain behaviour cn@ C6n write for 

linearly elastic material: 

Llf1 ( lld1 -J.l ( llcJ2 + llcJ3 1)/ E 
...... (4.2) 

For triaxiel pas~ive compression t~stR the change in tte 

l"termerlJftt~ and "Inor principal stresses is the same 

+h~rpforp 

LlE1 

~oo tor plane ~traln 

1.. Llcf1 
E 

II E1pS = 1 - Jl2 ( ll"1 -ll cJ3 u. I 
E 1 -,u 

F~r passive cow.~ression .e can .rite 

••••• (4.3) 

••••• ( 4.4) 
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~f1PS 1 - JJ.2 

E 
~<rl ••••• (4.5) 

Ot' 

~€1PS 

w~ere 

Eps 

- 1 .. -
Eps 

E 
2 

1 -J! 

Ll c1
1 

(4.6 ) 

Equation 4.6 r~la1es t~e ~angE"nt of the @1re$~ strain 

cu~ves In trIaxial and ~lane strain test~. F!gurE"~ 4.27 

make~ ~ co~p8rison between the tangent moduli oi defor~ation 

to ",valuate th~ vdlldlty of eQu"tlon 4.5. The curvps drawn 

reprE'~ent 1he values ottained from the hyperbclaE" fitted to 

thE" labcrator)' rE'9ult~. Lee (1S70) encounterec a rat 10 

Ep/Ft=t.4 ~hlle ttE theoretical expression lndicatrd it to 

h~ 1.05. For the Edmonton till the thecretical expression 

indtcates t~e ratio of 1. 2 5 _herE the aVE"rag~ value 

encountered was t.55. Eifferert valuE'S of Pofsson ratio do 

not change sipnlflcantly thIs conclusion. For a PoJsson 

ratio of 0.5 the ratio WOUld be I.J3 and ~ Poissor ratio of 

0.3 rEdUCES the ratio tc t.l which still represents a a 

der-arture from the value of 1.55 obtained f~om the 

laboratory tests. 
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The aodulua of defor~atlon cbtainpd fro~ triaxial 

active coapreaaion exhibits a si~nlficant dlI{~rence _ten 

compared ~lth results from triaxial passive compression 

te~+~. (Figure 4.28) Vertical strain to ~ailure is very much 

rFduced In active compression te@ts. It Is therefore 

reasonable tc expect a reduction or the modul~s of 

defor"ation when comparin~ conventional triaxial test~ with 

field observation In e~cavatlon9. A similar comparison was 

net possihle .ith plane strain re~ults since ~he active 

cnmpression tests ,ere consolidated anisotropicaLly, 

theTefore starting from a @tress level much higher than 

i~otropical1y cor.solideted tests. 

A relationsbl~ o£ the ty~e 

E. 
I 

K pO ( c13 
pO ( 

EI Is the Inltl31 modulus of deformation 

~ and n are maierial con~tantR 

cJ3 is the confining stress and 

pa is the at.o~pherlc ~ressure 

was not ~erlfied for ttis Ddterial. 

••••• (~.7) 
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Atthou@h this uateriBl can not be ftssi@ned B single 

value for the aodu\u9 of deformation, BE i~ Is usually done 

for stiff clays, t~e active compresRion reFults were closer 

to the pressuremeter results ira. EIsenstein snd Morrison 

(1913). For a hollow cylinder with Internal and external 

pre~~ure , the equilibrium equation in the r8diat direc~icn 

for ~olar coordinates in term9 of stress essumlng no body 

forep!; t s: 

w,",pre 

c1'r 

C18 
r 

() cfr 
or 

is 

is 

is 

the 

the 

tts 

+ 
(fr - (/() o 

r ••••• (4.~) 

radial stress 

tangential st ress 

redlus. 

TtH' st'llutlcn in plane strain for the 1:011o ... i(i~ houndary 

conditior. 

0' r = Pi --:1> r r
1 

o'r P2 -C> r r2 

is 
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P. ~ 2 ( P2 - Pi) ~ 
2 2 

do - 22- P1G r2 l 4.9 ) -
r - ( 2 2 ) '2 - r 4 2 ( 2 2) r r

2
' - r

1 

2 2 ( P2 - Pf 1 r1
2 r; a; = P2 r 2 - Pi G (4.10) 

e (2 2) + 
2 (2 2 ) ~ ~ . r1 r '2 - r1 

For an extreR~ly tar~e R2 

. ( 2 
c1r: P2 1 - \ ) + Pi rl 

r r 

2 
cJe = P (1 + r f ) P r,2 2 2 - 1 1 

r r2 

For a point at n di~tance r from the centAr 

(

22 

Kl = P2 1 + \ ) = c1h ( 1 + ~2 ) 

(2 2 

K2 = P2\ 1 - ~2) = c1. h l L ;2) 

•••• (4.11) 

•••• (4.12) 

u 2. 
r1 

C)2 
r 



1 1 3 

are constants, tterefore It can be writtpn 

err K2 + K3 Pi 

ae .= K 1 - K3 P 1 

for an increm~nt in the internal pr~ssur~ corresponds 

incrPtl;en ts 

11 cfr = KJ 6P1 f1cfe -- K3 6 Pi 

which wh~n plotted in principal ~treRS space indicates a 

~trP.ss path of t~e type cf flqure 4.30 IYhich does not 

c orrespond to any of tte laboratcry tests ~erformed. 

For smftll ~1reR9 levels one can separate the 

contrihuticn from th~ isotropic stress component And one 

from the devlato~ stress component. In conventional triaxial 

tests (fi g ure 4.30) both are IncreasIn ~ , therefore the total 

9traln will have contributions from both stress components. 

Tn actIve compression t~ste there is an increase in the 
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deviator stress and a oecrease in ~he Isotro~lc stress 

component, therefore ~he vertical strain will represent the 

difference bEtween then, which obviously witl increase the 

modulus of defor"ation. During the pressuremeter ~est there 

is only the cor.tribution from the deviator stress (figure 

4.30). The modulus of de1ormation should then be greater 

than conventional triaxial and smaller than active 

conpression. 

Values of moduli of deformation from unloading 

reloading 1ests were net affected by the ccnfining stress. 

For confining stresses of 1.89, 2.24 and 2.59 kg/cm2 they 

were found to be 1550.,1450. and 1680. kg/cm2 respectively. 

To conclude this section , it is evident from the 

laboratory results the stress path dependency can not be 

neglected in the determination of moduli of deformation even 

for stiff soils, and an expressive non linearity of the 

stress strain relationship is present. 

Tables 4.1 to 4.4 summarize the test results 
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TABl.E 4.1 

Hyperbolae parametErs for triaxial passive compression tests 

cony. stress (kg/cn2) a b 

I 1.54 .229 .095 

1.89 .106 .OS2 

1.t5 .206 .073 

I 
1.82 .118 .095 

2.24 .148 .002 

2.07 .137 .020 

2.42 .113 .023 

2.59 .07S .054 

2.77 .173 .068 

I 3.05 .0gO .088 

I 3.36 .074 .081 

I 
I 
I 
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TABLE 4.2 

Byperbolae parame1ers £or triaxial active compression tests 

conf. stress (kg/cm2) 

2.28 

2.80 

2.10 

1.93 

2.45 

a 

.041 

.O~7 

.093 

.122 

.046 

b 

.364 

.373 

.506 

.485 

.449 
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'IABLE 4.3 

Hyperbolae parameiers ~or plane strain passive compression 

tests 

con£. strEsS (kg/cm2) 

1.75 

2.10 

2.45 

1.S3 

a 

.086 

.155 

.074 

.084 

'IABLE 4.4 

b 

.088 

.163 

.072 

.081 

Hyperbolae parameters 1~r ~lane strain active compression 

tests 

conf. stress (kg/cm2) 

1.7.3 

2.21 

a 

.080 

.064 

b 

.248 

.229 
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As the bottom of the excavation is above the sand 

layer, a small excavation had to be made to allow the 

collection of sorre block samples. Sharp edged metal boxes 

were gently pushed in ihe ground by hand while the lower 

part was being carved. The samples were Ima.ediately wrapped 

in a polyettylene sheet and waxed. In the laboratory the 

metal boxes were opened up by removing the metal screws 

joining the sides. ~he samples were then covered with a 

thick coating of wax and stored in the moist room. At the 

time of testing the wax was remo~ed and the blocks 

transported to a cold room with the temperature o£ -5 

degrees Centigrade to be £rozen. Due to the reduced degree 

of saturation the specimens were not successfully carved and 

most of them cracked during this operation. An alternate 

procedure consisted of carving the samples gently in a still 

unfrozen state and transporting them to the cold room. A 

small amount of waier was then sprayed to provide a very 

thin outside crust of ice enabling the placement o£ the 

rubber memtrane. The triaxial cell with the sample inside 

was removed from the cold room and immediately ~illed with 

water followed by the application 01 confining stress. Due 

to the very delicate nature o£ the sample it was not 

possible to carve specimens wIth the shape required by the 

plane strain appara1us. All the stress-strain relationships 
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were obtained ~ith the use c£ the triaxial equipment. 

4.3.2 ChaL§£~~~zation 

Grain size analyses (figure 4.31) indicate the presence 

of 95% sand and 5~ silt and clay. Most o£ the grains were 

under the medium-grained sand size range. The coef1icient of 

uniformity of 2 resulting in a classi1ication o£ soil type 

SP. Disturked boret.ole samples taker. from the lower part of 

the sand layer indJcated the presence of some gravels. The 

average moisture content of the laboratory samples was 5% 

with a degree of saturation of 28%. Its unit weight was 1.87 

glcc and thespeci1ic gravity <f Eoils of vas 2.67. 

~.5.3.~ .lJ:.!.iu.!.A.l usts 

Due to the extreme di£ficulty in obtaining intact 

sa~ples and because of some loss during laboratory 

preparation, a limited number of tests was performed. The 

scatter of the results 9as not as pronounced as the ones in 

the till and allowed thE definition of the required 

properties ~ith only 8 tests. 

4.3.3.1 Pa&§~ sg~pre§§~ 

Four compression tests ~ielded an angle of shear 

resistance 01 40.5 degrees. The strain at failure around 3% 

was observed. The fitting cf an hyperbola ~as not 

satisfactory especially at stress levels approaching 

failure. ~he samples were consolidated isotroplcally to the 
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overburden value. Figures 4.32 ~o 4.35 show ~he resul~s o£ 

the tests in this ~hase. 

~~~~ ~A~~ extensiqn 

The samples were consolidated anisotropically with a 

ratio OI 0.36 tetween the principal s~resses, whIch was 

ottained using equation 4.1. An adaptation had to be done on 

the top cap to allow the application of tension in the rod. 

S~rain to failure ~as observed at values of 0.9% .hlch 

represents a major reduction from the compression passive 

results. Figures 4.36 to 4.38 shows the results of these 

tes"ts. 

~~~ ~~~~ional active ~~~essioD 

Due to reduced nu~ber of elements submitted to this 

stress path only one test was perfo~ed in this phase. The 

sample was initially consolidated anisotropically followed 

by a simultaneous reduction in both principal stresses at a 

constant ratio and finally a reduction in the minor 

principal stress as in the compression active tests. Figure 

4.39 illustrates the stress strain curve obtained. 

4.3.4 Summar~ 

A signi1ican~ difference exists between the modulus of 

deforu.aticn in passive and activE compression and extension 

tests. Although is it difficult to draw a parallel between 

the laboratory results, due to the fact that the passive 
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tests staried with a ratio of 1 between the principal 

stresses and the extension tests started with 0.36, ~igure 

4.40 the difference beiween the moduli o~ de£ormation. 

During a conventional iriaxial test the sample is being 

loaded £rom the beginnir.g of the test while in extension 

tests initially both isotro~lc and deviator stress 

co~ponents are reduced untit the isotropic axes are reached, 

then the deviator componeni starts is increased. This 

condition stands ~or an expressive reduction in the 

prediction 01 deformation when compared with active 

extension results which predo~inantly occur at the bottom of 

the excavaticn. 

~he angle of shearing resistance remained the same for 

different stress paths, whIch was expected since this is a 

cohesionless soil. 

A smaller siraln to failure was observed for active 

extension tests indicating a much earlier mobilization of 

the shear strength co~pared to the results of the 

conventional triaxial test. 

A com~tete evaluation 01 ihe 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 observed here. 

Due to the already expected limited movement around the 

excavation, the early portion of the stress strain curve 

should playa major role in this case history. The initial 

tangent modulus, either for sands or the Edmonton till, 
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being much higher ~hen £ollowing ~he suggested stress path 

as compare~ to ccn~entional tests, one should e~pect 

considerably lese «oveKen~ than analysie based on results 

£rorn conventlor.al tria~ial tests. E~pensive large plate 

loading tests or in situ shear may not represent field 

conditions if the stress path has such a dominant in£luence. 

With respEct to the lateral stress distribution, it 

seems the retaining structure can count on a much more 

significant contribution £rom the surrounding ground, 

there£ore reducing the total load to be carried. E~pensive 

large plate loading tests ~r in situ shear may not represent 

£leld conditions if the stress path has such a dominant 

inf~uence. 
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5. CONS~ITD~IVE MODEL 

~~ In~~~ctiQn 

~he most usual type 01 analysis of s~ress and strains 

in Geotechnical Engineering consists of acquiring the 

stress-strain parameters 1rom conventional triaxial tests 

where the deviator stress is increased up ~o failure, with 

the confining stress held constant. The continuum mechanics 

framework being ~ursued tere so far consists o£ the use of 

the generalized Hooke's Law with the soil stress strain 

parameters obtained £rom laboratory ~es~s under different 

stress paths. ihe stress paths £ollowed in the laboratory 

aim to be representative of the field conditions and 

therefore the dlffEren~ behaviour exhibited by the soIl 

under distinct stress paths should be depicted. Linked with 

this approach arE the hypotheses associated with Hooke's 

Law. The most iRportant of them is with respect to the 

principal axes 01 strain increments; principal axes of 

strain increment coincide wIth principal aXES of stress 

increment ~hlch implies no volume change due to shear 

stress. Laboratory tests in cohesionless soil (Lade, 1972) 

exhibited coincidence of the axes of strain and stress 

increments at low level o~ 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 curve,wi1h a gradual shift to a situation 

134 
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where the plastic strains bEccae more important as failure 

is approachEd. In this chapter a constitutive model able to 

represent the behaviour of the soil for all stress levels 

and dif£erent stress paths £or sands will have its 

application evaluated for the Edmonton till. 

Ko and Scott (1967) and Frydman and Zeltlen (19~9) 

separated tt,e total strain into volumetric and shear strain 

components. ~he former is caused by the isotropic component 

of stress and the later by the deviatoric ~art. The total 

strain is ~etermined by superp~sitlon. This approach proved 

to be rewarding _henever there .as no slippage between the 

grains, which causes an irrecoverable deformation. Different 

stress paths can therefore be analysed using this procedure 

for situations involving unloading and reloading. During 

primary loading the grains slide one with respect to the 

other causin~ plastic strains. Perfect plastic idealization 

however, has been ~roved to be unsuitable for frictional 

materials (Drucker, 1952 ,1961 and 1964 and Drucker, Gibson 

and Henkel, 19E7). The Cam Clay model (Roscoe, Schofield and 

ThurairaJah 1963, Roscoe, Schofield and Wroth 1958 and 

Roscoe and Eurland 1968) calculates separately elastic and 

plastic strains. The Cam Clay model predicts accurately 

results in normally consolidated clays for stress paths 

which do not include e~pansion (Roscoe and Poorooshasb 

1963). During the develcpment of Cam clay stress strain 

theory 11 is assumed a unique relationship between the 

moisture content and the stress ~arameters ~ (11/3) and g 
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(SIGt-SIG3) which ~terefore e~cludes situations involving 

expansion which is the case of the Edmonton till (Chapter 

4). 
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An elastoplastic model which accommoda1es volumetric 

e~pansion in shear has heen developed by Lade(1972) to study 

loose and dense sands. This model has been suhstantiated by 

accurate predictions of strains under different stress paths 

(Lade and Euncan 1976). A further re£inement in the model 

improved 1te results for strain softening cohesionless 

material (Lade 1B7E) and extended the study to normally 

consolidated clays (Lade and Musante 1976). 

In this chapter an evaluation of the applicahility of 

Lade's model in its initial form (1972) for the Edmonton 

till will ke carried out. The required parameters will be 

obtained frem conventional triaxial tests described in 

chapter 4. Based on them, the strains ohserved in triaxial 

active compression tests also described in chapter 4 will be 

compared with the ones predicted by the medel. If this 

approach proves to he successful, there are two major 

advantages wten compared to a stress path simulation. First, 

the fact that it considers hoth elastic and plastic strains 

with a predoKinancy of the elastic one at low level of 

stress and the plastic one close to failure permits a change 

of the strain increment direction with the same constitutive 

model. Second, it dismisses the necessity of performing 

tests with different stress paths to simulate field 

condit.ions. 
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~~2 L8d~!~ ~jree~ ~~A1~ ~~~~ 

The totel ~train increment is divided In10 ~tastic and 

plastic components, each one heing treated separately. 

The elastic strain is calculated fr~m Hooke'~ law usln~ 

the unloadlni reloading modulus as suggested ky Duncan and 

Chftn~ (1970) ~ith the use of the e¥preesion : 

.. here 

E ur Kur pat ~ ( 

Kllr Ilnd n are material constants 

pa I~ the at~o~pheric pre~sure 

cJ3 is the conflnin~ stress 

••••• (5.1 ) 

For t~e plastic strain increment the rreasur~ of the 

.1reg~ level is detined as a function of the first and third 

I'lVAf'lant!': as ! 

3 

f : 
Ii 

13 ••••• (5.2) 
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The yield sUTfaces are represented by : 

F 1
3 

1 K 13 ••••• <s.J) 

where ~ is a wor~-hardenin~ paraKeter .hich repre~ents the 

maxJmum s1~ess level ever expeTienced by the soil. Changes 

of stresses lying inside the )leld surface will cause only 

eta~tlc strains. Ii the change in stress CrQ~SeE the yield 

surface the material will de1crm plastically ond elaEtically 

and the yield surface ~lll ex~and. 

The plastic poten11al function incorporated in the 

.hpary is expressed as : 

9 1
3 
1 K2 13 ••••• (5.-1) 

where K2 is a constant for any ~iven value of 1 The 

\.!!'Ie of an associated flow rule leads to ValuE'S of yolumptric 

px~an~ion ~uch higher ttan observed in lahcratorv 

pxperJments (Drucker 1964, Poorooshasb, Holubec and 

Sherborne 1866, Ko and Scott 1961 and Lade and Duncan 1973) 

, indicatir.g the nGr~ality condition was not ~atlsfied. 

The pl~stic strain increment is derived from a r.on 

asso~lated tlo. rule 
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P !J.f. .. = !J.'A 
IJ 

ag ••••• (5.5) -o c1j j 

wt:C!r@ . ~A is e factor cf ~roportionallfy. It mu~t be 

'1ot@d thaf ~ contaln~ 8 I=ftrameter K2 (E"q. 5.4) Vrhlch Is a 

(unction of the stress level, but the partlal derivative Is 

to indicate the value of ~ is to be considered CQnstAnt. 

The use of equations ~.4 and 5.5 express(>s tt.~ plBstic 

s train ircrements 8S : 

p [2 2 ] !::.EX =!::.A K2 ~ 14 - cfyc1z + lyZ 
2 

M~ = !::. A K 2 [ 

2 2 
3 11 - c1xcJz + lXZj 
K2 

P 
6£ =~AK [ z 2 

3 -
K2 

2 2 ] 11 - cJx cJy + lXY 

{jfP =[0 t 
zx y zx LX Y t' Y z] 6. A K 2 

ll€'P =1c1 t - t r ]6A K2 
yz L X y-z. xy zx 



6f
P =[0' t xy z xy r r ] 6A K yz zx 2 

~ is determIned by usina the retia: 

- uP = 
P 

f::l t 3 

f::l t P 
1 

wt-.ich, sctvlnl;l for A1 , yIelds 

K = 2 

3 I~ ( 1 + V p 1 

r:f3 ( r:f 1 + V P r:f3 ) 

140 

••••• (5.6) 

••••• (1).7) 

Using equatIcn 5.7 frog i~iaxial compres~ion tests Led~ 

(1975) encountered a linear relationship bet"een .K2 and the 

~ t~es~ level of the form: 

K2=A1f + A2 
••••• (!'i.~) 
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~h~re A1 and A2 are material c~nstants. ~he r-lastlc .ark 

fncrem~nt is calculated from! 

-T 

dwP={O;j} {dt~d ••••• (5.9) 

or 

"'r~re 

P T I ~ w -= { c1j .} - fJ. A { d 9 
J 2> d·-· 

I j 
•••• (5.10) 

{ 
d 9 I ~ () 9 {() I 1 I + d 9 { 0 13 \ 

ocJ'j j () 1, ocJ'jj "0 13 () cJ'j d 

v 9 _ 3 12 
() I. - 1 

09 = __ K
2

· 

() 13 

wt. lch, suhs1ltuting into 5.10 gives 



3 
dW =llA 3[.1 P 4 

6A: dWp 

39 
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K2 1
3 ] 

•••• (5.11) 

where rlW~ is the increment in pla~tlc work due to an 

inCrp.SRe in etress level ~ • 

Rpsults frOK conventional laboratory tcstin~ indlcated 

t~e rE16tlcnshlp bEt~een the plastic ~ork 

W p = f {<1id
T 

{d €~ J 

can be approximated b) an hy~erbola. 

f - f t : .. WE 
a + b Wp 

•••• (5.12) 
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whe1"e 

£1" Is a value c", 'the FtreSp. le-vel up to Oihlch plastic 

work doeF not cccur; the strains up to th's point are 

purely 01 elastic nature. This was callEd the threshold 

!?ireps level. 

Q and ~ are the parameters .hich define the hy~erbcla. 

The lnverse of ~ ~~preeents the initial slope of the 

curve Wp versus f and Its variation is expresse-d aF . . 

a M po ( 

wt-erf? 

l 

0'3 ) 
po _ 

~ and 1 arE the material constants 

pa is the at~ospherlc pressure 

~ is the confining stress. 

•••• (5.13) 

Tre inverse- ~f D re-preeents the value i-tt apprcaches 

a~ l"r~e magnitudes of the plastlr. work. froro the 

defff?renttal c1 5.12 

6Wp a~f 

( 1 b/f- ft1t •••• (5.14) 



where 

f is the average value ~f the stress level during the 

increment 
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df is the increment on the value of the stress value • 

If df<O cnly elastic strains will occur. 

~ Determj~~~l~ ~ th~ el§~tQ plastic par~meters 

For the elastic pcrtion of the strain, unloading 

reloading tests described in chapter 4 were performed. They 

have indicated a very narrow variation of the modulus of 

deforrration (Eur) for the range of confining stresses 

between 1.54 kg/cm2 and 2.60 kg/cm2. A constant value of 

1500 kg/cm2 for Eur was consequentely assumed. 

Calculation of the total plastic work during the 

determination of the parameters for the plastic portion, 

require information with respect to the lateral strain. 

Tests 18-14 t 18-15 and 18-17 (chapter 4) ~ere selected to 

determine the ~lastic parameters. Values of K2 obtained from 

the expression 5.7, were plotted against the stress level ~ 

(figure 5.1) indicating the values 0.485 for At and 13.63 

for A2 (equation 5.8). Figure 5.2 illustrates the 

relationship bEtween the total plastic work and the stress 

level. The threshold stress level ft (equation 5.12) value 

encountered was very close to 27 which corresponds to points 

on the hydrostatic axes. This indicates the existenCE of 

plastic strains at the early portion of the stress strain 

curve. All the curves should be asymptotic to a single 

value, regardless 01 the curve to be fitted, which did not 
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APPENDIX A. CCMPUTER PRCG2AM 

h.! I n tJ:.g..Q'y~ ion 

~his computer program was developed to analyse stress 

changes and displacements caused by excavations in soil or 

rock, with tbe aid of tte fir.ite element method. 

The analysis is divided in a number of distinct phases 

which consist cf excavation of different layers and 

installation of permanent struts. Each phase is subdivided 

in increments to allow updating of the elastic parameters in 

each eleKent. The ~rogram at tte beginning of each phase 

calculates the new l~ad vectoT .hich will be applied. It 

performs the calculations for different types of stress 

strain relationships according to the stress path which has 

been prescribed for the element. 

~ Qrganizat~sn ~~ ~ ~~gx~ 

~he main ~rcgram obtains the initial nodal and element 

stresses prior to the exca~ation by calling the subroutine 

INIT. By means 01 the the subroutine NLOAD the elements 

excavated arE assigned extreKely low values of the modulus 

of deformation. The elements representing the strut level to 

be installed are assigned tbe correspondent ~alues of the 

elastic paTamete~s (concrete or steel) and the nodal loads 

caused by the excavation in this phase are determined. At 

this point the lead 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 Eubrou~ine DETE is then 

called to calculatE the value of the modulus of deformation. 

The program haE the capabili~y of analysing 6 different 

types of stress strain relationstip which are described in 

detail in cha~ter 6. A sub routine CST is called to perform 

the finite element analysis using constant strain triangles 

to obtain the stress change due to the increment Just 

performed. An opticn to plot the displacement is available 

at the end cf the ~rogram. 

1. GEOMETBY 

a. output options ••••••••••••••••••••••••••••••••• (4IS) 

1) IPRIN~ If equals to 1 it prints all the 

geometric information at the be@ining of each 

phasE jor every increment 

2) NIPRIN~ If equals to 1 it prints the nodal load 

for each phase cf construction 

3) IPLOT If equals to 1 it generates a plot with 

the displacements of some selected nodes. 

4) NIPRIE If equals to 1 it prints the modulus of 

deformation of all the elements at the begining 

of each phase for every increment. 

b. tltle ••••••••••••••••••••••••••••••••••••••••• (20A4) 

c. size of the problem •••••••••••••••••••••••••••• (316) 
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1) NUMNF r:umber of nodal points 

2) NUNEL number 01 elemen~s 

3) NUNA~ number of materials 

d. node cards ••••••••••••••••••••••••••• (2I6,4F12.0,IS) 

1) N node number 

2) KODE(N) two digit number indicating whether a 

displacement or a force is applied at the node 

a) 00 x force y force 

b) 11 x displacement y displacement 

c) 10 x displacement y force 

d) 01 x force y displacement 

3) X xccordinate 

4) y ycoordlnate 

5) U x force or displacement at node N 

6) V y force or displacement at node N 

7) KODE1(N) it defines the material type to 

determine initial nodal stress. If KODE1(N)=4 

the initial stresses are zero. 

Q!2~ li,gdat points ~.s.! .!tg .in .llYmer~ .,grde~ 

1l.2 des 1U:~ .!UI!.i.! ted t b e p r og ram g§~~.!J!.§ 

~Qordinate~ ~ ~b~ Interme~~ points ~early 

.sU,W;!1A~.s! .lU-t~ ..1..h!! two I;oi n t s. Esu .t.l:!£ 

,g~njua ted Ilodej;j ..the program ASS igns KODE-=O ...J. Jl 

lu!~ .!..::JJ A.D.!f ~DE 1 e,9uJU.§ ..1.,Q ..iJl~ J2J:!tll.!m.§ D.Q de 

e. element cards ••••••••••••••••••••••••••••• (SI6,F6.0) 



I 

233 

1) M element number 

2) NP(I,M) nodal points at the three corners o£ the 

element in counterclockwise order 

3) MA~(M) element material number 

4) 7H(M) thickness of the element. 1£ not dezined 

the program assigns a unit thickness. 

~ Elemegt ~~ must ~ ~ ~y~erical ~~~ 

~~ element numb~ ~~ omitted ~~ progr~m 

~~~A~~ elemenj ~AiA ~ A9du~~~ o£ two 

.!.!,gmenn U.2.!!! the jUevious .i~ 

2. PLOT~ING DATA 

a. general in£ormation •••••••••••••••••••••••••••• (2IS) 

1) NNTP number oz nodes to be plotted 

2) NPB total number of phases 

b. nodes ••••••••••••••••••••••••••••••••••••••••• (10IS) 

c. 

1) NTP( I) node number which displacements will be 

plct1ed 

title o£ the plctting (20A4) 

1) TITLE(I) 

a) col 1 to 48 headline zor the plctting 

~) column 49 to 64 abscissa label 

c) column 65 to 80 ordinate label 

d. contour ••••••••••••••••••••••••••••••••••••••••• (IS) 

1) NNG number of nodes .hich will form the contour 

to define the excavation, retaining structure, 
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boundaries and subsoll.A line vill be drawn 

Jcining all the NNG points without interruption. 

e. contour de1inition •••••••••••••••••••••••••••• (10I5) 

1) N~P(I) nodes de1ining the contour.I£ it is not 

required to use the ~lotting £acility 5 hlank 

lines have to he supplied to in£orm nothing is 

to he ~10t1ed. 

3. MATE'IAL F~OPER~IEE 

This ~rogram was develo~ed £cr 10 di££erent 

materiale 10 suit the needs o£ various analyses 01 the 

Rapid ~ransit in Edmonton. The nonlInear elastic stress 

strain rElationshi~ is 11tted to a hyperbolae: 

EIG1 - SIG3 = EPS1/(A+B*EPS1l 

where 

SIG1 and SIG3 are principal stresses 

EPS1 is the major principal strain 

A and B are the material parameters required. 

a. Material number 1 

This aaterial correeponds to a stress path o£ 

the ty~e compression active l~ conventional triaxial 

equipment. Three stress strain curves are to be 

supplied. 

1) NM number 1 ••••••••••••••••••••••••••••••••• (15) 
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2 ) a ) PR(1} Poisson ra~10 

b) KO(1) a~ rest ear~h pressure coefficien~ •••• 

(2F10.S) 

3) ~hree lines, each one containing: 

e) SIGC(1,J) Inl~ial confining stress 

b) AA(1,J) Hyperbolae parameter 

c) BB(l,J) Hyperbolae parameter •••••••• (3FI0.6) 

b. Naterial number 2 

~his aaterlal corresponds ~o a stress path of 

the type extension active in conven~ional ~riaxiat 

equipmen~. Three siress strain curves are to be 

supplied. 

1) MM number 2 ••••••••••••••••••••••••••••••••• ( IS) 

2 1 a J PR(2) Poisson ratio 

b) KO(2) at rest earth pressure coefficient •••• 

2F10.5 

3) Three lines, each one containing: 

a) SIGC(2,J) confining s~ress 

bJ AA(2,J) hyperb~lae parameter 

c) BB(2,J) hyperbolae parameter •••••••• (3FIO.6) 

c. Na~erial number 3 

This Haterial corresponds to a stress path of 

proportional loading-compresion ac~ive test in 

triaxial equipKent. One stress strain curve is to be 

su~plied. For the proportional loadin€ part linear 

elas~icity is used and for the compression active 

part a hyperbolic relationship. 
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1) MM number 3 ••••••••••••••••••••••••••••••••• (15) 

2 ) a ) E(3) Modu~us of de£ormatlon £or the 

proportional loading. 

b) AA(3,1) Hyperbolae parameter 

c) EE(3,1) Hyperbolae de£inition ••••••• (3F10.6) 

d. Material number 4 

This aaterial behaves linearly elastic. It was 

used 10r the retainin~ structure. 

1 .) NMnumber4 ••••••••••••••••••••••••••••••••• (15) 

2 ) a ) PR(4) Poisso~ ratio 

b) KO(4) at rest earth pressure coe£ficient •••• 

(2FI0.5) 

3) E(4) modu~us of de1ormation •••••••••••••• (FI0.6) 

e. Material number E 

This aaterial corresponds to a stress path o£ 

the type compression active in p~ane strain 

apparatus. Two stress strain curves are to be 

supplied. 

1 ) 

2 ) 

MM number S ••••••••••••••••••••••••••••••••• (15) 

a ) PReS) Poisso~ ratio 

b) KO(S) at rest earth pressure coe1ficient •••• 

2FI0.5 

3) Two lines each one containing 

e} SIGC(S,I) initial con£ining stress 

b) AA(S,J) Hyperbolae parameter 

c) EE(5,J) Hyperbolae parameter •••••••• (3FI0.6) 

f. Materia~ number 6 
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SiKilar to material number 4 

g. Material number 1 
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This aaterial corresponds to a s~ress path 01 

the ty~e c~mpression passive in conventional 

~riaxial equipment. Three s~ress strain curves are 

to be supplied. 

1) MN number 7 ••••••••••••••••••••••••••••••••• ( IS) 

2 ) a) PR(7) P~issor. ratio 

b) KO(7) at rest earth pressure coefficient •••• 

(2F10.S) 

3) Three lines each one containing 

a) SIGC(7,J) confining stress 

b) AA(7,Jl hyperbolae de£initi~n 

c) EB(7,J) hyperbolae de£initlon ••••••• (~F10.6) 

h. Material number 8 

Slallar to material number 4. It was used to 

define the ~ro~ertles of the material after it has 

been excavated 

i. Material number 9 

Similar to material number 7 with only one 

stress strain curVE definition. 

j. 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. 

4. INITIAL ~TRESS 

These data will bE used by subroutine INIT. If the 
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material definition is of the type 4 the initial element 

EtresE iE set to zero. 

a. Gama s~ecific .eight 

b. ZSFC ordinate ~f the ground sur1ace ••••••••• (2FI0.3) 

5. DESCRIPTION CF ~HE PHASES CF CONS~BUCTION 

This set of data Is required by subroutine NLOAD. 

The elements which ~ill be excavated and the omes which 

will ke concreted or grouted and the nodes which wilt be 

loaded have to be Epecifled. The nodal load iE 

determined from the elements to be excavated adjacent to 

the node. 

a. 1 ) NPHASE phase number ,if zero it indicates tbe 

final phase was defined in the previous call to 

NLCAD. 

2) NYL number of nodeE vertically loaded. 

J) NXL number of nodes horizontally loaded •••• (3IS) 

b. nodal load definition 

c. 

1) vertical load definition NYL sets 01 two lines 

e) NELl number of elements excavated adjacent 

to this node 

b) NNYL( I) node number •••••••••••••••••••• (2IS) 

c) IEL(J),J=1,NELI elements excavated number, 

adjacent to NNYL(I) ••••••••••••••••••• (10IS) 

2) hcrizontal toad definition NXL Eets of t~o lines 

sinilar to the vertical load definition. 

load transfer 

The program allo.E for the transfer of 
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horizontal loads £rom a node to two others by beam 

ef1ect. ThIs feature accomodate the existence of 

sheet piles trans~erring their leads to points of 

contact .ith the structure.(figure A.l) when the 

deformation of the wall is required. 

1) NLD nu~ber of nodes ~hich wilt transfer the 

horizontal. If NLD equals to zero no more load 

transfer input are required. 

2 ) aJ NA upper node carryimg the trans1erred load. 

hJ NB lower node •••••••••••••••••••••••••• (2IS) 

3) NU number ef the node which wIll have its load 

transferred to NA and NB. NLD lines to be 

supplied •••••••••••••••••••••••••••••••••••• (IS) 

d. element Baterial redefinition 

1) NELCA number of elements excavated •••••••••• (IS) 

2) INEL element excavated. After this phase this 

e~ement will be of type number 8. NELCA lines to 

be supplied ••••••••••••••••••••••••••••••••• (ISJ 

3) NELCC number 01 elements changed to material 

number 8. After this phase this element will be 

of type number 8 •••••••••••••••••••••••••••• (IS) 

4) INEL element number. NELCC lines to be supplied. 

(IE) 

S) NELCG number of elements changed to material 

number 10. If this material is under tension in 

any phase it will have a small value assigned to 

the aodutus of defcrmation •••••••••••••••••• (IS) 
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6) INEL element number. NELCG lines to be supplied. 

( 15 ) 

e. nodal stress redefinitIon 

This set c£ data defines tbe nodes whicb will 

haVE the stresses zeroed. They represent the nodes 

which are inside elemente changed into concrete, 

grout or have been e~cavated. 

1) NNC number o£ nodes ••••••••••••••••••••••••• (IS) 

2) J node number. NNC lines to be supplied ••••• (IS) 
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.§AmplJil Program 

An input sample is listed below. For the load 

application 1igure A.2 illustra~Es the procedure. 

242 
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173~---------,~--------~~ ____ ~~ ____________ ~~ 
129 175 212 

112 ~--------~~~------~~~---i~~------------~ 211 

278 

274 369 

711 ~ ____________________ ~~ ____ ~ ______________ ~210 

266 

265 

110 k--------------------4-'4:....:6-------lr..;....;:,...------------A 209 

260 261 

259 

109 L-__________________ ~~ ______ ~ ______________ __ 

145 171 208 
FIGURE A.2 BLOWUP OF THE MESH CLOSE TO THE ·WALL 
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1 0 0 0 0 
2 1U.1.'IJ 'IRASSI'I STliESS rUB SIIIIJLATIOI SHClt IUSB StiilU .. lLE 
3 32" 5~6 10 
II 1 11 0.0 0.0 0.0 0.0 -j 

5 2 10 0.0 7CO.0 0.0 0.0 i 
E 3 10 0.0 1060.0 0.0 .l.O 1 
7 II 10 0.0 1270.0 0.0 J.O 1 
I! 5 10 0.0 132'-.0 0 • .1 J.O 7 
9 6 10 0.0 1500.0 0.0 0.0 1 

10 1 10 0.0 17.lO.O 0.0 J.O 1 
11 8 10 0.0 1900.0 0.0 a.o 1 
12 9 10 0.0 2') 70. 0 0.0 J.J 1 
13 10 10 0.0 1100.0 0.0 .).0 1 
111 11 10 0.0 2q 00. 0 0.0 J.J 1 
15 12 10 0.0 2500.0 0.0 0.0 1 
16 13 10 0.0 2620.0 0.0 .).0 1 
17 111 10 0.0 27115.0 0.0 0.0 1 
18 IS 10 0.0 2800.0 0.0 0 • .) 1 
19 16 0 50.0 129f..0 0.0 0.0 1 
20 17 0 50.0 20fl5.0 0.0 J • .l 1 
21 18 0 5~. 0 27 72 . 5 0.0 0.0 1 
22 19 0 100.0 II!; 5. 0 0.0 J.J 7 
23 20 0 100.0 1270.0 0.0 .).0 7 
211 21 0 100.0 13n.0 O • .l 0.0 7 
25 ~2 0 100.0 11111.0 O. C 0.0 I 
2e 23 J 100.0 19 A5.0 0.0 0.0 7 
27 24 0 10~.0 2070.0 0.0 0.0 7 
2e 25 0 100.0 7.100.0 0.0 J.J 7 
29 26 0 100.0 2250.(\ 0.0 0.0 I 
30 27 0 10J.0 2E 8(1. 0 0.0 J.O 7 
31 28 0 100.0 2 7'15.0 0.0 0.0 I 
32 29 0 lJO.C 2800.0 0.0 J .O 7 
33 30 0 150.0 12'lE.0 0.0 0.0 1 
311 31 0 150.0 2085.0 0.0 0 • .) 7 
35 32 0 150.0 2772.5 0.0 0.0 1 
~6 33 0 20J.0 90 :l .0 0.0 J.O ~ 
37 311 0 200.0 1060.0 0.0 0.0 1 
3e 35 0 200.0 1270.0 0.0 .l.J 7 
.l9 :?E: 0 200.0 n22.0 0.0 J .O 1 
110 37 0 200.0 1~ OJ. 0 0.0 .l.J 1 
111 38 0 ~OO.O 17(0.0 0.0 J.O 1 
1;2 39 0 2J.l.O 1'l00.0 0.0 J.O 7 
In 110 0 2::0.0 2070.0 0.0 .).J 1 
1111 111 0 200.0 2100.0 0.0 J.O 1 
45 42 0 200.0 21100.0 0.0 0.0 I 
116 43 0 200.J 2500.0 0.0 .).J 7 
47 411 0 ~OO.O 2E20.0 0.0 0.0 1 
1:8 ~~ 0 200.0 27115.0 0.0 J.O 7 
49 46 0 200.0 ;lROO.O 0.0 0.;) I 
50 q1 0 250.0 1296.0 0.0 J.O 7 
51 III! 0 250.0 :?OP.S.O 0.0 0.0 1 
52 49 a 250.0 2772.5 0.0 J.O 1 
53 50 0 30:1.0 l1f;S.0 0.0 0.0 1 
'511 ~1 0 300.0 1270.0 0.0 J.O 1 
55 52 0 300.0 ' 322. 0 0.0 0.0 I 
56 53 0 300.0 1411.0 0.0 0.0 1 
51 511 0 300.0 1ges.0 0.0 0.0 1 
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5t! ~S C 300.0 2070.0 O.C ;i.0 I 
59 ~6 0 300.0 2100.0 0.0 J.J 7 
60 57 0 300.0 2250.C 0.0 (/.0 1 
61 5e 0 30:".;) 2"110.0 o. a J.J 7 
62 59 0 300.0 :>745.0 0.0 0.0 7 
63 EO a 300.0 2'100. a o. a J.O 1 
6/l 61 a 35J.0 12<;6.0 o.c 0.0 / 
65 c2 0 3~0.0 20R~. 0 0.0 O.J 7 
66 63 a 350.0 2772.5 0.0 0.0 1 
67 f4 11 400.0 0.0 0.0 ;).0 J 
68 65 0 400.0 700.0 O.C (l.0 9 
€9 €6 0 40;:'.0 9;)0.0 o. a J.O oj 

70 67 0 40U.0 10fO.0 0.0 J.O 1 
71 Ee 0 "03.0 1270. a 0.0 0.0 7 
72 69 0 4:)~.0 1322.0 0.0 0.0 I 
73 7C a 40C.0 l~.OO.O 0.0 0.0 1 
H 71 0 /j00.0 1 7CO. 0 0.0 0.0 1 
75 72 0 400.0 1900.0 0.0 J.O 1 
76 13 a 40a.0 ~070.0 0.0 0.0 1 
77 711 a 110;).0 2100.0 0.0 0.0 7 
78 75 a 400.0 24CC.0 0.0 0.0 1 
79 76 0 1100.0 ~~OO. a 0.0 J.O 7 
80 77 0 400.0 2620.0 0.0 0.0 1 
81 78 0 4J~.O :<745.0 0.0 0.0 1 
82 19 0 400.0 2800.0 0.0 0.0 / 
83 eo 0 450.0 1296.0 0.0 0.0 7 
8' 81 0 450.0 20 ~ 5.0 0.0 0.0 1 
8S 82 a 45a.0 '11 72. 5 0.0 0.0 1 
86 83 0 5:)il.0 11(,0:;.0 0.0 0.0 1 
87 Ell a 500.0 127:>. :> :>.0 ..I.J 7 
as 85 0 500.0 1322.0 0.0 0.0 1 
89 e6 0 500.0 11111.0 0.0 ".0 1 
90 87 0 500.0 19S5.0 0.0 J.O 1 
91 ee a 500.0 :070.0 c.o 0.0 7 
92 89 0 50il.0 ;.!100.0 O. C O.\) 1 
93 90 0 5:>0.0 22':-0.0 0.0 0.0 7 
9' 91 0 500.0 7.6 eo. 0 c.o J.O 1 
9~ 92 a 50C.0 7.H5.0 0.0 J.O 1 
96 93 0 500.0 2800.0 0.0 0.0 1 
97 911 0 550.0 12~6.0 0.0 il.O 1 
98 95 0 5!J0.0 ~oe5.0 o. c J.O 1 
99 56 a 550.0 7772.5 0.0 J.O 7 

100 97 11 600.0 0.0 0.0 0.0 !i 

I 
101 98 0 600.0 350.0 0.0 0.0 ~ 

102 99 0 600.0 7CO.0 0.0 0.0 ~ 
103 100 0 600.0 900.0 0.0 J.O 'J 
104 101 0 600.0 10fiO.0 O. C 0.0 1 
lOS 102 0 600.0 1270.0 0.0 0.0 7 
106 11l 3 0 600.0 1322.0 0.0 J.O 1 
107 104 0 6JO.0 1500.0 0.0 0.0 1 
lOR lOS 0 600.0 17:0.0 0.0 0.0 1 
109 106 0 600.0 1900.0 0.0 J.O 1 
110 11)7 0 600.0 ;?070.0 o. C 0.0 1 
111 HI! 0 600.0 2100.0 0.0 O.J 7 
112 109 0 fOO.O 7400.0 0.0 0.0 1 
113 110 0 600.0 ?500.0 0.0 ;).0 7 
1111 111 0 600.0 2620.0 0.0 0.0 1 
115 112 0 bUO.O 27Q~.0 0.0 o.a 7 
116 113 0 600.0 2800. C 0.0 0.0 I 
117 1111 0 650.0 1295.0 0.0 O.J 1 
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118 115 0 650.0 20e5.0 0.0 J.O 7 
119 116 0 £50.0 "'12.5 0.0 ~.O 1 
~20 117 0 700.0 1165.0 0.0 J.O 7 
121 118 0 100.0 1270.0 0.0 0.0 I 
122 119 0 700.0 1322.0 0.0 J.O 1 
123 1 ':l 0 100.0 1411.0 O.C J.il 1 
1211 ,:i, 0 700.0 lEOO.O O. (I J.O 1 
125 122 0 700.0 18CO.0 0.0 J.O 1 
126 123 (I 700.0 19 AS. 0 0.0 J.J 1 
127 1<4 0 100.0 ~O 1:1. C O.C J.O 1 
129 1:<5 0 7JO.0 21:)0.0 0.0 J.O 1 
129 1~6 0 100.0 22 ~C.O 0.0 0.0 I 
130 1.27 0 7JO.O 2680.0 0.0 0.;) 7 
131 128 0 100.0 21Q~. 0 0.0 0.0 I 
132 129 0 7JO.0 2QOO.0 0.0 0.0 1 
133 no 0 150.0 12~6.0 0.0 0.0 I 
1311 131 0 750.0 20 IlS. (I 0.0 0.0 1 
135 132 0 750.0 neo .0 0.0 J.O 1 
136 133 0 800.0 1270.0 0.0 J.O 7 
137 13~ 0 800.0 022.0 0.0 0).0 I 
138 135 a 600.0 11111.0 0.0 J.J 7 
139 136 a aoo.o 1500.0 0.0 J.O 1 
1110 137 0 800.0 150J.0 O. a J.O 1 
1 ~, us 0 800.0 17CO.O 0.0 J.:l 1 
1112 139 0 8:l0.0 190.).0 0.0 0.;) 7 
1113 140 0 eoo.o 19CO.0 0.0 a.o 1 
la4 141 0 8:)0.:l 1'1 e~. 0 0.0 J.O 1 
1~5 142 0 SOO.O 2070.0 0.0 0.0 1 
1116 1113 0 sao.o 21 ,)0.0 0.0 (I.;) 7 
1~7 14~ 0 800.0 2250.0 0.0 0.0 1 
148 1115 0 900.0 21100.0 0.0 ;).J 1 
1119 146 a 800.0 2o;CO.0 0.0 J.O 1 
150 147 0 8JO.0 20; 2:l. 0 0.0 J • .) 1 
151 148 0 £100.0 27eo.0 0.0 0.0 1 
152 149 0 80a.0 2P.O:l. a 0.0 J.;) 7 
153 150 0 e35.0 12SE.0 0.0 0.0 1 
15la 151 0 835.J 2;)85.0 0.0 J.J 7 
155 152 0 f3S.0 2790.0 O.C 0.0 1 
156 153 11 87J.0 0.0 0.0 J.O ~ 
157 15~ 0 870.0 150.0 0.0 0.;) :I 
158 15S 0 87;).0 no./) 0.0 J.J ::I 
159 156 0 (:10.0 9CO.0 0.0 0.0 J 
160 1~7 0 870.0 1060.0 0.0 O.J 7 
161 158 0 870.0 lH~.O 0.0 ;).0 1 
11'2 1:9 0 870.0 1270.0 0.0 J.:l 7 
163 16;) 0 E70.0 13:<2.0 0.0 o.() 1 
1611 HI 0 87:).0 11111.0 0.0 J.J 7 
165 162 0 810.0 1500.0 O.C (I.:l 1 
1~6 H3 0 87;).;) 1~00.0 0.0 J.;) 7 
167 16q 0 810.0 17 co. 0 0.0 J.O 1 
168 HS 0 870.0 1~(l0.0 0.0 J.;) I 
169 166 0 810.0 1900.0 0.0 ;).;) 1 
170 167 0 870.0 1tl q'i. 0 0.0 J.J 1 
171 168 0 f70.0 21) 70. 0 0.0 J.O 1 
172 H'.i 0 87;).0 21:l0.:l 0.0 J.O 7 
173 170 0 870.0 22 ~O. 0 0.0 J.O 1 
1711 171 0 870.0 2uOO. :l 0.0 ;).0 7 
175 172 0 870.0 2500.0 O.C O.J 7 
176 173 O. 8n.0 21'> 20. 0 0.0 J.;) 1 
177 11'1 0 810.0 2 7eo. 0 0.0 J.O 1 
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r 

178 17~ 0 870.0 2B30.0 3.0 a.a 
119 176 0 910.0 17S.0 0.0 a.J ~ 

180 117 0 910.0 525.0 0.0 ;).0 J 
1!.11 17a 0 913.0 B30.0 0.0 0.;) '1 
182 179 0 910.0 980.0 ".0 0.0 ~ 
lP.J lEO 1 913.0 1165.0 0.0 0.;) .. 
la-. lSI 1 910.0 1296.0 0.0 (l.O It 
18~ 182 1 910.0 1!1 I I. 0 0.0 ~.a " 186 183 1 910.0 1(·00.0 O.C 0.(1 " 187 tell 1 91J.0 '''JJ.O 0.0 0.0 4 
ISS I SS 1 91C.0 19110.0 0.0 0.0 " 189 186 1 ~10.J 2) 211. 0 0.0 \1.0 4 
lryO 187 I 910.0 20a~.c 0.0 ;).0 .. 
191 Ha 0 91J.0 217'5.0 0.0 J. ) 4 
192 199 0 S10.0 2325.0 0.0 ;).0 " 193 1<;0 0 910.;) 2!l50.0 o. C ".0 " I'H I'll 0 911l.0 2S60.0 0.0 J.a .. 
19~ 192 0 910.0 268".0 0.0 lJ.l " 196 19 ] 0 91Ol.0 nee.c 0.0 ;).0 .. 
197 1911 11 9~5.0 0.0 0.0 0.;) ~ 

198 .195 0 ~1I5.0 350.0 0.0 U.O J 
199 156 a 9113.0 700.0 0.0 0.0 'J 
200 197 0 94~.C qCC.O O.C J.O ~ 

201 l~a 0 9~5.;) 10 6J. 0 0.0 O.J 7 
202 199 0 5,,5.0 1270.0 O.C 0.;) 1 
203 200 0 9'15.0 1322.0 0.0 a.o 1 
2011 ~01 0 !I!j~.O 1500.0 0.0 O.J 1 
20 ~ 2C2 0 9~5.0 17:>0.0 0.0 J.O 1 
206 20] 0 945.0 190 0.0 0.0 J.O 7 
207 2CU 0 945.0 '" ~O;. 0 0.0 'l.O 1 
208 =o~ 0 945.0 2070.0 0.0 J.O 1 
2\19 206 0 9~5.0 2 lJO. 0 0.0 .I.::! 1 
210 207 0 9'15.0 22~O.0 0.0 Il.O 1 
211 2ee 0 9~5.0 2~JO.0 0.0 J.Il 7 
212 2:l9 0 S45.0 2~CO.0 0.0 0.0 J 
213 210 0 9115.0 26 20. J 0.0 ".0 7 
21" :211 0 9 .. 5.0 2745.0 0.0 0.0 7 
21~ 21Z 0 9145.0 21lJO.0 0.0 .I.:> 1 
216 :213 0 1010.0 lHi5.0 0.0 0.0 1 
217 214 0 1010.0 12')0.0 0.0 'l.O 1 
218 21~ 0 10 10.0 11111.0 0.0 .).0 1 
219 2H C 1010.0 1~JO.0 (I. a J.a 1 
220 211 a 1010.0 laco.O 0.0 U.O 1 
221 218 0 1010.0 1940.0 0.0 0.0 1 
222 219 0 1010.0 202e.0 0.0 J.O 1 
22] 220 0 9i15.0 20>1<;.0 0.0 'l.O 7 
2211 ~21 0 9d5.0 2175.0 0.0 .1.0 1 
225 222 0 9AS.0 2]2;.0 0.0 O.J 1 
226 :2~3 0 913S.0 2450.0 0.0 0.:1 1 
227 2=" 0 9AS.0 2560.0 0.0 a.o 7 
228 225 0 9R5.0 26EO.0 0.0 a.o 1 
229 22E 0 9US.0 2172.5 0.0 ;).J 1 
230 227 0 10uo.0 no.o 0.0 0.0 ~ 
231 22e 0 1000. J lJ60.0 0.0 .).J 7 
232 229 0 10';0.0 127C.0 0.0 0.0 I 
233 230 0 10bO.0 I J 22.0 J.O J.O 1 
234 ~31 0 1060.0 15::0.0 0.0 0.0 1 
23~ 232 0 la60.;) 17;)0.0 0.0 .1.0 7 
236 2lJ 0 1060.0 1900.0 0.0 u.O 1 
237 2311 0 101>0.0 1985.(1 0.0 ;).J 1 
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:38 235 0 1025.0 2070.0 O.C 0.;) 7 
239 236 0 1025.0 2100.0 O.C 0.0 7 
2110 237 0 1025.;) 2250.0 o. C ;).;) 7 
2111 238 0 1025.0 21100.0 0.0 0.0 7 
2112 239 ·0 1025.0 25'0.0 ;).0 0." 7 
2113 2110 0 1025.0 2620.0 o.e :l.1) 7 
7.1111 :111 0 102!;.0 271:5.0 0.0 0.;) 7 
2115 242 C 1025.0 2FCO.O o.c a.o 1 
2116 2113 11 1200.0 0.0 0.0 O.J 'l 
247 24~ 0 1200.0 350.0 0.0 J.:l j 

2118 2115 0 12()0.O '00.0 0.0 J.:l 9 
2119 2116 0 1200.0 9CC.0 c.c 0.;) ~ 

2~O :47 0 1200.;) 1060. a O. () O. J 1 
251 248 0 1150.0 121~. 0 0.0 0.0 1 
2~2 2119 0 1200.0 1300.0 0.0 .1.0 7 
253 250 0 1120.0 1300.0 0.0 0.0 1 
2511 2~1 0 1150.0 B70.0 0.0 O.J 7 
255 252 0 1200.0 l~CO.O 0.0 0.0 1 
2~6 2~3 0 1200.0 1900.0 0.0 O.J 7 
257 254 0 112e.o 2CES.0 o. c a.o 1 
2 ~ e 2~= 0 1200.0 21100.0 o. ;) J.O 7 
259 256 0 120U.0 2f 20.0 O. C 0.0 1 
260 2~7 0 12(10.0 2P .)0.0 0.0 0.0 7 
261 258 0 HOO.O .1~0.0 0.0 0.0 \I 
2~2 259 0 11:00.0 qOO.O 0.0 J.J \I 
263 260 a 1400.0 17CO.O 0.0 0.0 1 
2(.11 261 0 1300.0 2030.0 0.0 \l.0 7 
265 262 a 13~0. 0 2110.0 0.0 0.0 7 
266 2E3 0 1300.0 2210.0 0.0 J.O 7 
267 264 11 HOO.O 0.0 0.0 0.0 \I 
268 26= 0 1600.0 700.0 0.0 J.O \I 
~69 266 0 1600.0 10(,0.0 O.C 0.0 1 
270 2E7 0 I~OJ.O 1~00.O 0.0 J.O 7 
271 260 0 1600.0 1QC,(1.0 0.0 0.0 7 
272 269 0 1600.0 :lllOO.O 0.0 0.0 7 
273 :<70 0 16(10.0 2620.0 O.C J.O 1 
2711 ~7': 0 160a.J 28:)0.0 0.0 J.O 7 
275 212 0 190".0 350.0 0.0 J.O l 
276 273 0 1900.;) 830. ;) 0.0 J.O oJ 
277 274 0 1S:l0.0 1?p'0.0 o.c o.~ 1 
278 275 0 19.10.0 17 ;)0.0 0.0 .1.0 7 
279 276 0 19;)0.0 21~C.0 0.0 0.0 7 
280 277 0 I'DO.:! 2" ~Q. 0 0.0 .I.:! 1 
281 278 0 1900.0 2aco.!) o. c \I.Q 1 
282 279 11 2200.0 0.0 0.0 .1.0 'J 
283 280 0 1200.0 7CO.O O. C LI.;) 'J 
2811 2e1 0 2200.;) 10 ~O. 0 0.0 0.0 7 
28S 282 0 2200.0 1500.0 0.0 0.;) 1 
2af 2e3 0 2200.0 19QJ.0 0.0 J.O 1 
267 2811 0 2200.0 211CO.0 o. a J.O 7 
28e 2e5 0 22:)0.:1 2AQ().0 O. C 0.;) 7 
289 286 0 2~OO.0 3~0.0 0.0 J.O -J 
290 2e7 0 2500.0 '390.0 0.0 iI.;) 9 
291 288 0 2500.0 1250.0 O.C J.O 7 
292 2E9 0 2 5()(). 0 1700.0 0.0 J.O 7 
293 290 0 2~tlO.0 2150.0 O. C .1.0 1 
2511 251 0 2500.0 2~ 20. 0 0.0 0.:1 7 
295 292 0 2500.0 2eoo.0 0.0 J.O 7 
29E 253 11 2800.0 0.0 0.0 .1.0 ~ 
297 2911 0 2800.0 7CO.0 O. C 0.0 :J 



249 

298 29!: 0 28ao.0 106a.o 0.0 i).0 1 
299 2S6 0 2800.;) 1500.0 0.0 0.0 7 
300 297 0 2800.C l,?CO.O 0.0 ;).0 7 
3~' 298 0 28;;J.O 2e 00.0 0.0 0.0 7 
302 299 0 2800.0 2t' 00.0 0.0 3.0 1 
30) JOG 0 3100.;) 21; 20. 0 0.0 o.a 7 
30/1 301 0 3100.0 2800.0 0.0 J.O 7 
)o!: 3C2 " 31100.0 0.0 0.0 J.O 9 
306 303 0 3400.0 7CC.0 0.0 :).0 :;/ 

301 JOo 0 311ao.o 1060.0 0.0 J.O 7 
308 305 0 3400.0 15CO.0 0.0 :l.a I 
laC; 30F 0 31100.1) 1900.0 0.0 J.J 7 
310 307 0 31100.0 21100.0 0.0 a.o 7 
311 3et! 0 3"ao.0 2800.3 0.0 3.J 7 
312 309 0 31"a.0 2620.0 0.0 0.0 7 
313 31:l 0 3700.0 28JO. a O. ° o.J 7 
3111 311 11 4000.0 0.0 0.0 ;1.0 • 
31~ 312 0 4000.0 7:)0.0 0.0 ;I.a !:I 
316 313 0 4000.0 10(:0.0 0.0 J.O I 
317 1111 0 4000.3 1500.0 0.0 .1.3 7 
318 315 0 4000.0 1900.0 0.0 o.a 7 
319 31£: 0 4000.0 2400.0 0.0 J.J 7 
320 317 0 40JO.0 2800.0 0.0 0.3 1 
321 318 0 11300.0 2620.0 0.0 ".J 7 
322 319 0 113\10.0 2600.0 0.0 0.3 1 
323 ]20 11 116.JO.O 0.0 0.0 ;I." 9 
]2" 321 10 IIfOO.O 7CO.0 0.0 :l.0 ;I 

32~ 322 10 /1(; '.)0.0 10 FO. 0 0.0 J.;) 9 
326 ]2.1 10 461)0.0 lo;CO.O 0.0 o.a 'J 
327 324 10 46:10.0 1900.0 O. a 0.0 9 
328 J"~ ~- 10 4&00.0 2~CO.0 O. C a.o J 
329 326 10 4600.0 21l00.0 0.0 ..l.O !:I 
330 1 1 611 f5 2 1.00 
331 2 1 65 2 2 1.0 
332 3 2 65 33 2 1.0 
333 /I E5 66 33 2 1.0 
33/1 5 E6 67 33 2 1.0 
335 Ii €7 34 JJ 2 1.0 
J:l6 7 jQ 1 J] 2 1.0 
337 8 3 2 3] 2 1.0 
318 9 111 19 3 5 1.0 
339 10 311 35 19 5 1.0 
3110 11 15 20 19 5 1.0 
311 1 12 20 II 19 5 1.0 
3"2 13 4 3 19 5 1.0 
3"3 1q 34 67 ~O 5 1.0 
3411 15 E7 68 50 5 1.0 
3115 Hi 6e 51 50 0; 1.0 
]Il6 11 51 3S ~O 5 1.0 
3117 19 3S 311 50 5 1.0 
3 .. e 19 Ii 20 16 S 1.0 
3119 20 23 21 1& 5 1.0 
350 21 ., 5 16 5 1.0 
351 22 5 II 16 'i 1.0 
352 23 ~O J5 JO 5 1.0 
3~3 211 3S 36 30 S 1.0 
3S4 25 36 21 30 5 1.0 
355 26 21 20 30 5 1.0 
356 <7 35 51 47 5 1.0 
]57 2e ~1 52 47 ') 1.0 
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418 89 11 43 12 6 1.0 
1119 SC 11 112 113 I) 1.0 
420 91 113 112 75 6 1.0 
1121 52 113 75 76 6 1. ;) 
1122 93 12 411 13 6 1.0 
1123 94 12 III 114 5 1.0 
112" 95 113 16 44 6 1.0 
112S 96 16 71 411 6 1.0 
li26 97 13 Ii" 27 6 1.0 
1127 58 II Ii 115 21 '\ 1.0 
1128 99 ;;7 liS 211 6 1.0 
1129 l~O 28 n 27 I; 1.0 
IIlO 101 111 13 21 6 1.0 
1131 le2 1111 77 5tl 6 1.0 
1132 103 11 78 sa 6 1.0 
1133 104 78 59 58 6 1.0 
11311 105 59 liS 58 6 1.0 
1135 lC6 115 "" 58 6 1.0 
1136 107 111 28 18 6 1.0 
1137 lC8 28 29 18 6 1.0 
1138 1;)9 .9 15 18 6 1.0 
1139 110 15 H 18 6 1.0 
""0 111 ;;e liS 32 6 1.0 
11111 112 115 "6 32 6 1.0 
11112 113 116 29 32 6 1.0 
11113 1111 29 211 32 6 1.0 
111111 115 liS 59 119 6 1.0 
11115 116 59 60 119 6 1.0 
1146 117 60 116 49 6 1.0 
II !! 7 lla 116 115 119 6 1.0 
11118 119 59 713 63 6 1.0 
11119 120 78 73 63 6 1.0 
450 121 79 60 H 6 1.0 
"51 122 60 59 63 I; 1.0 
1152 123 Ell 97 !Ii! 2 1.0 
1153 1211 57 153 98 2 1.0 
4511 1.5 15~ 154 ge 2 1.0 
1155 125 1511 155 98 2 1.0 
lI56 127 155 99 98 2 1.0 
1157 128 59 65 98 2 1.0 
1158 129 E5 64 98 2 1.0 
1159 130 lCO 66 65 2 1.0 
1160 131 E5 99 100 2 1.0 
1161 132 ~9 155 100 2 1.0 
1162 133 156 100 155 2 1.0 
1If] 1311 66 101 67 2 1.0 
116 Ii 135 E6 100 101 2 1.0 
III)" 136 157 101 lOU 2 1.0 
li66 137 100 156 157 2 1.0 
Ilfi7 138 (,7 101 1') <; 1.0 
1168 139 101 102 113 5 1.0 
1169 111\) 1 C2 811 63 5 1.0 
1170 1111 ell 611 113 S 1.0 
1171 1112 68 67 83 5 1.0 
1172 1113 102 101 117 5 1.0 
1173 11111 1 Cl 157 117 'i 1.0 
41/1 1115 157 158 117 5 1.0 
1175 1116 158 133 117 5 1.0 
1176 1117 158 159 133 5 1.0 

"" 1118 133 118 117 'i 1.0 
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1178 149 118 102 111 5 1.0 
Ci79 150 6d 811 80 5 1. a 
480 151 Ell 85 eo OJ 1.0 
1181 1~2 E5 69 60 5 1.0 
1182 153 69 68 eo 5 1.0 
1I!!3 1 ~ 1I Et: 1 a2 911 5 1. a 
1184 155 102 103 911 5 1. a 
485 156 1 C3 85 911 5 1. a 
486 157 E5 61t loll 5 1. a 
IiS7 lse 1 C2 118 1111 5 1.0 
1188 159 118 119 lIlt 5 1.0 
1189 160 119 l a3 11 <& 0; 1. a 
"90 1& 1 103 102 114 5 1.0 
1191 lE2 119 133 130 5 1.0 
1192 1&3 1~3 134 00 5 1.0 
II Q 3 H~ 1311 119 130 5 I. :l 
11'111 165 119 118 130 «; 1.0 
"c:c 165 133 159 15a 5 1. a 
1196 167 159 160 1:: 0 OJ 1.0 
1197 168 HO 13" 1~· 0 5 1. a 
1198 169 011 133 150 5 1.0 
1199 liO eo; 103 86 5 1.0 
500 171 103 104 S6 5 1.0 
~ 01 112 1 C'I 70 116 5 1. a 
502 173 10 69 86 5 1.0 
503 1711 69 >:15 86 5 1. a 
5011 175 119 1311 1~0 5 1.0 
~05 116 1311 lJ5 120 5 1.0 
506 117 135 136 120 5 1.0 
507 178 136 1 all 12a 5 1.0 . 
508 179 1011 10l 120 5 1.0 
5a9 teO 103 119 12;) 5 1.0 
510 181 ll11 11:0 161 5 1.0 
ell 182 lEI 135 1)11 5 1.0 
512 183 Ill: 135 HI 5 1.0 
513 lell H2 136 11>1 5 1.0 
511l 185 11 10 105 5 1.0 
515 lEE 70 1011 1;)5 S 1.0 
5H 187 1011 13& 121 ' 5 1.0 
517 tE8 13') 137 121 5 1.0 
'i19 189 137 138 121 5 1.0 
519 19a 138 105 121 5 1.0 
520 191 lOS lilll 121 5 1. 0 
521 192 136 '''2 163 5 1.0 
522 193 163 137 136 5 1. a 
523 1911 1&3 138 137 5 1.0 
5211 195 If] 1611 l]a 5 1.0 
52! 196 71 106 72 5 1.0 
526 197 71 105 le6 5 1. a 
~27 198 lC5 138 122 0; 1. a 
529 199 138 139 122 5 1.0 
529 2eo 13'1 1110 122 5 1.0 
530 ~:l1 1110 106 122 5 1. 0 
«;31 2C2 1 C5 la5 122 '5 1.0 
5J2 2a3 138 1&11 1b5 5 1.0 
5lJ 2011 H5 139 Ull 5 1.0 
531! 2:15 1&5 '''0 1 ~9 Ii 1.0 
SJ5 2C6 165 166 III:) 5 1.0 
536 21)7 ' 72 ' I 10& H7 5 1.0 
537 lea 106 ' 107 87 ' 5 1. a 
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538 209 101 88 el 5 1.0 
S39 210 S8 13 87 OS 1.0 
5,,0 211 7J 12 e7 5 1.0 
~1I1 212 1 C6 140 123 5 1.0 
5112 213 1110 hI 123 5 1.0 
SII3 2111 1111 1112 123 5 1.0 
51111 215 1112 1211 123 5 1.0 
51l! 2H 1211 H)7 123 5 1.0 
5116 217 101 106 1:l3 5 1.0 
5117 218 HO 1&6 167 5 1.0 
5118 .19 1 Ii'J 161 1111 5 1.0 
5119 220 167 1112 1111 5 1.0 
550 nl ln 168 1112 5 1.0 
551 222 13 118 81 5 1.0 
552 <23 e8 89 el 5 1.0 
553 2211 E9 74 81 5 1.0 
5511 2- c 

~- )11 73 El 5 1.0 
55: 226 e8 107 95 5 1. J 
556 227 lel 108 95 5 1.0 
5q :<28 te8 119 95 5 1. a 
558 ' • .29 e9 88 55 5 1.0 
S59 230 107' 124 115 5 1'.0 
550 2:;1 ,,,, 125 115 5 1.0 
5!; 1 232 125 108 115 5 1.0 
562 233 1e8 101 115 5 1.0 
563 234 1211 1112 131 5 1. a 
5611 235 H2 143 111 5 1.0 
56: 236 lH 125 131 5 1.0 
566 237 1.5 124 131 S 1.0 
Sf'7 238 142 168 151 os 1.0 
568 239 168 lE9 1~1 5 1.0 
569 2110 H9 1'13 151 5 1.0 
570 .41 H3 1112 1!:1 5 1. " 
571 242 ' e9 1 J8 '.10 5 1.0 
572 .4) lC8 109 ~o 5 1.0 
sn 2114 1 C9 75 90 5 1.0 
574 245 15 14 90 5 1.0 
575 246 711 89 !H) 5 1.0 
576 247 1-· 4. III) 1<'6 5 1.0 
~77 2118 H3 lUll 126 5 1.0 
578 2119 HII 145 126 5 1.0 
S79 250 1'15 109 126 5 1.0 
5S0 251 109 lJ8 1;6 5 1.0 
581 252 lC8 125 126 5 1.0 
5S2 .5) 1113 169 170 OJ I.e 
c83 2S11 170 1411 III) 5 1. J 
5811 255 170 1'15 11111 5 1.0 
SB5 256 170 171 1115 5 1.0 
596 257 15 110 16 6 1.0 
587 2se 75 109 110 6 1.0 
588 259 le9 1115 110 6 1.0 
5PC; ao 1115 1115 110 6 1.0 
590 .bl H5 112 146 6 1.0 
SQl 262 1 us 171 172 6 1.0 
592 263 76 111 71 6 1.0 
593 UII 16 110 111 6 1.0 
594 265 110 146 111 6 1.0 
59S 2e6 1Q6 1117 111 6 1.0 
596 261 1111 146 112 6 1.0 
597 2E8 173 1117 172 6 1.0 
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598 269 71 111 91 6 1.0 
599 27C I I I 112 91 6 I. ~ 
600 ~71 91 112 92 6 1.0 
601 :<72 n 78 91 6 I. :I 
602 273 71 91 78 (: 1.0 
603 27~ III 1H 127 6 I. :I 
6011 275 H7 149 127 6 1.0 
EO!: 276 148 128 127 6 1.0 
606 277 128 112 127 (: 1.0 
6:17 278 112 111 127 (; 1.0 
608 279 I1q 148 1117 6 1.0 
609 2eo 147 173 17 .. 6 1.0 
610 28 I 78 92 62 6 1. a 
611 2l!2 52 93 112 6 1.0 
612 283 93 79 82 6 1.0 
613 2ell 79 78 82 6 1.0 
6111 285 92 112 56 6 1.0 
fl!: 2eE 112 113 96 I; 1.0 
616 237 In 93 ~6 6 1.0 
617 2ee <;3 9;,! 96 6 1.0 
618 ;;>89 112 128 116 ( 1.0 
619 2S0 128 129 116 6 1.0 
620 '" 1:;9 113 116 6 1.0 
112 I 292 III 112 116 6 1.0 
622 :;93 1:;S 1118 132 6 1.0 
E23 254 lU'! 149 132 6 1.0 
6211 29~ lu9 129 132 6 1.0 
li2!: 2,,6 129 128 132 6 I. a 
626 297 1U8 1711 152 6 1.0 
627 2se 17- 175 152 6 1.0 
628 299 115 149 152 6 1.0 
62<; 3eo H9 '''8 152 ,; 1.0 
6 ) 0 301 1!3 194 176 2 1.0 
E31 302 I S~ 195 176 2 1.0 
632 303 ISS 1511 176 2 1. a 
'i 33 3011 1511 153 176 2 1.0 
63q 305 1:, " 195 177 2 1.0 
E3~ 3CE ISS 196 177 2 1.0 
636 307 196 155 177 2 1.0 
E37 3e8 155 1511 177 2 I. a 
638 3U9 155 196 178 2 1. a 
E39 310 1 <;6 197 178 2 I. a 
6qa 311 197 156 178 2 1.0 
Ell 1 312 156 155 178 2 1.0 
642 313 156 197 179 2 1.0 
6113 314 1$7 198 179 2 I. ;) 
6/1q 315 158 157 179 2 1.0 
EII5 316 157 156 179 2 1.0 
6116 317 157 1<,8 leo II .35 
6117 318 198 199 160 II .35 
648 319 159 159 11:0 II .35 
6:15 320 159 158 160 " .35 
650 321 1~e 157 160 II • ~ 5 
651 :!22 159 199 181 " .35 
652 323 IS9 200 161 II .3S 
1'~3 )24 2CO 1&0 181 4 .3S 
6511 325 160 159 leI II .~5 
655 326 lEO 200 1(\2 4 .3S 
6"6 327 200 201 182 " .35 
657 328 201 162 182 " .3S 
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65B 329 lE2 161 182 II .30; 
659 330 161 16:> 1112 /I .3S 
660 331 1£2 201 183 II .35 
HI 332 2 Cl 202 183 /I .35 
662 333 2C2 1611 183 /I • l'j 
663 3311 Hill 163 183 II .3S 
66/1 335 1£3 162 183 , .35 
665 336 1611 202 1811 II .35 
666 331 :;C:; 203 lEIi /I .35 
667 338 2C3 166 ltlll II .35 
668 339 lE6 11>5 lSI1 II .35 
669 3~0 165 1611 1811 /I .35 
670 3~1 lE6 203 185 II .3~ 
671 3112 2C3 20~ 185 II .35 
672 3~3 2011 167 le5 II .35 
613 HII H1 166 185 II .35 
6711 3115 H:7 .lOll le6 /I .35 
675 3H 2ell 2;)5 186 II .35 
676 3q7 205 168 186 II .35 
677 3118 168 1/i7 186 II • 3~ 
678 3119 lE8 :Z05 181 II .35 
679 350 2C5 2:>6 187 &I • 3~ 
680 351 20E 169 181 &I .35 
6el 3~2 169 168 181 /I .35 
682 353 lE9 206 188 II .03'i 
683 3~1I 2 C6 207 188 II • 03~ 
68,. 355 :ZC1 110 le8 &I .05 
685 3~6 170 169 188 II .035 
686 357 170 207 leg II .05 
687 358 2C1 2;)A 189 II • :110; 
688 359 2C8 111 le9 II • C 15 
669 JbO 171 170 la9 &I .035 
690 361 171 208 190 &I .03S 
691 .:Ji,2 2e8 209 190 II .030; 
692 363 2C9 112 190 II .015 
693 3EII 172 171 190 /I .:l 3S 
6911 365 112 209 I'll /I .C~5 

69~ 366 2e9 21:> 191 II .0.15 
696 361 210 113 I'll II • C~5 
697 368 113 172 I'll II • ;))S 
698 369 113 210 192 II • CIS . 
699 370 210 211 1 'J2 .. • :115 
700 371 211 11!! In II • C 15 
701 372 1711 113 192 .. .:> ~5 
702 373 11~ 211 193 II .OJ5 
7:>3 3711 211 212 193 4 .0 35 
7011 375 212 115 193 &I .0 .15 
705 376 17'; 17&1 193 II .015 
706 377 1<;11 2113 195 2 1.0 
707 318 2113 21111 195 2 1.0 
ns 379 21111 2115 195 2 1.0 
709 380 195 2115 196 2 1.0 
110 381 2113 2611 258 2 1.0 
711 .lP2 2tll 265 258 :? 1. :> 
712 383 :;(5 245 258 2 1.0 
713 364 2115 211(1 258 2 1.0 
7111 3U5 :?~o ;/1111 :Zll3 2 1.0 
71~ 3EE 157 196 .z1l5 2 1.0 
716 387 2116 197 2115 2 1.0 
717 3e8 259 2116 2115 2 1.0 
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," 

718 399 2~9 245 265 2 1.0 
71q 3<;0 2f6 259 265 3 1.0 
720 391 2E6 2"7 259 3 1.0 
721 392 2117 2~b 259 2 1.0 
722 393 2<7 197 246 2 1. C 
723 JCj4 2"7 227 2116 2 1.0 
724 395 241 228 227 2 1.0 
72~ 396 228 1911 227 2 1.0 , 
726 397 217 198 191 2 1.0 ' 
727 358 228 213 1911 5 1.0 
728 399 2:;9 213 228 5 1.0 
n9 ~OO 229 199 :l1J ~ 1.0 
no 40 I 213 199 198 5 1.0 
731 4C2 219 214 199 5 1.0 
732 403 2.9 230 21~ 5 1.0 
733 4CU 230 2\)0 21'1 5 1.0 
7)IJ ~05 2H 200 199 5 1.0 
73~ ~06 2~a 229 U8 5 1.0 
736 ~07 :;u8 228 2117 5 1.0 
737 ~C8 2u9 2&18 2~1 5 1.0 
733 ~09 H9 2~7 266 5 1.0 
739 1110 2~1 2~9 :tOD 5 1. a 
7100 1111 20 252 2119 5 1.0 
741 412 250 229 2"8 5 1.0 
7"2 413 :;49 250 :<118 5 1. a 
743 ~14 2 ~1 250 2~9 5 1.0 
7'1Q 415 2·~ -< :151 2119 5 1.0 
74~ ~16 250 230 229 5 1.0 
7116 411 2~1 210 ~~O !i 1.0 
747 418 231 230 251 5 I. a 
748 ,,'9 2·· . < :;31 251 5 1. a 
749 420 215 2\)0 ::30 5 1.0 
150 421 231 215 230 5 1.0 
7~ I 422 231 2\)1 215 5 1.0 
752 423 215 :;01 200 5 1.0 
753 u2" 216 201 231 5 1.0 
754 ~2S 2j2 216 231 5 1. a 
155 4.!b 232 202 21b 5 1.0 
156 427 216 202 201 5 1. a 
751 428 232 231 252 '5 1. a 
758 4:;9 2f0 232 2~2 5 1.0 
759 u30 260 252 267 5 '.0 
760 ,,31 2Ea 2110 261 5 1.0 
761 ~32 2E8 253 260 5 1.0 
762 IIJl 2~3 232 .lbO 5 1.0 
70 4311 253 233 232 5 I. a 
?f. 4 435 211 202 232 5 1.0 
765 1136 233 217 232 5 1.0 
766 ~J1 233 203 211 5 1.0 
7b7 439 2C) ~n 217 5 1.0 
168 ~3? 232 218 203 5 1.0 
7f9 ~~\) 2H lIe 23J 5 1.0 
770 1141 2::4 2011 218 5 1.0 
771 442 218 2:>4 203 '5 1.0 
712 443 219 20~ 2H 5 I. a 
773 4~~ 235 219 23~ .. 1.0 
774 4~5 235 205 219 5 1.0 
175 446 2C4 21g 205 5 1.0 
776 1141 :135 220 205 5 1.0 
111 448 236 220 235 5 1.0 
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778 1I.,'j 236 206 220 5 1.0 
779 Q~() 220 206 205 5 1.0 
780 1151 236 :<2 t 206 5 1.0 
781 1I~2 237 221 2Jb 5 1.0 
782 1153 237 207 221 5 1.0 
7e3 11511 221 2J7 2"& 5 1.0 
7811 1155 201 237 222 0; 1.0 
78~ 1156 237 233 222 0; 1.0 
786 1157 238 208 222 5 1.0 
787 Q5E 2e8 207 222 0; 1.0 
738 459 233 253 23., 5 1.0 
7R9 IIEO 253 254 2301 '5 1. () 
190 1161 2311 2511 235 '5 1.0 
791 1I~2 253 261 2511 '5 1.0 
792 463 253 268 2fl 5 1.0 
793 11611 HI 2b8 262 5 1.0 
7911 <165 268 269 21;2 5 1.0 
7q5 1156 2511 236 235 0; 1.0 
796 1167 :al 263 :<511 '5 1. C 
797 lI~e 2€2 263 261 5 1.0 
198 1169 2£2 269 263 5 1.0 
799 117C 236 25'1 237 5 t. () 
8:)0 411 231 255 238 5 1.0 
eOl 1172 2511 255 237 5 1. () 
8:12 1113 2511 263 255 5 1.0 
e03 111'1 2E3 2!>9 255 5 I. () 
8011 117'5 20S 2]8 223 6 1.0 
l!05 47E 23e 239 223 6 1.0 · 
806 1111 239 209 223 6 1.0 
En 1178 2e9 20S 223 6 1. J 
B08 1119 209 lJ9 2211 6 1.0 
6C9 lIec 239 2110 2211 6 1.0 
810 liB 1 2110 210 2211 6 1.0 
811 IIF2 210 209 224 6 1. a 
812 483 210 lila 225 6 1.0 
S13 11811 2110 2111 225 · 6 1. () 
SIll 1185 2111 211 225 6 1.0 
SIS 1186 211 210 225 6 1.0 
816 1181 211 2111 226 6 1.0 
e17 II€S 2111 2112 226 6 1.0 
818 IIR9 242 212 226 6 1.0 
819 490 212 211 225 6 1.0 
820 491 239 238 255 6 1.0 
821 11<;2 256 239 255 6 1.0 
872 1193 256 2110 239 Ii 1. a 
823 IISII 27C 256 255 6 1.0 
8211 1195 :<10 25~ 2(:9 6 1.0 
825 1196 271 256 270 6 1.0 
826 1197 211 251 256 6 1.0 
827 119'3 2111 2110 256 6 1.0 
828 11'39 257 2111 256 6 1.0 
829 5::0 257 242 2~1 E 1.0 
830 501 2611 219 272 2 1.0 
831 5C2 27'l 2M 272 3 1.0 
832 50) 2EO 265 212 3 1.0 
833 5C4 265 l611 272 2 1.0 
834 50S 2E5 280 273 3 1.0 
835 SC6 2EJ 281 273 3 1.0 
836 501 2El 2&6 2"/3 3 1.0 
8)7 5ce le6 265 273 3 1.0 
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838 509 2E6 281 274 !l 1.0 
839 !l1:) 2el 282 27Q 5 1.0 
8110 511 284 267 214 'i 1.0 
841 ~12 267 266 2n 5 1.0 
842 513 2E7 282 215 5 1.0 
8Q3 ~14 282 283 275 5 1.0 
844 515 2e3 268 215 5 1.0 
8115 516 U8 267 275 5 1.0 
846 517 2E8 283 276 5 1.0 
e47 ~18 2€3 284 276 ~ 1.0 
8118 519 2Eq 269 216 5 1.0 
8u9 520 269 2f>8 276 5 1.0 
850 521 269 26/f 277 6 1.0 
851 522 2E4 285 277 6 1.0 
852 523 2E5 218 217 6 1.0 
853 52" 218 271 277 ~ 1.0 
854 525 271 210 217 6 1.0 
855 ~26 210 21>9 217 6 1.0 
856 521 219 293 2a6 3 1.0 
8'51 528 2S3 294 286 3 1.0 
858 529 2Sq 2ea 2~6 3 1.0 
8~9 530 2ea 2H 2i1b 3 1.0 
8150 531 2EO 294 287 1 1.0 
eel ~32 2Sq 295 261 1 1.0 
862 533 .95 281 287 3 1.0 
8E3 534 2El 2E10 287 3 1.0 
a64 535 ~El 295 21i8 5 1. :) 
865 536 2~5 .190 2116 !\ 1.0 
856 531 295 282 21lt! 5 1.0 
e67 538 282 281 2el8 5 1. :l 
868 539 282 296 2e9 "i 1.0 
BE9 511:) 296 .l97 269 0; 1.0 
870 511 1 291 2';3 2119 0; 1.0 
871 542 2E3 2q2 ~ij9 5 1.0 
872 5113 2E3 297 290 5 1.0 
873 54" H7 298 250 5 1.0 
8H 5~5 2S8 284 290 5 1.0 
915 511E 2e1l 2tl3 290 !' 1.0 
876 5111 .EII 29d ;;<;1 6 1.0 
871 548 298 299 291 6 1.0 
818 5119 2S9 292 291 6 1.0 
879 550 292 285 291 6 1.0 
8i10 551 le5 2811 291 6 1.0 
881 552 2911 293 JIl2 3 1.0 
982 553 302 303 29" 3 1.0 

I 883 ~54 294 l;)J 295 3 1.0 
984 555 303 3011 295 3 1.0 
e8~ 556 296 H5 30u 5 1.0 
886 557 304 l05 296 5 1.0 
887 5~e 257 2Sb lOS 5 1.0 
998 SS9 305 306 291 0; 1.0 
889 5EO 2S8 291 306 0; 1.0 
890 561 306 307 298 5 1.0 
891 562 298 307 30a 6 1.0 
892 563 307 30U 300 6 1.0 
893 5~4 3e8 301 300 6 1. a 
894 51\5 301 Z9!/ 3eo E 1.0 
8'?5 566 299 298 300 6 I. :) 
8'J6 567 302 31 I 312 3 1.0 
E97 568 312 303 302 3 1.0 
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898 569 ]0] 312 313 3 1.0 
899 ~70 313 3011 30] ] 1.0 
900 571 Jail 313 3111 5 1.0 
901 ~72 3111 305 JOII 5 1. a 
902 573 30S 3111 315 5 1.0 
903 ~71l 315 306 3\l5 5 1. a 
'.lOll 575 Joe 315 316 5 1.0 
905 575 316 307 30~ 5 1. a 
906 577 307 316 309 6 1.0 
907 578 316 317 309 6 1. a 
908 579 317 J10 309 6 1. a 
909 ~~O 310 308 309 6 1.0 
910 ~81 J08 307 J09 6 1.0 
911 Se2 312 ,)11 320 3 1.0 
912 583 3.0 321 :!12 3 1.0 
91J SEll 313 312 321 3 1.0 
9111 595 3.1 322 313 J 1.0 
'ilt; 5e6 3111 313 322 5 1. a 
916 58'7 3.2 323 3111 5 1.0 
917 ~68 31; 311l 323 5 1.0 
918 589 3.J 3211 315 5 1.0 
919 '590 316 315 3211 5 1.0 
920 591 3.11 n5 31b 5 1.0 
921 ~92 316 325 318 6 1.0 
922 593 ,-c 

-~- 326 318 6 1.0 
923 ~911 326 319 318 6 1. a 
9211 595 319 317 318 6 1.0 
925 596 317 316 318 6 1.0 
926 63 7 
927 19 33 311 50 65 67 98 100 101 176 
928 177 178 179 210 231 232 2]) 2511 238 2110 
929 2uII 2115 2"'; 2119 260 2~2 269 270 271 272 
930 273 ~1" 275 276 271 278 2e6 267 288 289 
931 .29C 291 292 303 3011 305 306 307 :?C8 EO 
932 99 151l 155 156 2b5 266 267 U8 2EO 281 
933 2€2 263 281l 
9311 CISPLACE!!EN'r DISTnIBtJ'rIOII 
935 27 
936 212 n6 320 1 15 212 1911 153 159 II 
937 ~ 160 168 9 10 159 1711 IllS 1a 111 
938 15 326 325 2ce 198 322 3 
939 1 
9/l0 0.42 0.85 
9'" 2.10 0.09265 0.50"'73 
942 2.45 O.OIl&Ul 0.1111<;03 
9"3 2.~0 O. ;))&56 0.31339 
91111 2 
945 0.1l0 0.36 
9116 1. 7.n 0.03379 . 0.112 .15 
9(17 1.9b9 0.32690 0.172'11 
946 '.2C5 0.02155 0.16458 
9119 3 
950 0.110 0.36 
'.lSI 5046. 0.01980 2.63 
952 II 
953 0.25 1.0 
954 14UOOO. 
95~ 
956 0.42 0.85 
957 1.726 o.oaooo 0.2118.1 
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,,-

9S8 2. 20~ 0.06355 0.ne7 
959 E 
960 0.40 1.00 
1161 100.0 
962 7 
963 0.112 0.85 
9611 1. SI! 0.22912 0.1190 
955 2.765 0.1737 0.08117 
966 3.36 0.07391 0.1013 
967 0.698,282.,1.5, 
958 8 
969 0.000 1. 
97Q 0.1 
971 9 
972 0.110 0.36 
973 3.85 0.OSII06 0.0520 
9711 10 
97~ 0.15 1.0 
976 3500. 
971 0.00212 2800. 
978 1 6 II 
979 2 12 
980 ',89 ~II 
981 ~ " 113 
982 ~ 89 92 94 95 
993 /I 76 
9"4 . 92 95 257 264 
98~ II 110 
986 2~7 2EO 2611 265 
9fl7 . II li16 
9811 2EO 261 265 267 
989 2 172 
990 261 267 
'I'll 2 172 
992 , 261 267 
993 2 173 
9911 268 290 
995 1 1711 
996 ', 297 
997 1 175 
998 , 299 
999 C 

1;)()0 68 
1001 S3 
1002 'III 
1003 ~5 
100 II 96 
1005 <;7 
10~6 98 
1007 ~9 
1008 100 
1009 101 
1010 1;)2 
1011 le3 
1012 1011 
1013 lC~ 
10111 106 
1015 lC7 
1016 108 
1017 lCS 
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1018 110 
1019 111 
1020 112 
1021 113 
1022 111l 
1023 11~ 
102 .. ',6 
102~ 117 
1026 "8 
1027 "S 
1028 120 
1029 121 
1030 122 
1031 2B 
Ion 2t:~ 

1033 26~ 
1034 266 
103~ 2f7 
1036 268 
1037 2~9 
1038 270 
1039 271 
10110 272 
10111 273 
1;)"2 21~ 

1043 27!! 
10 .. , 276 
101l~ 277 
10116 279 
10117 279 
10118 280 
10119 2 El 
1050 282 
10~1 2e3 
1052 2811 
1::'53 2E! 
10511 286 
lJ~!i 2~7 
1056 28S 
1057 2e9 
1058 290 
1059 2<;;1 
,060 2i2 
lOb 1 293 
1062 2911 
;063 2S5 

. 10611 296 
106 ~ 20 
1066 298 
1067 2SS 
1068 3(10 
lC~9 C 
1(170 0 
1071 2 6 2 
1072 £ 11 
1073 e2 90 
1074 II 112 
107! e2 87 90 91 
1076 II 7S 
1077 117 '11 211' 258 
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1078 .. 109 
1019 2/j1j 2SC 258 259 
1080 2 111 ~ 
1081 2!C 259 
1082 2 111 
lOS) 2El 262 
111811 ~ 171 
10~5 2~E 262 
1036 1 172 
1081 H2 
10tl8 0 
lC89 10 
1090 89 
I ·Hl 9C 
1092 91 
1093 92 
109,. 257 
1095 2~e 
1096 259 
1091 2EO 
1098 261 
1099 2£2 
1 lOa 3. 
l1C 1 le7 
1102 108 
1103 109 
110 ,. 110 
1105 III 
1106 112 
1101 III 
1108 llq 
1109 115 
1110 116 
1111 117 
1112 118 
1113 119 
11111 120 
111~ 121 
1116 122 
1111 2 El 
1118 282 
1119 2el 
1120 28/j 
1121 2E! 
1122 ~86 
1123 2e1 
11211 288 
112! 2E9 
1126 290 
1121 2'l1 
1128 292 
1129 2S3 
1130 2911 
1131 295 
1132 296 
1133 Ii 
113 ,. 291 
1135 :!se 
1136 299 
1137 300 



263 

1138 21 
1139 111 
1140 15 
11111 1e 
1142 28 
11Q3 29 
11114 3~ 
1111~ liS 
11116 Ii(, 

11117 li9 
1148 S9 
""9 EO 
1150 63 
11~1 1e 
1152 19 
1153 E2 
1154 92 
l1t;~ n 
1156 96 
11~7 "2 
1158 113 
1159 lH 
nEO 128 
11e 1 129 
1162 132 
1H3 He 
1164 149 
116~ 1 ~2 



I 

I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

264 



1 
2 
:l 
4 
5 
(. 

1 
8 
9 

10 
11 
12 
13 
14 
15 
16 
11 
18 
19 
20 
21 
22 
23 
24 
25 
26 
21 
28 
29 
30 
31 
32 
33 
34 
35 
36 
31 
38 
39 
40 
41 
42 
43 
44 
45 
116 
41 
118 
.. 9 
50 
51 
52 
53 
511 
55 
56 
51 
58 
59 
60 

C 
C 
C 

C 
C 
C 

C<J~I'ION 1:(0) ,!'ll (11) ,IW(10) ,X (3r,J) ,Y(l~O) ,11(350) ,V (lSQ.) ,':'fl«(,:I ,), 
1STIF (100,luO) ,A£'(100) ,~::;'ll!'{("f.), Foe'1 (J,l), Fh~ (l,b), ,,j, (l,Il),.o: 

COol "r; 11 I/ !H II 1', II U" EL, Nil~" T , KODr: (3 r.r.) , ~I" ( 1, 60:'1) , "a (600) ,!'! HN n, 
1 !H'Q,",L' «(,) 
CO';'IJN KO:lR1 (350) 
CO;1~ON SI ,;C(10,") ,!\A(lil,:.) ,il!l(1<l,4),Y.0(10) ,ZSr'C 
CO""(;:I il~l(a:L«(,OO,j) ,:;I:~IF:L(I)OO,l) ,!lSI'(;,\ (15<),) ,SlG11I (3'>!),l) 
CO'illON l;irC;1:;L (600,J) ,l'SL:A (3<;0, 3), Tii (70:1) 
CO'l/'lO, '1~(150I,V"(J50) , !WYL(2'» ,~~'(l.{?5) 
('o'!"e~ E::(I.:OO), !'!1T(C,OO) ,TJI~;F.P(6()O,2) 
C011'10N 1?III,A:K,'O.i? 
CO>:IIO,. 01(100) 
nI,BNSION XI'(80,q),~1'(80,R),NTp(qO),UG(JO), 

1T ITL E (20) , xc; (a 0) , fG (00) , X1'1" (10) , Y !'1" ( 10) 
REAL KO ' 
REAIl ('),20J) IpRI NT, NIPRIN, I PLOT, NIl'RIf 
FOEf1 AT (~!'» 
CALL BRA,)::;:: 
READ(5,II5~ N'T2,NPH 
!"OR~AT (215) 
ilIlIT!,(6, ~51) ~NT? 
YOFIIAT(III,' NU'IBER OF NODES TO BE PLOTTEO',I,). 

111,10X,'RODES NO') 
RF.AD (5.11 52) (NTP (I) ,1= 1, NNTP) 
FORIIAI(10I5) 
I!tliTF.(6,'I5~) (NTP(I) ,I=l,NNTP) 
RE~!>(5,457) ('LIT Ll';{I) ,1=1,20) 
FOR 1'1 A I (2 0 A!+) , 
REAO(5,'ISO) liNG' 
RE~D (5,452) (NC; (I) ,1=1, liNG) 
00 456 I=l,IIIIG 
NNII=N" (I) 
XG(I)=X(NlIN) 
YG(I)=y(tHIN) 
DO 453 I=l,NI;TP 
J=IITP (I) 
X?(I,l)=X(J) 
y P (I ,1) = Y (,l) 
DO 80 L=l,NI::Q 
TB (L) =0. 
CALL SST 

CALL INITIAL STRES5&S 

CALL INIT 
DO 59 f1=l.NUMNP 
TSIGA (11,1) =SIGIA (',1) 
TSJGA(~,2)=SIGIA(I1,2) 

:.9 TSIGA('1,3) =0. 
DO ~O lI=l,NIJIII!L 
'l'SIGtL (:1,1) =SIGlF:L('!, 1) 
TSIGF.L(M,2):SIGIF.L(~,2) 

,)0 TSIGrL (;1,3) =0. 

CALL NEil LOA!> 

.Ill CALL ~LOl\D(NpIIASE,NI"RIN) 

I f (II P/lII ;H:. EO. 0) 1;0 TO 91 

• 

.. 1 fO~MAT(/II,10X.1'I:1 NODAL ['OINT 01l1!'111'/11 
1111 ,~911 NOUE KPDE x cnnPD y ceORO '( FORCE Y FaRCE 



"1 
62 
63 
i.1I 
6!; 
66 
61 
1>8 
69 
10 
11 
'12 
13 
14 
15 
16 
11 
78 
19 
80 
81 
82 
83 
811 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
lOll 
105 
106 
101 
108 
109 
110 
111 
112 
113 
114 ,,<, 
111> 
117 
118 
119 
120 

C 

2//) 
.J I' I li ,"'''!! 'iX, 'OTJ'Ci'tlT;)1' CO,",PLr.r. NOCAL IlA'fA ') 
.. J POI, ,",A!!I", [6, 1"11.1, )1'12.1,15) 
.. 0 fO a IIATII//,10':, 1)11 r.Lr.~F.:IT DAT,\ III, 

1 40H.J~L£~ I .1 K '!AT TIIICKNESS //) 

C I.:ALCIILIIT£ PliIII<:lPAL STRBS:iE5 
C 

C 

ilO 51 !'!= 1,MUIIEL 
~IGI\=!~SIGEL(I\,I).TSIGP.L(I\,2»/2. 
5tl~[)~= !TSIGt:L !I'1,I)-1'SI';:;L(',2))/2. 
HAD=SJFT(SIGD2$.2.TSIGCL(l'1,J) •• 2) 
rSlG!P!II,I)=SIGII.aAD 

:> 1 TSrc;EP ("1,2) =SIGI'I-RIID 
1)0 1'0l'/lAt!lli1,S;(,'~()TAL PRINCIPAL STRP.:iSES',I,SX, 

I' ::!. SIr.X SIGY SIGXY SIGI 
bl I'OI\I'HT('\j(,I5,SF10.4) 

C DIVIDE TH! LOAD IN STEPS 
C 

C 

DO 62 I=I,NII:'!N? 
U(I)=UN(I)/II. 

b2 V (I)=VII(I)/4. 
DO 70 IJ=I,1I 

C :OI'1~"~E E BEfORE EACU srE~ 
C 

C!\LL DET~ (III PRI E, NI?HASE, IJ) 
b~ POr~AT(1~1,10x,119STEP NUIIBER1IS, 

1/,IIY.,16('·'),III) 
IF (I PRIlIT. ifE. 1) GO TO 201 
\I R!TE(6, 611) I ,T 
IfllITE (6,40) 
ilRITE(6,41) 

SIG3 ') 

""I n; (6, U3) (II, Ken (!O) , '( (H) ,! (!I) , D (N) , V (II) , KO DEI (N) , 

05 

IN=l, NII:'IN P) 
1131TE(6, '16) 
WRI~E(f,oS) C'I, (NP.(J,"'),J=l,J),Pu'T(l'1) ,TH(II),EE(II),I\-=l,NU!'IEL) 
l'OF~AT(I4,"I6,ill.4,F14.3) 

2,,1 
C 

CONTIlIU;': 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

UPDATE S'l!l~SSES AND DISPUCE!'IENTS 
A F'I Ef. EACII ST EP 
£S[GA = 10iAL NOD~L STRESSES 
rSIGEL = TnT~L ELE~KNT STRESSES 
'xsIta:p = TOT~L t'RINClt'AL STRESSES 
? 5 TOT At Nn DA!. IHSPL1.CE:'!i;NTS 
~I • DISPLACR~EN~ Foa EACli INCR~I\ENT 

C~I.L csr 
00 ~) I=I,IfUI'INP 
on (·1J=',l 

vi l':i r ,;A (I , .I)=lSIGA (I,.J) +D3IGA(I,.T) 
v] CO!: ':'lNII:: 

011 f>(, I=',NU"IEL 
nn (; II J = I, 1 . 

vb T:i!,;C:L (1 ,.J) "'T:iIG?L(I,.I) .!lSIGEL(I,J} 
vb CO': T r>1l!~ 



121 IHl <,9 I=l,rlp.Q 
122 ,, 'j Til (I):T!! (II +DI (1) 
12] 
1211 
125 
12f' 
127 
126 
12'1 
no 
.13 1 
132 
133 
134 
135 
136 
137 
136 
139 
".0 
1111 
142 
111) 
144 
145 
1116 
147 
111 8 
149 
150 
151 
152 
153 
1511 
155 
1 ';6 
157 
158 
159 
160 
161 
162 
11;] 
164 
165 
166 
167 
168 
16"1 
170 
171 
172 
113 
174 
17!' 
176 
177 
176 
17'1 
lAO 

C 
C CALCllLATF P!lINCIPAL 5TBE:;SES 
C 

11 
IU 

3JJ 

12 

IJO 71 l'!=l,~UI\EL 
S cr.,- (T:;r';!::L PI, 1) +T5Ili£L (/1,2) ) /2. 
:a(;1)2= (0;. .il .. EL (11,1) -TSB n ('1,2)) /2. 
RAD=SQ~T(:;IGD2··2+rSI~!L("l) •• 2) 
TSIGL~(l, ~=SIG~+lAD 

TSIGE?(I'!,2)=SIG"-~AD 
COliTUUP. 
IF(NI~~IE.~Q.l)GO ~o J01 
II!(lil'HASe.tfE. NI'I!) ,;0 TO 660 
!flU TE (6,60) 
llilITf.(6,61) (I',TSI;ZL(I1,l) ,TSIGEL('I,7.) ,TSI(;EL(II,3), 

1T51(;1::>(II,l) ,TSIG.:?(I':,7.) ,1I=l,NUIIRL) 
;/RITE (1',,72) 
FOfl~AT(///,' TOTAL NODAL DIS?LACE~ENT') 
liRITE(6,76) 

16 FOR/iA'CC///,' NODE NO',10X,'O',lI1X,'V') 

15 
77 

6 .. 0 

DO 75 I=l,NUltNI' 
11=1·2 
IX= If-l 
IIRIT[(6,77) I,TD(IX) ,rB(It) 
f'OR::A':(j '0,2"'5.6) 
K=Ni'IlAS~+l 
DO 11511 I=l,NNTP 
J =NTP (I) 
I Y=J.2 
IX= IY-l 
o :(=TB (IX) .50. 

"i>Y=TI' (IV) .50. 

II.>" 
<,wU 

C 

X;:>(I,K)=lC (J) +DX 
Yi'(I ,!':)=Y(J) +DY 
FOF.I!AT (Jr5,IIF15.5) 

C 
C 
C 

If' ALL THE STrp~ HAVE BEEN PERFOR'1ED 
?JiOC::;ED TO THE :I!::XT PHASE 

~O TO 90 
.1 !ff'I'lE(",n) 
;I}. FOF'1AT(//////////,' UNREAL EVERYTUING t'OI<KED !') 

IF(Ii?LOT.NE.l)GC TO 45'; 
ClIl.L CGl'L(,(G,YG,YG,NNG,l,l,l,",l,-200.,200.,211., 

l-:2JO., 200., 16.,TI"rU:,6) 
00 IIiO Y.L=l,NN'l1' 
XPF(l)=:<P(KL,l) 
Yl'f (l)= "{I'(KL,l) 
C~LL Cr.~L(Xi?F,YPF,(I'F,l,~,l,l,l,l,-~00.,200.,2~., 
1-~10.,200.,16.,TITLE,6) 

II Iii COliTnUr. 
!I!':i="~H.' 
011 ~5il I=l,lIIITP 
00 IIS1 r.=l,NPfi 
'(f'f(K) =l':I'(I,K) 

.. :>9 Yi'!" (r.)=,!"([, ·K) 

.. :>1 CA~L C~~L(t?F,YPF,X~F,I~U,l]?,1,l,~,l,-~nO.,200.,2~., 
1-2 }o. ,200.,1';. ,TrtLF,6) 

CALL C(;:·L(~L·f,Yl'F,.\I·F,:-:rll,0,l,l,II,1,-2011.,7.(}O.,:!4., 



101 1-:!'IO.,;?UI).,lf,. ,TIrtE,b) 
lU2 ~~~ COK1IMUB 
183 ,,'WP 
11111 tNO 
1!15 $i'[\"[!Ollrl~E t:~T 
186 CO ~ 'lO :1 E(10),;>P(II),RO(l0),lC(350),Y(350),U(350),V(.l':0),':1I(I;OO), 
187 IS'n!' ( 100,1" :J) , Ai' (100) , .::;:;'rr F (I;, (,) , EC '! (3, 3) , E&~ ( 1, u) , 1.5" (1,6) ,1fT 
188 CO:- 'ON NII ;1Ni',~U!1EL,NUI1A 'r,r.OOE(350) ,NP (3 ,600) ,!'fAT (6()0),IIBAlID, 
189 1 NI'Q,",LII (h) 
190 t:o~!'IO~ KOD~1(35~ 
191 ClI '1110~ SIGCpO,II),AA(lO,II) ,!lB(l0,1I),r.O(10),ZSPC 

'192 C0'1I1C!1 DSIGEL (600,3) , S I<;IEL (601),3) , DSIGA (350,3) , SIGIA (J 'i0, 3) 
193 ("Ollr1ON TSI':;EL (600, 3) , Ts:r.r;A (3 5 0, .1 ) , T.B (700) 
1911 CO'l'lON 1'11(350) ,V~(3<;O) ,NNYL(25) ,N'HL(25) 
195 COM'IO!l Er;(600),~n'q600),TSIGE?(bOO,2) 
196 COI1"OM rHI,XK,XEP 
197 CO.iI10N 01 (700) 
198 REAL KO 
199 C 
200 C 
201 CALL ASTIP 
202 C 
203 CALL IlANDl 
2011 C 
205 CALL STRESS 
206 P ETDBN 
207 F.ND 
208 SIIDROUTI!fE ASTIP 
209 C 
210 C T,IIS SUBROUTINE TAKES E,\CII ELEII~NT IN TUR!! AND FOR~S THE ELE'1ENT STIFP! 
211 C rUTSI lC (!!Y C,ULU':; ELSTIP). IT ASS 3:'1ilL!S T!lE ELEMENT STIP?tiESSES IlITO 
212 C (tSTIf , Ass~~m,ES THE AC'PLIED LOA!> VECTOR (AP), AI';) I'IODIPIRS THE 
213 C hSSE!1BLhGES 1'09 DISPLACZ~E!lT DOUS;)hRY CONDITIONS (BY CALLING :'IODIPY) 
7.111 C 
215 COMI'IO!1 Z(1() ,P~(1I)) ,P.OPO) ,Y.(350) , ,!(l5.0) ,1J(350) ,V(350) ,TU(600), 
7.16 13TU'PCO,lUO) ,A!'(7\lO) ,~~STIF(6,6) . ,C;C'l(3 .,3) ,R~1'I(3,61 ,F.SII(l,6),IIT 
217 CO'1'ION 'fIJ':'P,NU:'lEL, !I(J~A'r,KODE:(350) ,NP(3,600) ,'1AT(600) ,!1BAi~D, 
218 1 NE\l,~,L'I(6) 
219 COL'1011 KOiJF.l (~<;O) 
220 C0 :1,10N ';I ·;C(10,~),H(10,1I) ,ilS(10,~),K0(10) ,ZSFC 
221 C011'1011 !lSIGEL(SOO,3) ,SI"I".:!.(600, .1) ,nSIGA (330,1) ,SIGIA (350,3) 
222 COi:10N TSIGEL (600,3) ,TSIG ,\ (HO, 1) ,T!! (700) 
223 CO"'10/4 ;P' (350) , VI{ (350) , loIlIYL (25) , NUL (25) 
2211 Crl1t1() N !':Z(600) ,i>ll'f(600) ,TSIGC:P(60\l,2) 
225 C'01!l0N f'lII,XK,XEl' 
22(, co'! :'\ON '>1 (100) 
2~7 il~AL KO 
7.28 C 
229 C 1 NI tI ALI Z~ AP:'LI SD LOAD VECT OR AND 'US! ER ST IFP~ ESS '! UR IX A";) EC~ 
2 .10 C 
231 00 10 T-=I,NEQ 
232 h:>(I)=').O 
7.33 :>0 10 .1~1 ,"I1AND 
Vii 10 ,;TIP(I,J) =0.0 
:!3o; DO 20 I=I,J 
236 OO ~OJ=l,l 
.!37 20 ;: r.M (I ,.l) =0.0 
238 C 1"0:1:1 ~Lr:~ENT 'CONSnfUTlV.l :HTP.1lC (EC'!) II' NU,!.\T=I) 
2Jq C 
2110 H·(SI;:'IAr.N~. 1) GO TCl JO 



I 

241 
242 
243 
244 
2",5 
.2 IU) 
2117 
248 
2119 
250 
251 
2'i2 
25J 
254 
255 
256 
257 
258 
259 
260 
2f 1 
262 
263 
264 
265 
266 
267 
2611 
269 
270 
271 
272 
273 
2711 
275 
276 
277 
278 
279 
260 
281 
282 
2!\3 
284 
285 
286 
287 
288 
289 
290 
291 
292 
293 
2911 
295 
2-}f, 

297 
2 'Hi 
299 
300 

C 
30 
C 

C 
C 
C 

35 
C 
C 

110 
C 
C 
C 

115 
C 
C 
C 

50 
C 
C 
C 

60 

70 

80 

10 ... 
C 

p.l'lt=!'n (1) 
I: C) '1 = E (1 ) / ( (1 •• E I' R) * (1. -2 •• E!' It)) 
COl1 1 =CO'l • ( 1. - EPR) 
(;'l'l2=COI'I*EPR 
EC':1 (1. 1) .:Cll~ 1 
~:c >! ( 2. ]) .:CI)~ 1 
1':1::"1 (1 .2) =CO~2 
BC'! (2. 1) =coll2 
~C"I (3.31=E(1)/(2.*(1.+BI?R)) 

no 45 1I=1,NUII!L 

CALL EL!iTIl"(1) 

ASSE~3LE ELST1F INTO PIASTER STIFFNESS IIATRIX 

DO 35 1=1,3 
1.2=2*1 
L 11 (12) = 2. N l.> (1. II) 
L~(I2-1)=LII(12)-1 

DO 40 1=1.6 
I1=LII(I) 
DO 40 J=1.6 
J.T=LII (J) -II+1 
11' (JJ.LB.O) GO TO 40 

STIF (Il.JJ)= STH'(II.J.l) +ESTIF(I,J) 
CONT lilliE 

ADD GRAVITY LOADS IHTO AI' VZCTOB 

DO 45 1=2.6.2 
II=LH (I) 
A?(IQ=Al.>(lQ-WT 
CONTIN:JE 

ADD NODAL LOADS INTO AI' VECTOR • 
;)0 50 N=1,NDIIHP 
N 2= 2*!l 
A!>(1I2)=AP(N2) +V(N) 
.~?("2-1)=AP (!l2-1).U (H) 

;100IFY STIFFNESS "liD 1.0ll.;) VP.C'IOB Fon DISPLACEIIENT BOUNDARY CONDITIOIIS. 

DO 100 1I=1,NUIINP 
112=2*11 
IF (!':OOE(Il) -10) 00,70,60 
II=N2-1 
CALL ·O'IFY(II.N) 
CHL 1'I00II'Y(1I2.H) 
GO TC 100 
rr:N2-1 
CALL ~ODIFY(II.N) 
GO 10 lI~n 

I!' (!\ 0 0::: (tIl. !:Q. 01 GO TO 100 
CALL 1I0"lFY(1I2.N) 
(;(),·:1 nIH!: 



301 Il!::TURII 
30~ END 
301 SUbROUTINE r.LSTIF(KOPI 
30Q c ~1I1S ~UnROUTINE fOn~S TUE ~LZ~PNT 3TIFPNESS ~ATRIX (ESTIPI OK 
)05 C ~Lll~ENr STRESS I'lATRiX (ES~I PO~ TilE CONSTANT STRAIN TRIANGLE 
306 C 
307 ,O~~OIl F.(101,P!l(101,RO(l0I,X(3501,'f(l<;01,U(.lSOI ,V(l';O) ,TH(60:)I, 
108 BTlF(700,1401,AP(7001 ,::STlI' (6,61 ,l>C'I(3,ll,P.DI'I(3,61 ,lS'I(1,6),:lT 
309 COr!~ON NI/~NIJ,N"!H:L,NIII'\AT,KOOJ::(350I,:IPJ),600) , !'I AT (/j00) ,!'JBANO, 
310 1 N P Q, :'I, L" (6) 

. ] 11 CO~~ON 1(001: 1 (3501 
312 ('01~ON ;;IGC(10,41 ,AA(10,III,BD(10,1I),KO(10I,ZSFC 
J13 CO~~ON OSIGEL(~00,31,SI~IEL(600,31,051r,A(350,]I,SIGIA(350,3) 
314 CO'''Oli TSIGEL (600, ]I,TSIGA (350,31 ,TIl (7001 
315 CtH!'!ON JIN(350I,VN(350I,IINYL(251.N:lXL(251 
316 CO'l'lOIl EE(f.00I,"IiT(600),TSlGgP(600,2) 
3 17 CO;l !lOll Pill, XK, X E!' 
31R CO'!!lON 01 (700) 
319 REAL KO 
320 C 
321 OI"'EN5ION UP) ,BV(3) 
322 c 
323 &>0 10 1= " 3 
324 !l0 10 J=1,6 
325 10 ZD'I(I,J)""O.O 
326 I=Nl? (1 ,:1) 
327 J=IIP(2,!l1 
328 K=NP(3,!I) 
329 C 
330 C fO~1'J ELE!lE:lT OII'JEN5IONS 
3J1 C 
3J2 AV(11=X(K)-X(J) 
J:l3 AV(2I=X(I)-X(lq 
334 AV(3)=X(.1)-X(II 
3~5 ~V(l)=Y(JI-Y(KI 
336 BV(2)=Y(KI-Y(II 
337 DV(]I=Y(I)-Y(JI. 
338 A ilf A2=iW (] I "':IV (21-AV (21 *B'/ (3) 
339 IF (~H").EQ.O.I TII(I'I)-1. 
3110 VOL=TII (r.1 *AP.EA2/2. 
341 II' (VOL. V:. 0.1 GO TO 7<; 
3112 C FOR I'J CON5T ITUT IVE ~ATR IX 
3113 C 
31111 IF (NUIIAT.EQ.1) GO TO 30 
]q5 NI'I=~AT~) 

311& :;Pli=PPT(1I1 
JII7 C 0,..= f.!': ("1/ «1. + EPR) • (1. -2. *EPR)) 
3118 CO~1=CO'*(1.-EPR) 
1119 C;I)\ 2=C0'1.Et'1< 
~<;C ZC~(1,11=CO~1 

3S 1 SCl1 (2,21 =C0:11 
3<'2 ECM(1,21=COI!2 
353 F.C" (2, '1 =co:'l2 
)<'11 [("'I (3,31 :P.?: (1'1/ (2 •• (1. +F.PIlII 
.1<;5 C 
35& C FOPi'! F.U;~:·:N': r :'lAna (E3') 
357 C 
358 30 ;)0 110 1",1,3 
J59 I~=2*1 
3~0 12~=2.1-1 



I 

361 
362 
363 
364 
J6S 
166 
367 
368 
369 
370 
371 
3'72 
373 
374 
375 
376 
377 
378 
379 
3110 
381 
382 
383 
394 
385 
306 
397 
388 
399 
390 
391 
392 
393 
394 
395 
396 
397 
398 
399 
400 
401 
402 
403 
404 
405 
40(-
407 
408 
409 
410 
411 
412 
413 
414 
415 
41t; 
417 
418 
ul':1 
420 

p.nH(1,J~')~nV(I)/AHP.A2 

1;[111(2, I;!) =AV(I) /ARt:A2 
~~11(3,12~)=En"(2,I2) 

110 En:'! (,3, 12) =';1"1 (1, 121'1) 
C 
C fOIlM I!LE:U:N'r STRESS !!ATIiIX (ES!!) 
C 

C 

C 

DO 50 1= " 3 
DO ')0 J=l,6 
E5~(1,J)=0.0 

DO 0;0 K=1,3 , 
51) ':S'1 (I,J) =ES:'!(I,J) .EC!!(I,K) .rB!I(K,J) 

IF(KO?EQ.2) GO TO ijO 
IP (HU'UT.!!;).l) NII=1 
VT=VOL·nO(Nl'I)/3. 

C FORM ELEl'IENT STIFFNESS MATRIX (ESTIF) 
C 

DO 70 1=1,6 
DO 70 J=1,6 
EST IP (I, ,1) =0.0 
DO 60 1':=1,3 

60 ES~IP(I,J)=P.STIP(I,J).E8l'1(K,I).ESl'I(K,J) 

70 ESTII'(I,J) =ESTIP(I,J) .VOL 
GO TO 80 

75 IiR!TE(6,1000) " 
CALLZxrT 

80 B'!TDRN 
C 
C 
10\1,) FOt!'!A!' (lUl, 18U VOLD!!E OF ELE"':NT ,14, lBIl IS LESS 'IHAN ZERO) 
C 

EN:> 
SUllRO(JTnE !'IODHT (I,N) 

C 
C :rtiIS S!/DilOU'i'INE !!O!)IFU:S KS'rIF AN[l AP rF A DISPLACEMEN'I BOITNDART CONDUIO! 
C .1.5 IMPOSED IN EQUA.IION I ASSOCIATED VITH NoeAL POiliT N 
C 

C 

C 

C 0:1 !lCN E (10) , pr1 (10) , EO (10) , X (350) , Y (350) , U (J 50) , V (3 ~O) , 'Ill (500) , 
1 S T IF (700,14 C) , AP (700) , ES':'IF (6,6) , EC"! (3, 3) , Elil'l ( 3, 6) , £Sl'I (3,6) , liT 
C~~"ON "U~NP,NU:1~L,NU~AT,KODB(l50) ,~~(3,600),!lAT~00),"B~ND, 

1 N~C,O:,tl'l (6) 
CO~"O~ KODE1(35~ 
CO""GN SIGC (10,4),AA (10,U) ,8B(10,4), KO (10) ,1SFC 
CO" II(" ~ liS I ,~I.:L (600,3) , S IGIEL (IiCO, 3) , D3IGA ()50, J) , 5IGIA (3')0,1) 
cnl ~ON T~lGEL(6C~.~,TSr~A(J50,3),T~(700) 
CO'l"ON UlI(3')O) ,VN(3~O) ,1:NYL(5) ,N~lXL(25) 
CO'MON £~~CO),rRr(600),TSIGEP(600,2) 
CO~MON ?HL,XK,XEP 
CO" MrN 01 (700) 
Il EAt KO 

:)l';?=IJ(N) 
IF «I-2*'l).EQ.0) DI::lP=V(N) 

DO 51) J=1,"(l~Na 
IL=I·.T-1 
111=1 -,1+ 1 
IP(lU.L£.~ GO TO 10 



1121 
1122 
1123 
11211 
425 
1126 
1121 
1128 
1129 
430 
1431 
1432 
1433 
14311 
435 
436 
1137 
438 
1139 
11110 
1441 
11112 
14113 
1444 
1145 
11116 
441 
4u8 
4119 
450 
451 
1152 
1153 
1154 
-.55 
!J56 
-.57 
,,58 
459 
1160 
1161 
1162 
463 
u611 
.. 65 
1166 
1461 
1168 
1169 
1110 
411 
412 
1113 
11711 
1115 
1176 
1471 
1118 
1119 
1130 

AP(II) =AP(II/) - :;'rlI'(II".l) .OISP 
5TH (I(i ,J) =0. () 

10 I l' ( H.. GT .rl E{!) G() TO 50 
Ai'(l'.)= t.l'(lL)- STlI'(I,J) .DISP 

STIFfJ,J)=O.O 
50 COIIT limE 

c 

A P (I) =01 SP 
ST IF (1, 1) = 1. 0 

Bl!'lURN 
END 
Sur.Cat/TIlIF. DANDl 

C 'rillS StlR[lorJTUI~ SOLV~S FOP. OISPLACE:'!ENTS USI!IG A GAUSSIAN ELI!HllA'UOlf 
C TECHNIQUB FOR ST""ET~IC HANOED MATHICES STORED IN COBE 
C 

C 

CO~MnN E(10) ,P" (10) ,P0(10) ,1(350) ,Y(350) ,11(350) ,V(350) ,TU(600), 
1 A(700,HO), B(700),ESTII'(6,6),ECI'I(J,3),EBII(3,6),I!S!'I(3,6),IIT 
COMI'ION ~i,"Nr,11IJi1EL,NUllAT,KODE(350) ,N?(3,600) ,M .\'I(60C) ,11M, 

1 !HI ,"I,L~(I;) 

CO;ll'l!'N 1:00?-1 (350) 
CO'I/Wil SIGel 10, 4) ,AA (10, II) ,BB (10,4) ,K0(10) ,ZSI'C 
C0'11'10N OSIGEI.«('00,3) ,SIGIEL(600, 3) ,DSIGr. (150,3) ,SIGlA (350,3) 
C01~O~ TSIG~L(600,3),~SrG\(350,3),TD(100) 
co'!:'!nH 11!/(350) .Vil(J50) ,NNYL(25) ,!/l/XL(2S) 
CO'lI'lON E£(600) ,PRT(600) ,TSIGEP(600,2) 
C01MGH PHI,XK,XEP 
cn.11'10N 01(700) 
REAL KO 

C ... dAlmllLARIZ~ AND RFD;JCE RIGHT HAHD SlOB 
NL=NN-MM + 1 

C 

C 

N)I=1I9-1 
'1R=!!M 

DO 100 N=l,lil'l 
11' (;I(N,l).LE.O.) GO TO 700 
8N=!! (H) 
o (ll)=!lH/"(N,l) . 
IP (N.Gt.NL) H~~N!/-N+1 

DO lCO L=2,MR 
II' (!\(N,L).EQ.O.)IiO TO 100 
c= A(N,L)/A(N,l) 
1= II+L-l 
J= 0 
DO :;0 K=L,:1B 
J=J +1 

50 1\(1,.1)= A(I,J)-C.A(N,K) 
8 (I) =B (f) -C.ON 
A(N,L)=C 

100J CON'UNtlE 
C 
C !lACK SUR:;TJT'J'IE 
C 

C 
I =NN 

B (~!I)=D(S~I)/A(NN,1) 
JO ';0,) N=l,NI'!' 
1=1-1 
IF (I:. !.T. f1'1) ~Ii= N+l 



4Al UO fiOO J~2,~a 
'lA2 !(=(+.1-1 
4AJ GO.., U(l) ~il(l)- A(I,.l).[1(K) 
4AII JO :JO I~1 ,liN 
4 A '; .j1J j) I ~ I! = tl ( T) 
1106 RRTUdN 
4d1 10; III>ITf. (L,2,)00) N 
488 CAl L I!1tIT 
489 20JI) ?O~~AT(lijO, 81U Z~VO OR NEGATIVE ELEMENT ON ~AIN DIA~ONAL OP TRIA 
4~0 lI/GTTl.II1!IZE!l /lATRIX FOil EQUATION ,I';) 
491 C 
4132 END 
493 SUnROUTI~E STr.eSS 
494 C 
495 C rHIS SIJ'lfOUTINE FClR:'!S 7118 ELI:l'!P.NT sr!H:SS i'lA'rRIX (!':SlIl ,~UL'l'IPLI&s DY 
1196 C :'HE EY.EIlFN! DISPLACEl'IENT "ECTOil (ELorS!')AN!: RECORDS TilE STR~SSES 1!f 
4'!1 C ~I:;EL. IT TiU;t, COPH'(J1:ES TilE PRINCIPAL STREs:;es AND DIREC'IIOlfS(SIGP) 
498 C 
499 CO"'MON Y.(10),PR(10),R0(10),X(J50),Y(350),U(350),V(3~0),'!H(600), 
500 1ST If' (100, 111 0) , 'P (100) , ESTIP (&,6) , I!C!1 (3, 3) , EBP! (J, 6) , E Sl'I (3,6) , liT 
SOl C0 1'; 1I01l NIIMN!', !I U:-I EL, NUIIAT, KO[)E (350) ,NP (3,600) ,ruT (600) ,III!AND, 
502 1 /lrQ,n,L"! (1;) 
503 CO":~ON KOD~1 (350) 
Sou CO:'!t1ON SIGC (10,4),U (10,4) ,D8(10,4), KO(10) ,ZSPC 
505 CO'l/lOH DSIGEL (~00,3) ,31IHEL(600,3) ,05 IGA(150, 3) .,SIGIA(350,3) 
506 CO~I!ON rS1GEL(600,3),TSIGII(J50,1),TB(100) 
501 CO'1 ;10N tJ ~ (3"O) ,VIl(J50),NHYL(25),HNXL(25) 
508 CO'1/l01 T.E(&OO) ,PRT(I;OO) ,TSIGE:'(600,2) 
509 CO~M0N P~I,X~,XEP 
510 CO'l110N 01 (1r.O) 
511 &EAL KO 
512 C 
513 DI!"F.!lSION SIGFL (600, J) ,SIGP (600,4) ,ELDISP(6) ,SIGA(350,3), 
5111 1 IWUNT( J50) 
515 EQUIVALEliCE ( STI!'(I,I) ,SIGEL(1, 1»,"( STIF(1,4) ,SIGP(1,I», 
516 1 (STlF(l,8) ,StGA (1, 1)) . . 
511 C 
518 DO 5 N=I,NU~NP • 
519 KOUHl (N) =0 
520 DO 5 J=I,J 
521 5 SIGII(N,J)=O.O 
522 C 
523 ~o 103 "=I,~IJ~EL 
524 C CO,HUTE ELS"IENT nSPLACE!!i!NTS 
525 C 
52f DO 10 1=1,1 
521 12-Z.t 
528 LH:I =2.NP (I, 11) 
~29 ! L~I S?(!~=A?(L'[~ 
530 10 ~LDJ5t>(r2-1)=A"(L'12-1) 
5J 1 C 
<;32 C _l.l ,! :'II:! I'LE~~: ~l'r STI!r:S3RS 
5J) C 
<;]11 C" A I. L RJ.:.'i'l F (2) 
515 C 
">31' :'>0 ..10 1=1,3 
'in .;r;~L(:-,I)"O.O 

c,JR no 20 .1'=1, •• 
';19 :10 JI:;~: L(:-O, 1) =!jIGrL (,1, II +<:;I'!(I,.I)*r.LDI!il'(J) 
<;'10 C 



I 

I 

5"1 
54~ 

"'11 
5 .. 4 
5"5 
5",., 
5/n 
';"0 
5<19 
550 
551 
552 
55' 
5511 
555 
550 
557 
558 
559 
560 
561 
562 
563 
5611 
565 
56£. 
567 
568 
569 
570 
571 
572 
573 
5711 
575 
576 
577 
578 
579 
sao 
581 
582 
583 
5811 
5~5 
531' 
5!'7 
:;88 
589 
~I)O 
'>91 
592 
s'n 
"C;II 
59" 
59" 
597 
0;9'1 
r,(,)<) 

fOO 

C Accrl:-1n:'A1'E fOP tlODIIl, :;':''II:::;;;P.S 
C 

DO 30 K=l,l 
N:l'P (K ,.'I) 
KUU~I(~}~KQqNT(N}.l 

no )0 1=1, J 
30 sIIa (N,I)=!>rr;., (N,I) + !iIGr:L(II,I) 
C 
C ;'; O:'li'U'!'E r.LEI!J::N'l' PIIINCI?AL 5TtiP.:iSFS AN!> CIIIECTIONS 
C 

S[GM=(SI~EL(II,I}+SIGEL(~,2}}/? 

S IGD2= (S IGI:.L (M, 1 }-SIGEL (!I, 2}) 12. 
RAn =SQRT(SIGD2**2 +Sl~r:L(,,3)**2} 
SIr.P(~,I}=jIG~+P.A1 

SIGi'(~,~}= SIG~-IIAD 

5IG'.'(.1,3}= HAD 
IF(SIr.P('1, 3} .LT.0.Ol.AKD.5IGP (/!, 3) .GT.-O.Ol} GO TO 100 
SIGP(~,II}= 0.5*51.29578*ATAN2(SIGEL(M,]) ,SIGD2) 
GO 'ro 100 

100 SIGP(",II} =0. 
10" CONTINUE 
C 
C HNO AVERAGE KODAr, s'raESSES 
C 

11 ... 

C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

.. 1 

DO 111) :t=l,N!IIl1iiP 
RK-=KOtJNT (N) 
DO 111) 1=1,] 
S IGA (N, I) = SIGA (N,I) IRK 
no 41 "1=1, NUIIP.L 
DO 47 1=1,1 
~SIGE:.(~,l)~-SIGEL(M,I) 

DO 118 N=l,NUI'INP 
DO 48 1=1,] 
DSIGA(N,l)=-SIGA(N,I) 
~ND 

. 
SUaaOll'UNE DR'!::: 

3UBROlllINE OEIE(UIPIIIE,'PHASE,IJ) 

C IH15 sn6ROUTI~R np.T~~I'IINES E FOH EACH ELE"IENT 
C 
C 
C 

C 0 ·\ !Ie : 'I f.: (11)) , PH (1'l) ,1\0 (10) , x.r.150) , Y (350) , U (3 50) , V (J ~ 0) , Tn (rooO) , 
1.;T H' PO£), 1" O} , I.P (7aO) , P.51' I r (6, 5 ) , rct'! (3, 3) , ,,1j'1 ( 3, (,) , 1;5!1 (J, 6) , \I ·r 
CO~~\11/ N!J~!li', 1I1I',EL,NUi'1!1T,KO!>E (lC;O) ,liP (l,60Il) ,r.AT (bOO) ,MilANO, 

1 ~::;l,:'1,I.~ (") 
(,n··: ~I!'~l 1(0,,£ 1 (J5()) 
r:O~/10 '1 ;'Ir., (10,II},AA(10,") ,iln(10,'I},!<O(1I)},Z5FC 
C()~ 'lVI :1!;!"a:L (F.O :1,J) ,.; 1,: r;:!. «(,00, J) , J$I ,;A (3';0, 1) , ::;110 1,\ (J SO,]) 
Cl1u~O~ T';TGH«(:C), 1} ,T:ai;,\ (1';1),)) ,T'] POO} 
r: II • ~o ~ JJ N P', O} , ,N (3 "0) ,:1 n L ( 2',) , II II '( I, (2!» 
CIl ·: ,!I1'! !,~(i.(jO),"i,~«(·(jO} ,1';1(;'·:i' (:;,)0, 2) 



601 cn,"", P"t,xK,XEr 
61>2 cu. "eN 01 (700) 
603 RF.AL KO 
604 j; 1'1 !!illi3 ,:>11; 1, \A, BO) = 1IA. (3IG 1-5 II;) I (1. - (5 Ie: 1-5 Ie:3) -00) 
60~ 21 (fA, ~~, PF.!'I,Pfi)-=2.*[,II*AA*'00./(AA+!lH*PE['I) -*2 
606 I P2(Sln',~lG1,SI~'1,3IJ1I,AA,2il)='A*(SIGJ-SIG1)-
607 1 ($fC3I-.jf(;1I»1 (1.- (SfG3-SIG1)- (SIGJI-SIGH) )-un) 
608 12(AA,!A,pgP2)=AA*IDO./(AA+nn*PIP2)*-2 
609 R?~(5I~1,SlR1,Sl~ll,Sl~1I,AA,00)=AA*«(SlGl-S1GJ)-
610 1 (!:JIG lI-JIGH 1)/ (1. - «51Gl-S1G31 - (.5 It; 1I-51G3I) 1 *un) 
611 r:5(~A, i'H,PZ"",:')- (AA*100./IAA+!lO*FE?'» "2) .P*(I.+P) 
612 E p7 (51); 1, SIC; I, !\A, JIl) =AII * (SIG 1- 51:; 1) I (1. - (SIG 1-511;3) *Bil) 
613 E7(AA,JU,FE?7)=AA*10Q./(AA+Be*PEP7) **2 
614 IF(IIIPf.lE.fQ.l)GO TO 45Q 
615 IF (!IP"ASl':.!IE. 7) GO TO 451 
616 IF (IJ.NF..4IGO TO 451 
617 4.>u WnlT~«(,,1051 

618 1.1:' 1'01l~AT(1t11,~X,'lfE:' STBE3S STRAIN PARA"ETERS',/I,IX, 
619 l' £L 1'1 AT SIGX III SIe:y IN SIG 1 SIG3', 
620 26X,'5IGX SIGY ETANGE~T') 
621 4:.11 CONTINUE 
622 DO 999 !!=I,lIUII£L 
623 C 
624 C ..'RINCIPAL STRESSES 
625 C 
626 S'2=TSIGr:P(l!,2) 
627 SI=rSIG?p ("1,1) 
628 S3=51-S2 
629 Tl=SIGI~L(!'I,l) 
630 T 2=51GI£" (I!, 2) 
631 C 
632 C IIATEnUL NU1'IOU 1 
633 C 
634 I!> (!'IAT (11:) .NE. 1) GO TO 1 
635 :>lU(I'I)=PR(I) 
6 J6 V I=SIGC( 1,1) IKO (1) 
637 V2=SIGC (1,2)/KO (1.1 
638 v 3=S!GC( I, J) /!<Cl( 1) 
639 C 
640 C CIIECK ING wHERE 5IG~O INITIAL STANDS 
6111 C 
642 I?(SIGIE~("I).Lt.SIGC(I,I»GO TO BJ 
643 IF(SI~gL(/!,I) .GT.SIGC(1,3» GO TO 81 
6114 I?(SlGI:;L(~,I).liT.SI':;C(1,2» GO TO A2 
645 C 
646 C JU ALwns IS A V.\L'jE OF Dr:VIATOR ':;T!!~S ABOVE 
647 C 0/ iiICfi IT I::i TOO CLOSE TO FAILURZ. 
64A C IF tUA'l HAPPENS F vnnE I:; AS$n~~D ,. VERY S",r.LL 
6~9 C VAL'I£. TO AVOID [,:lOpL£~S WnElf CALCIILATI NG EPSILO:11 
6')0 C 
1)51 SU= O. qt;/"u(1, 1) 
<;<;2 1\5=.51,;("(1,1) 
6';3 A!l=5 l';C( 1,?1 
1)54 IF (5J.I;':'.5'1) GO TO 41 
6<;5 XS~~:?1(5:!,S1,.IA(1,1) ,B!\(1,1» 
6:;6 i::S~E1(J\A(I,11 ,:,flil,l) ,:<S,[,I:(1» 
6~7 I.JO pO l liA'!: (~"'C,. r~) 
6~R GO ~o 42 
6~,q ~1 :'5=20. 
(, t-O .. L :;11= 'I. ')<;/~!1 ( 1, .'1 



6"1 lI'(SJ. ,;T.SU) ';0 T,) 41 
",,'} '(!\=EP1( ~;2,:;1,.\A(l,2),1l!l(1,2» 

£, 6 1 Po II" F. 1 ( .H ( 1, 2) , .111( I, 7) , X r , P R ( 1) ) 
61:14 GO TO ~.'l 

665 ~J E~=~Q. 
661\ C 
61>7 C 
61>8 C (N~~R~OLATING E YALq~ 
6f9 C IF SIGftAl INITIAL S"lALLE~ THAW THE ANY OF ~qE TESTS 
670 C us?: .:>TliRSS S.'I.AIN C'lftYE WIlI'R! A"'A(l, 1) 
671 C Ii F[J~1C'!'10r; 0': PIiI 111m SI';"lA y;.:!l'IICAL 
~72 C FOR THIS PARTICULA~ CASE ~IN(P"I)·.642 
573 C IF 51Gft'] INl'IIAL G~EATER THAN ANY OF illP TESTS 
674 C <13;;: ~Tr'ESS S'fHIN CiJnVE POR THE GREATEST SIGMA) 
675 C 
676 C 
677 :l'l F. E (") = (EB. (51 GIF.L (!'I, 1) -AS) HS * (A B-SI GI I!L (II, 1) ) ) 1 (A B- AS) 
678 GO TO 1~ 

679 d2 S!I=0.95/B!l( 1, 2) 
680 AS-SIGC (1 ,2) 
681 AB=SIGC(l,J) 
682 IF (5J.GT.SU) GO TO 44 
6a3 lCS=EP1(S2.S~,AA(1,2) ,IlB (1,2» 
684 ES=El(AA(1,2) ,ilB(1,2) ,XS,PR(1» 
685 GO TO 45 
6a6 .. 4 1:5=20. 
637 43 SU=0.9~/1l1l(1,3) 
688 IF(S3.G'!'.SlI) GO TO 46 
689 Xl'I=EPl (:l2,Sl,AA (1,]) ,BIl(1,3» 
690 ED=El (AA(1,J),!:B(l,J),XB,i.>R(l» 
691 GO TO 59 
692 .. 6 EB=20. 
693 . ~O TO 99 
694 dl :>11=0.95/1111(1,3) 
695 IF(S~.G,!,.SU)r.o TO 40 
69 F. X X= ~ P 1 (52, S 1 , AA (1 ,1) , II ~ ( 1,3» 
697 EE(~)=El (1IA(I,J),:JIl(1,J),lX,i'Il(I» 
698 GO TO 10 . 
699 tlJ ~E= (l.+.642)/12.*.642*I2) 
700 ~il=.95/aE 
701 U'(S3.GT.SiI) GO TO 40 
702 ,(X=EP1(52,SI,AA(I,1),BP.) 
70~ l::E(:'!) 2!1 PA( 1, 1) ,!lE,U,I.>R( 1» 
7011 GO TO 10 
705 ~\J EE(:1) =20. 
706 GO TO 10 
707 C 
700 C ~ATZFIAL ~ij~BER 2 
709 C 
710 H('I.\T(,:).:I::.2)GO '1'02 
711 P~T(M)=P~(~ 
712 5)=-~J . 
713 I!'(TSJGt:L("I,2,.GT.T5I';';:L(1'I,1» ';0 TO 1!l1 
114 ~E'~=S2 
715 32=91 
71~ 51=JEl'I? 
717 .n~-Sl. 
71A Ivl Vl:SI.;q2,1)/KO(2) 
719 V :!=s I':t.:( 2, '-) IK() (2) 
7:>C v I ~ .. l(;C (J., \) /KO (2) 



721 C 
"22 C ':Hp.crINr; WIIERE :.iIGIIA3 INITIAL STUDS 
723 C 
724 ,I?(5tGr':L(II,I).tT.:iTr.C(2,1))GO ro 13 
725 IF c.; I'Hl::L (',1) • GT • ..il ,~C (2, J II 100 'ro 11 
126 U'(Sl,>[EL (!'I, 1) • <;°r.:;IGC(2, 211 GO 'ro 12 
727 C 
128 C:i Iul!A 1 III SSTIIE'>ll T!STS 1 UD 2 
729 C 
730 SII=O. ')5. ((1'-T2) + 1./I!B (2, 1») 
13 I A S=SIGC( 2,1) 
132 AB=!>IGC(2,2) 
133 II'!S3.G .... SiI) GO TO 48 
734 XS=F.P2(S2,SI,Tl,T2,AA(2,1),DB(2,1)) 
735 If(XS)321,321,322 
136 30t! xs=c. 
737 3 ... 2 ES=£2(AA(2,1),RB(2,1),XS) 
738 GO TO 41 
739 48 £ 5=20. 
140 ~ 1 SU=O. 95. ( (T 1-12) H./811 (2,2)) 
741 IF(S].GT.S~ GO TO 58 
142 lB=F.P2(S2,51,Tl,T2,AA(2,2),BD(2,2)) 
143 IF(XB) 323, .123,124 
144 3 .. J XB=O. 
7!J5 3.... ED=E2(AA(2, 2) ,Bll(2,2) ,(6) 
146 GO TO 99 
747 5d EB=20. 
14'1 GO TO 99 
149 C 
750 C SIG!A3 IN BETWEEN TE!>TS 2 AND 3 
151 C 
152 12 SO=O.95*«Il-T2)+I./sa(2,2)) 
753 AS=SIGC(2,2) 
754 Aa=SIGC(2,J) 
7"05 IF (:>3.Gr.S l l) GO TO 55 
756 XS=EP2(S.!,$ I,Tl,T2,AII (2,2) ,~B (2,2)) 
751 IF (~5) 325,32'),:326 
7;8 3.;5 :(,;-=0. 
159 3.!b r:5=Z2(AA(2, 2) ,511(2,2) ,X5) 
1F.O GO TO 56 
161 55 !::s= ~O. 
762 So ~,,=0.qc;.« 0"""2)+I./nD(2,J)) 
16J IF (5J. GT. SIl) roo TO 0,7 
1(;4 l!:=EP2(57,51,Tl,?2,AA (2,3) , :18 (2, 3» 
11;5 U' (X!1) 327,321,329 
1f: f 3.1 :<8=0. 
1', 1 3 .. d E!l=!':2 (H (2,3) ,!3E (2,3) ,"<'I) 
1 ~ 8 ~o TO 9q 
7~q 'j7 E!'=20. 
710 G0 TO 99 
71 t C 
177 C;; IG.1J\.1 GF!':ATER TII."IN TEST 3 
171 C 
114 tt .';:'=O. ·~5.«'l'I'T2)+I./DDn,]1I 
17':: Jf (:iJ",;'~. :iU) GO T~) 40 
71" XX=f.?2I;;7., :;J,Tl,T~,AA(2,J),l'1l(2,3» 
'111 1 i' I >:X) UOI, i79, 110 
77A l.J X:=O. 
119 1Ju l': ~'(-:) =~"!(AA (2,.1) ,RU(Z, 1) ,~:{) 
71'10 roll 'iU 1/' 



7111 C 
1HZ C .i!r.~A3 :>l'IALLER TIIA~ 'rE • .il' 1 
7111 C 
7A~ 13 JII=0.~5.«YI-T2)+I./a~(2.1)) 
1'1~, U·(SJ.r.T.SG) GO TO 40 
7!lf> X1C=I:1'2($~,SI,Tl,T2,AA (2, 1) ,no (2, 1)) 
7A7 IF (XX)31',331.132 
198 )Jl Y.lC=O. 
7!!9 J ... 2 F.1;;(!'I)=E2(AA(2,1),OO(2,1),Xlt) 
1~0 GO TO 10 
7')1 C 
792 C It AT EIiIAL !IU~OER 3 
7Q) C 
794 2 IF ('ill'!' (1'1) .11 E.:1) GO TO 3 
79'i Vl=SlGIP.L (M,2) 
796 rRT (!1) =1'R(3) 
797 T3=(t2-T2).0.95 
798 IP(SJ.LT.T3) GC Tn 31 
799 C 
8CO C IF DEVIATOP STRE~5 G~EATER ~IIAN INITIAL DEVIkTOR STRESS 
8Cl C USE STnss STIlAIli CURVE .i>ISi'LACED BY IiHTIH DEVIATOR STRESS 
802 C 
8C3 SlJ=I.0<).«T2-Tl)+I./0il(J,I)) 
804 IF (SJ.GT.SU) GO TO 61 
805 XX=::i?2(!jl,52,T2,Tl,U(3,I).:!D(3,I») 
806 EE(/I):El (U(J, 1) .68(3,1) .xx,pap») 
807 :;0 TO 10 
~08 01 EE(~):20. 

809 GO TO 10 
Al0 C 
811 C IP DEVIATO!! STRESS LESS TJAN INItIAL DEVIATOR STRESS 
812 C USE E Fon LOADING DNLOADING ACCORDING TO TillS StRESS PATH 
8D C 
A14 31 EE(")~E(3) 

815 GO TO 10 
81f. C 
817 C ItATERUL NlJl'!BER " 
81!! C 
819 J IF(:Ut('1) .NE:") GO ':0 " 
320 EE(l'I)=E(II) 
821 PRO;: ('1) =1'\(4) 
822 :;0 'i.0 10 
923 C 
824 C ~ATERIAL ~lJ~OER S 
825 C 
~2f .. II'(~AT(,,).Nr;.5) GOT05 
8Z1 n"(~):?:I(5) 
82!! Vl=SlGC('i,1)/K()(5) 
8,9 V2=SlGC(5,2)/KO('i) 
830 Il'(Sr.-;PL(It,I).Lor.~1r.C(5,1)) GO TO 'il 
:l:l1 IF(SIGrr:1.(~,I)_"T.;jIGC(5,2)) 1';0 TO 51 
832 C 
033 c rNTEiPCLATION OF E 
fPIl C 
8J~ ;;\J=().9';* «T2-'Il) +l./DB (3, 1») 
alE A~=$lGC(5,1) 
8 ,l1 Af,=SlGC(5,2) 
flH IF (53.;;1.2.) GO TO 6l 
919 IF(S~.LT.D.)GO TO 6] 
d"O '( ,;= f. n (:? ,:i 1, '1'1 , or l, ~ A (", 1) • II n (C;, 1) ) 



""' 0112 
043 
844 
045 
8"£, 
tl47 
848 
811'" 
8'.0 
8"'1 
052 
853 
85,. 
855 
8S6 
80;7 
858 
85'1 
A60 
061 
662 
863 
864 
36:-
866 
867 
8(:8 
869 
870 
871 
872 
073 
374 
815 
676 
877 
818 
879 
JSO 
3ill 
!II! 2 
883 
934 
600; 

c 
c 

1F(IS)400.II00.II01 
IIvU ,(5=/). 
11 .. 1 t:.J=r.5(H(5.1),HO(5.1).XS.I'Il(5» 

1;0 TO til 
oJ 1::$=20. 
04 5U=O.q~*(T2-Tl)+1./OB(5.2» 

[F(53.C~.].5)GO TO 65 
IF(52.l~O.)GO TO 60; 
X!l=J:': .... ,(:;2.:>1.Tl.T2.AA (5. 2) .~B (5.2» 
IP(X?'III02.II02.~01 

4 .. ..: XH-=O. 
IIwJ l::!l=E!:(A.\C5. 2) .00(5.2) .XB.PR(S» 

GO TO'l') 
"S tll=20. 

GO TO 99 

C IF SIGltAl GREATER THAN TH~ GREATEST OF SIG!!A1 IN THE 
C TF.5TS ASSJ~E THE SA~E STRES:; 5TRAIN CURVE SHIFTED 
C DY INITIAL DEVIATOR STRESS 
C 
C 

C 

51 Il'(S2.LT.O.)GO TO 62 
SI/-=T2 
Il'(S3.GT.SU)GO TO 62 
£YOI=1.696*(Tl/'.OlJ)**O.94l6 
U:-=l·Il':'lOI 
B E= (0. 2,)+AE* (T2-"t'1-T2» 11.25* (T2- (T2-Tl») 
XX=E!?5 (:32.S 1. Tl .... 2.lIE. BE) 
IF(XX)40~,~Oll.II05 

4.... X '(=0. 
4,,~ ~~(~)=:5(AB.BE.XX.pn(5» 

GO ro 10 
';2 FE (~) =20. 

GO TO 10 

C :HT~rIAL NUlIBBi 6 
C 

C 

:; I!'IIIA:'(') .NE.6) GO TO 6 
EE (~) =E (45) 
i' BT 1'1) =P;l (6) 
-:;OTO 10 

C 'hTF.RI~L ~U~aER 1 
C 

'IS& 0 '[ P (!'IAT (~). :fEe 7) 'ill TO 7 
881 nT (~) =:>11(7) 
A8A C 
ar9 C CHEer. INC; VII::!ir: SIG'Il\l STANDS 
9'10 C 
0'11 1!'(S2.L"t'.srGC(1.1»GO TO 11 · 
11 ')2 U·IS2.1;1'.:;r"C(7.3» GO TO 71 
8" ,1 It' IS 2. Gr. SI:;C (7.2) I GO TO 12 
fl94 C 
~95 C If JIG~A] IS 1~ BET~~EN TETS 1 AND 2 
1\9" C 
891 SIl=O.<)'Vrl'1(7.1) 
S9~ '~=SIGC(1.11 
R'Ie; ,\n=:iIX( 1, 'I 
900 !F (:'l.l;f.!,U) GO 1') fir. 



901 
902 
903 
904 
905 
90e. 
907 
9011 
909 
910 
911 
912 
913 
914 
915 
916 
917 
918 
919 
920 
921 
922 
923 
9211 
')25 
92f 
927 
928 
929 
930 
931 
932 
933 
934 
935 
936 
937 
93S 
339 
940 
941 
942 
943 
944 
945 
946 
'347 
9118 
949 
9<;0 
9,.1 
9'>2 
951 
954 
9C;r; 
9<;6 
9">7 
9'i1l 
9r;~ 
~H {) 

C 
C 
C 

C 
C 
C 

c 
C 
C 
C 
C 
(' 

v: !.=:: I' 7 I!::?, $1, J\A (1, 1 ) , DO 17, 1) ) 
IF 1'5) 301,101,302 

3111 X:;=O. 
) ... ~ P.!'.=!::7 lAA (7,1) ,01' (7,1) , XS) 

GO TO ... 7 
1.06 ES= 20. 
ul ~u=0.95/BnI7,2) 

IFI53.GT.S;J) 1;0 TO 68 
Xg=~P7152,:;1,AA(7,2),BB(7,2)) 
IFIXO)303,303,304 

3.13 '(U=O. 
3,,1; E&=E7{AAI7,2),111(7,2) ,XB) 

GO TO 89 
08 EB=20. 

GO TO 89 

IF SIG"A3 STANDS IN BETWEEN TESTS 2 A~D 3 

12 Sry=0.95/BB{7,~ 
A S=SIGC (7,2) 
A8=S IGC( 7,.J) 
IFIS3.GT.5U) GO TO 84 
X S= EP7 IS 2, S 1, AI. (7,2) ,58 (7,2) ) 
IF (X5) 305,305,306 

3.15 xs=o. 
3..10 ES=E7(AAP,2) ,BB(7,2) ,XS) 

GO TO 85 
ilil ES=20. 
d5 SU=0.95/BBn,3) 

IF(S3.GT.SU) GO TO 86 
XB=EP1(S2,Sl,AA(7,3),BB(1,3») 
IF(XB)101,301,108 

3 .. 1 ' X 5=0. 
3Jd EB=E1(AA(7,3),!lB(1,3),XB) 

(;0 TO 89 
116 F.B=20. 

GG TO 89 . 
IF SII;IIA3 GHEATER TiiAN IN TEST 3 

71 511=0.951JB(1,3) 
IF (53.GT. SlI) GO TO 95 
XX=FP1{32,Sl, A.\(7, 1) ,S" (7, 3» 
IFIU) 309,109,]10 

31l~ '0(:(=0. 
31J J;J;('1J=?7(AA(7, 3) ,'1B(7,l) ,lC:<) 

GO ro 10 

IF 51G~A3 S~AILE9 TIIAN IN TEST 
~SJ; STRESS STtAIN ClIJVE ~HERE 
o !>[JNCIl()~ Of P!\J. UD 3I(;l1A !I0llIZONTAL 
it F~SC"rI()~ OF 51\;:10\ 1 , :1Ct< AIIO' XEI' 

13 H'(,)2.LT.O.5) ';0 1'0 95 
r.!:= 1./ ('(I{.1. JJJ. (.i2/1. 0 11) .... XRP) 
TJ 1:= 11. -5 I!I (PU!))/ (2 •• S2.5 HI (PilI)) 

~;·l = o. ()'j/'l~ 
if (SJ.(;r.31') GO T.) qs 
XX= .:,"'1 ,;2, ;'; 1, At:, '3~J 
If I~·q Jl1,111,112 



9~ 1 
9~2 
9f» 
<If. II 
')(,5 

9"'" 967 
968 
969 
970 
971 
972 
973 
974 
915 
916 
911 
978 
979 
980 
981 
982 
983 
981t 
985 
986 
9Po1 
988 
989 
990 
991 
~92 
993 
9911 
995 
9 Q 6 
997 
998 
999 

1000 
1001 
1002 
100) 
1004 
lU05 
1'106 
1007 
lOllS 
1009 
1010 
Ull 
1012 
1013 
1014 
lOIS 
1016 
1017 
11) 1 a 
H)19 
1020 

c 

111 :0:= 'l. 
ll.l £1': (:1)= (~7 (.\F.,111'!,X'C) )/l0J. 

(;!) TO 10 
':15 r.~ (II) =21). 

coo TO II) 
"J U(I'I)=(F.n.,TSlGF.P(PI,2)-A5) H::;.(AB-T$IGEP(PI,2») 

11 (AI1-AS) 
GO Tn 1~ 

C ~ATE~ IAL NUMBER 8 
C 

c 

1 If(~A'!'(II) .NE.8) GO TO 8 
PliO;: (/I) =PR (8) 
H(P'l) =£(8) 

GO to 10 

C MATE~IAL UUllnER 9 
c 

c 
c 
c 

d I'(~AT(PI).NE.9) GO TO 200 
H'(S2.LT. 0.2) GO TO 103 
PRT (II) =?R (9) 
aE=(I.-1.143*SIN(PilI»/(2 •• S2·1.1lil·SIN(PHI» 
SI1=0.75/BE 
IF(S3.GT.5U) GO TO 103 
XX=EP1(S2,SI,AA(9,1),B~ 

E£ (:'1)=£7 (H (9, 1), BE, XX) 
GO TO 10 

lJJ E? (11)=20. 
GO TO 10 

2JIl pp.'l(~)=PR(10) 

EE(:':) =F( 10) 
IF (t 3Ir.EL (~I, 1 ) • LT. O. ) EE (II) =10. 

-lii rF(NI?FlE.ZO.l) GO TO 99a 
IF(~PHASR.K£.7)GO TO 999 
H( IJ. !:E ... ) GO '1-0 999 _ 

9,d :'Rt'lf.(6,9J) 1I,IIAT(II), .HG!EL(I1~1),SIGI1'L(/I,2),'ISIG£P(II,I), 
lTS!GE~(~,2),T~IGEL(~,I),TSIGEL(II,2),EE(I1) 

~ 3 For.?1f.'l- (1X, 415, 6F 1 0.3, l' 14. J) 
~99 COlit!IIIlE 

R!TUFN 
£NO 

c ~~~lOn'IISR IUIT 
c 
C 
c 

C 
C 

:;:m:lOUUIIE !NIT 

C ... .i.5 S'IBI;onTIIiE ClLC''JI.ATES TilE INITIAL STIlF.SSES 
c .•• ritZ NOJ!'> .'NO ELEII;:;NTS 
C 
c 

cn~I!"1> ~(10) ,Piql)1 ,RO(H» ,X(J50) ,Y(150) ,l/(150) ,V(J'iO) ,TiI(600), 
1.; n !' ( 100 ; 1411) , II f( ,,)01 , E.5 "r! P (f" f) , EC"! (J,.11 , EMI (1,6) , ES 11 (1,6) , :IT 
C ' Jl~l'N 'I I' '1'4!"NUl'l.'L, Nil:tA'r,KOOE(l50) ,Nl'(3,~OOI ,i'!A'I(f,OO) ,':lANn, 

1 !/:C.II,1.1(f.) 
~lH'r'l V,llOl::l (3;01 



1021 
1022 
1021 
1024 
1020; 
1026 
1027 
1028 
1029 
1010 

.1,) 11 
11112 
11} 13 
10)4 
103S 
1036 
1037 
1038 
1039 
1040 
10111 
1042 
1043 
1044 
1045 
1046 
lJ47 
10lUi 
104 0 

1050 
1051 
1052 
11}53 
1054 
1055 
100;0 
1057 
1056 
lOSS 
101;0 
1061 
1062 
1063 
1064 
1065 
106" 
106 '1 
10b8 
10('9 
1070 
1071 
1117 ? 
1013 
1014 
107<: 
10n 
1077 
1078 
1079 
1030 

C 
C 
C 

C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

c 
c 
C 
C 
C 

Cf)'1'10H .aGC (10,") ,AA (11},4) ,'1R (10,") ,KO(10) ,:l!iFC 
c 1'1"10'1 J51Gi'"L(f,eO,3) ,:aGJ!>L(600,l) ,O !iI!;A (350,),51':IA(3<;O,l) 
C01'101l T:';lt;P'1. (liOO,3) ,'I51GA (3';0,1) ,TO (100) 
CO.""I'1~ :1:1 (1<;0) ,V~ (3 5 0) ,NN"fL(2<;) ,!lNXL(25) 
C 0 '1P1011 Pop. (600) , (,P. T( (,00) , T S IGF.P (600,7.) 
C01P10~ P~I.XK,XEP 

CO""0N iH(100) 
RF-At ItO 

ar.AD SP!::CU'IC WEIGHT AND ELEVATION OF TilE GIi:OUND SURPACE 

Rf.AO(5,13)uAMA,ZSFC 
\I hITS(r., 10) G~:'1A,7.SFC 

10 POfd1A1'(//,5X,'SPEC1I'IC IIEIGHT ',FlO. 5,/,5X,' HEIGII'I' ,Fl0.3) 
IJ FOil II AT (2Fl0.3) 

IP Tl!E tiA'rERIAL RlEP1ENT IS CONCREl'E 
SIT INITIAL STRESSES = 0 

DO 1 :1=1, NUMEL 
IP(MAT(~).NE.~) GO TO 2 
SIGIEL('I,l)=O. 
SIGIEL(!I,2)=0. 
S IGIEL ('I, 3) .. 0. 
GO TO 1 

INITIAL ELEMENT S'I3ESSES 

<. I~ :IP(1,:'!) 

J=NP(2,H) 
i'=IIP (3,11) 
YE!.=('!(I) .Y(J) H(K»/J. 
0::: P'1I1= Z5FC- X EL 
SIGIEL (:!, 2) =Gl!1A*DEPTII 
:1AT!I='1A'r ('I) 
5I~rEL(1,l)=SIGIEL~,2)*KO(P1ATNi 
S 1,,1 EL (M, J) =0. . 
C Oll'fI NilE 

I III II AI. NODE STRESSes 

DO 3 1'1=1, Nf'P1NP 
IF(KODEl ("I) .NE. 4) GO TO 4 
SIG lA (1'\,1) =0. 
S I ,;IA ("1,2) =0. 
.irqI ,\ ('I, J) =0. 
r;f} TO 3 

'. :>:::"111=Z5PC-Y (1'\) 
S I ,;IA("I, 2) =GAIIA.DEPTU 
'I ''l''l=:(oDEl PI) 
.i!f;Jl\("I,l)=.iI~U ('1,:!).Kn ("In II, 
:> I .;tA ('1,1) =SI,aA('1, 2) -SIGn fM, 1) 

.J C 'V:TI'PI': 

:;UI11H,flTIN!': IILO\!) 



101:11 C 
1082 C 
10lll Jlmp.,oU'l'! N~~ NI.OAD (NPftA5 P., NIPRIN) 
10B4 CO~"IO!l ~:(10),I'K(10),r\0(10),X()50),Y(l50),1I(l50),V(3~0),TII(1)00), 
1005 1:aIF(700, 1'1(j),~:>(700) ,E';TrF(fi,G) ,f.CII(1,1),LII!I(l,6),tSIt(1,6),WT 
10Uf CU~"CN KUItNr,NUItEL,HUMAT,~ODE()50),np(3,fiOO),ItAT(600),ltaANn, 
1007 1 NF"Q,"I,LM (6) 
10BB CO'!lO~ ~nDE1(]5~ 
10A9 C011WN :acc (10,4),AA (10,4) ,Bl!(10,4), r.O( 10) ,Z~FC 
1090 Cf)~ I'!CH4 rSna.L (600, j) ,;i [;rEL (600,3) , 'lS It: 1\ (150, J) , SIC IA ()50, 1) 
1091 CO~~ON T51(;EL(tOO,l),TSIGA(J50,J),Til(700) 
1092 C01"ON 1!'f(l50) ,VN(J50) ,ilNYL(25),N~Xt.(25) 
1093 CO'1I0N lE~OC),PRT~00),TSIGEP(600,2) 
1094 CO~"ON P~l,XK,XEP 
1095 C01 flON III (7(\0) 
1096 l.'lltENSION SIGn (350,2), U:L(20) 
1097 C 
1098 C 
1099 C 
1100 C r HIS SUBROIJTINE ilETEIHHNES THE NEll LOADS DUE TO nOTHER 
1101 C CON5.rllUCIION P!USE.IT CIIANGP.s TilE fI-'TEBUL PROPERTIES FOR 
1102 C rUE ~ATE!'IAL liMICR IL\S BEEN RE!!OVE!> OR CONCRETE WHICH 
1103 C dAS BrEN ?OOBED 
1104 C 
1105 C 
1106 C 
1107 DO 35 1=l,"UIINP 
1108 S It;NR (1,1) =0. 
1109 SrGNR(I,2)=O. 
1110 nN(I)=O. 
1111 J5 VN(I)=O. 
1112 ' IiEAlI(S, 1) NPifASF.,NYL,NXL 
1113 IP (NP!lASE.~.l.O) RETURN 
1114 W iIlTE(6, 2) NPUAse 
1115 l PI)~IIAT(1i11,1,5(1X,f.0('·'),/),2(lX·,2:)·('.'),20X,20('.'), I), 
1116 llX,20('.'),' Ptt.'!>E NiI'!!!EII',IJ,2X,20('.'),1,2(lX, 
1117 2i!O('.'),20X,20.('.') ,1) ,5(lX,60('.') ,/),111111) 
1118 C 
111!1 C 1iYL Nrl!'!Il!1l Of llOllES LOADED VEt:TICALLY 
1120 C !/NYL NODE NUIfOf.1l WllrCII .ILL Ill': LOADElI 
1121 C ~tLI 'lU!'I!'II>R or F.LE"ElITS INVOLVED IN TalS NODE 
1122 C 
1123 DO qO I=l,NYL 
11211 aCI\J(5,I)N~LI,;U;YL(I) 

112'5 !!E.\0(5,') (t!:t (J) ,.J=1,NELI) 
1126 NN=HNYL(1) 
1127 on 41 K=I,NELI 
1128 III :;r l" I\l(N~,2)=SIG!·lIqNlj,2).TSIGEL(IEL(K),2) 
1129 '(N"'1ELI 
1130 SI~NP(~~,2)=5IGNR(~N,2)/EN 
1111 ilr.lTo("',4 7.)"I~,Sh;~l!i('n,2) 

l1J2 "~Fn~~~r(II,' Nnc~ NO ',15,' 5I(;Y RE'OVED".,0.5) 
1133 WRl'IF.:f,,~O) 
1134 .. oJ !":) " v,:.T(I,' t:LI:'IZ'lTS INVOLVEO') 
1 n 5 ~ 0 I 'I!' ( " , 1) (I 1'; L (.1) , J = 1 , N t! L I) 
I1Jf. "oJ COSil~lJ~ 
11)7 C 
l1JO C ~~L 'inM9EB OF ~nll~~ LOADEn HORIKO~r~LLY 
111'1 C .I:I"<L }In!)E NII~:'!-:j\ ;,iil":!! .ILL U~: LO.~DED 

1140 C ~:Ll 'hJ:111!:'l (Ii' "U':~;N.S IlIvnUP'!l r~ TIIl.:i NOnF. 



11 ~ 1 
1142 
1141 
111111 
1145 
11116 
11141 
1148 
1149 
1150 
11<;1 
1152 
1153 
1154 
1155 
1156 
1151 
1158 
1159 
11 f.O 
1161 
1162 
1153 
1 H:4 
1165 
1166 
1161 
11(.8 
1169 
1170 
1111 
1112 
1173 
1114 
1115 
1116 
1111 
1118 
1119 
1180 
1181 
1182 
11 e 3 
11811 
1185 
lIS€-
1161 
11138 
l1R9 
1190 
1 I? 1 
11<);> 
11~J 

11911 
11 ~15 
1191:> 
1197 
1191l 
119'1 
12:)0 

C 

c 
c 
c 

C 
C 
C 

c 

c 
C 
C 

C 
C 
C 

c 
C 
C 

DO 0;0 1=I,NXL 
!lEA 0 (r" 1) !l £1. I, iI N XL (I) 
R~A:l('i,I) (lU(J)"J=I,NELI) 
NN=N~U(::) 

DO 51 Y.=I,NC:U 
;)1 Src;NI«N~, 1) =SI(:!IP(NN, 1) +TSIGEI.(IEL(l<) ,1) 

U=NF.L! 
5 IGNP (NN, 1) =SIt>I4R (NN ~ 1) IXN 
WRIIP.(~,52)NN,5IGNR(NN,I) 

... 2 FO[(~A'r!//,' NODE NO ',1<;,' 5I;;X IIEIIOYED',Pl0.5) 
IIRITE(6,CO) 
WiUT~(6,1) (IEL(J),.J=I,NELI) 

50 CONTUIIIE 
1 1'01<IIAT(10I5) 

WRITE(6, ao) 
dll FI)RPlA'l(/,5X,'NODF.~ LOADED IiORIZ') 

WRITI':(6,J) (Nt/XL (1),I=1,NU) 
j fOF~AT(/, 5X, 5I1) 

WRITE (6,<1) 
~ I'I)R~AT(/,5X,'NODZS L01D3D YERT') 

WBt'lF: (6,1) (N!lYL(I) ,1=1, NU) 
DO 5 I=I,NIH!NP 

LOADS IN THE X DIRECfION 

DO 6.1=1,IIIL 
XLOAD=O. 
IF(I.EQ.UNXL(J))GO TO 1 
GO TO 6 

Cll!~CK IF IT IS THE LAST NODE AFFECTED 

7 IF(J.t:(1.NXL) GO TO <) 

K=IIIIXl (J + 1) 
nL=Y (Kl-Y(l) 

~ 

;;HECK If THE ACJACENT 1I0DE 111.s RIGIIER STRESSES 

H(SIGNR{K,1).GT.3IGNR(I,I)) GO TO 10 
X D=!:IGNF. (I, 1) 
X$=SIGVll (K, 1) 
XLOA D=X:;* 0[,/2. +2./3. *0. '5 * (:'CD-IS) *DL 
;(UHC=XLOl\O*TH (1) 
;;0 TO <) 

10 :'(!J=SIG Nn (K, 1) 
X5=S !GN n (I, 1) 

lCLOA ;jsx,:; ~OL/2. +, ./l. *0.5 * (lC D-XS) *DL 
:CLIHu=XL'H'>*TH P) 

~ !l'(,I.::Q.l)G'l'I012 
K""''IXi. (J-l) 
OL"Y(I)-y(K) 

.:u<:c-v, TP' '!:H ADJACE'rr NOO& riA;; HIGIiEn STREaaES 

H(:n'; .. ~(r.,I).r.T.':;LGil:l(J,')1 GO 10 11 



12rll 
17.01 
1203 
1~01l 

1205 
1;>0(' 
1201 
1.20B 
1209 
1.210 

• 1211 
1212 
1213 
1214 
1215 
1216 
1217 
121A 
1219 
1220 
1221 
1222 
1223 
1224 
1225 
1226 
1227 
122A 
1229 
1230 
1231 
12]2 
1233 
1234 
1235 
1.236 
1231 
123£1 
1239 
12110 
12111 
12112 
12113 
12411 
1.2115 
1J.1I6 
nll7 
12118 
124q 
1250 
1251 
12<;2 
12'» 
n">l1 
1255 
12"6 
12!i7 
12<·1l 
12~)'l 

121>0 

C 

xn=STuNR (1,1) 
;(S=Slr.NR (K, 1) 
~tOAD=XLnAO+ (;(S*Dt/2.+l./1.*0.S*(XB-XS)*DL)*TH(1) 
r;(l TO 12 

11 .( A=SIGNlI (K, 1) 
1C~=SlGNIi (1,1) 
XL('l J\ O=XLO l\ 0+ ( IC S*DI./2. +1. /3. *. 5* (XB- :<S) *0 L) *TII (1) 

12 UN (I) =-HOAO*l. 1 
o COliTINOE 

C LOADS IN THE Y OI&ECTION' 
C 

C 

DO 13 J-l.NYL 
Y LCAD=O. 
IF[I.F.Q.NHYL(J» GO TO 14 

c: :HP.CK IF IT IS TilE LAST NODE AFFECTED 
C 

c 

GO TO 13 
14 H(.J. EQ. NIL) GO TO 17 

K=~ NIL (.1+1) 
Dt=X(K)-X(I) 

C CHECK IF T!i~ ADJACE:n: !'lODE nAS HIGHER STRESSES 
C 

C 

If'(SI:;!lE(K,2).GT.SIGIIR(I.2» GO TO 16 
Yil-SIr. NR (1,2) 
tS:SIGNR (K,2) 
YLOAO=YS*OL/2.+2./3.*0.S*(YB-YS)*DL 
YLOAD=YLO'~*TH(l) 
GO TO 17 

II! YR:S1GlIP. (K, 2) 
Y s=sr.:; NR (£,2) 
T Ln~C=YS*DL/2. +1./3. *0. 5* (YO-YS) *.DL 
YLOt\O=YLOA:l*TII( 1) 

17 IF(J.EQ.l) GO 1'0 Iii 
K=!llIYL (.1-1) 
D!.=X (£)-X (K)' 

C CiiECK IF THE ADJACEfr. NODE nAS HIGHER STRESSES 
C 

C 
e 

!l'[3.IG!lR[K,2).G'I.3IGNR(I.2)) (31) TO 19 
Yll=SIGliR (1,2) 
'! S=SlGNk (K, 2) 
'{L,l.\O= YI.CAD+ (YS *DL/2. +2. /3. *0. 5* (Y O-Y S) * DL) *T 11 (1) 
lin TO 1'1 

"I'J YB=SI(;NIl (K,2) 
y .i=s l::;~R (1,2) 
YLo,\[\=uaA:}+ (Y,,*OL/2. + 1./3. *0.5* (I B-YS) *OL) *T H (1) 

ttl 'i~(I)=YLOA" 
U C'llllIN'J!; 

j C()~T!::(jr. 

C IF TJ~b~ IS ~NI TRA~SFr.R OP N0DAL LOADS 
C DOE ':"U ~f'\Hl!: .. r.ICAL CONFl ,;nR~TT()N PollTEIl NLO 
C :/fP' !Jl'I; 0 ~ ~u':H:!i • H leu II ILL 11\ n: 'rllE LOAD 
C ~ i~~~F~~.~~ otIlERWIJ~ 

C 
(" 



1 ?f.1 
12b2 
1.~ 1.3 
lllO4 
12bS 
12/if. 
12(;7 
1268 
12(·9 
1270 
1271 
1272 
1273 
12711 
1275 
1276 
1277 
1278 
1279 
1280 
1281 
1282 
1263 
1284 
128~ 
1286 
1287 
1288 
1289 
1290 
1291 
1292 
1293 
1294 
12q5 
129€ 
12q7 
1298 
1299 
1300 
1301 
1302 
1303 
13011 
1305 
1)06 
1307 
nop 
1309 
1310 
1) 11 
n12 
1113 
13111 
131 c; 
1)11, 
1.l17 
OW 
131'1 
ll:'C 

:l Y.AIJ (">,1) NL I: 
il il rT"«(j.501)~LO 

5Jl F ll IMAT(//,'iX,'N'III!lEM ()F NODfS WillCH IIn.L IIAVE " 
l'T!IE LG'\D TI:'.~S1'Enllp.D' ,t!) 
lP(~LD.RO.O)GO TO SOl 
!'!':.\Il ('"l)N.\,H8 
IIlllT£(C" ~Ol) Nil., N8 

5uJ ~·or:rI"r(//,c;x,'NODF..5 CAiHIYING THP. LOAO',2110) 
DO 504 :=l,NLO 
r, l':AD (5,1) tHl 
IIRITE(6, 50'\) NO 

SJ5 1'0"!'IATV/,5X,'NOOE IINLOADED',I',) 
C 
C 
C TPANSFER THE LOA:> (II' NODE NU TO NOD::S NA NB 
C r (NAI liAS TO BE GREATER THAN Y(NO) 
C 
C 

c 
C 

X u=y (U) -Y (NO) 
XXL=Y(IIA)-Y(NB) 
s~u.'(!>n) *UA/UL 
It A= UN (NU) -ilB 
UN (NO)=O. 
UN PIA) =IlN(NA) +RA 

5.14 ONINo)=rr~(!ilJ)+RB 

Sub FOllr'! AT (41' 10.5) 
~RI';:F«(>,211 (I,UN(I) ,VN(I) ,1=l,NOIINP) 

5J~ IF (HIPfI!!.Nt:. 1) GO TO 666 
IIRITE(~,2~NPHASE 

:': 0 FOI.~UI//,SX,'!IOIl\L LOAD FOR PHASE NtT~OER',IS, 
1///,5'<,' NOOi: IW!UZO!ITAL VI::IlTICAL') 

W!lI!E(",211 (I,lIN(I) ,VN(I) ,1=1, NUI'!NP) 
,.:1 l'O!\lIA'r (5X,:5,21'l(1. 5) 

C ':1. EM i!NTS TO. DE Cl/ltNG!!O 
C 
C 

600 tlEAO (5,22) NfLCA 
~; aIrE(£', 26) 

~O F(lRrlAT(/,5X,'ELR~~N~S ~UICH WILL DR RE~OVEO') 
22 fOR'''''T (r5) 

H'INf.LC!I.E\l.O) GO TO 27 
00 2) I=l,NF.LCA 
IiHOIS,22) UIEL 
'4RJ 1F. (~,22) I NEL 
TSIGlL (nEL, 1) =0. 
TSIGEL II N?:L,2) =0. 
r SH;EL (UEL, .1) =0. 

.d 'HI IIIIEL) =0 
:! 7 HA 0 I:', :> 2) !i E!. C"C 

;~RJ If. (1i,2~) 
_J !,OJ;I'I~'1'II,'jX,'ELf.:1::NTS Ill!ICI! WILL DE CIIA~IGC:O TO CO:lCbETE') 

IFIN£LCC.Eu.O)GO ro)l 
,Vl 2" I=l,N':J.CC 
P l'.',!>15, ::211r;CL 
"f.I1F.I', ,2:!1 I~EL 
'H'c (l'lF.LI =4 
":;1';-: 1. II ~':L, 1) =\1. 
,:":i lr,~i. (I'I~L, 2) =0. 



1321 ~<I T:aClEL(I ~eL, 1) =0. 
1]22 ~EAn(5,21)H!LCG 

1323 IHITE(6,70) 
132ij Iv rn E MA~(/,~X,'ELe~eNT5 WillCH WILL Be GROUTED') 
1325 IF(iHL<':G.EI.l.O) (;0 TO 31 
11:!(- 00 71 l=l,IIF.LCG 
1327 R~AD(5,22)INEL 
1328 '!'SlC;kl.(U~L,I)sO. 
1329 TSfGP.L (Pfr.1.,2) "'0. 
lno T:lIGEL(t:fZL, 1) =0. 
1331 Wrl~E(6,12)INEL 
"332 71 II AT (IIIF.L) =10 
13.H C 
1J3ij C 
1335 C NOOES IoIIICH WILL IIf.VE THe STRESSE3 Z EEOEO 
1336 C CONCfETE JUST POURED OR CONCREtE SOIL BEHOVED INTEilFACE ROOES 
1337 C 
1138 C 
1339 ~1 WRI'IE (6,29) 
1340 29 FOp.!nT (I, 5X,' NODES WHICif IIILL HA VE THE STRESSES ZEllCI!D ') 
13ijl BEAD(5,22)NNC 
1342 IF(~SC.EQ.O)GO TO 32 
l1ij3 DC 25 I=I,RNC 
134ij READ(5,22)J 
13ij5 lIRITI:(6,22)J 
1346 TSIGA(J,I)=O. 
13ij7 TSIGl\ (.1,2) =0. 
1348 .. 5 TSIGA(J,l)=O. 
lH9 J2 RE'IORN 
1350 END 
1351 C 
13:;2 SUP-IWOTI NE SST 
1353 C 
1354 C ~IiIS SUB60UTINE READ3 STRess StRAIN PARA"E~ERS 
1355 C 
1356 CO~MON F.(10),PR(10),R0(10),X(35:l),Y(350),I'(350),1(3!'0),'I1I(600), 
1357 13T IF (100,1 u 0) , A P (700) , :::;1 It> (E, 6) , ECM (3, 3) , ESM ( 3 , 1;) , F.S'I ( 3, 6) ,1fT 
1358 C,) :1 r.ON !1) :'! MP,NO!,(ZL,NllIIAT,KO!lE(350),N?(3,600) ,:oIAT(600) ,rlllAND, 
13S<; 1 NF.Q,II,L :oI (6) • 
1160 CO'110N KODE1(35~ 
13f:l CO -1 !'10!f SIGC(10,4),AA(10,ij) , IHl(10,ij),KO(10),ZSI"C 
1362 CO'I'!O'l IlSICll::l(fOO,J),SIGIEL(600,31 ,!)SIGt.(350,3),SLGIA(350,3) 
1363 CO -f:'lC'N T5IG!L (600, 3) ,'!:SLGA (350,1) ,TD (100) 
136ij C01'10N UN (3SC) ,VN (J!'oO), NNY!.(25), NNXL (25) 
1165 CO-" \O~ i:E(;;OO),PR.r(E'OO),TSIGEI'(600,2) 
136f: Cn~~0J ?Hl,XK,XEP 
1367 Cl)~ liON :>I (700) 
1368 REAL KO 
1369 C 
1370 C ~~AO A~C RafTS 5T6£SS ST6AIN P~&A~ETERS 
1371 C 
1372 jillTTE(C,4[J) 
1373 oil> 1'0I' ,HT(1:11l 
lHij 1:) R " A:'(~l, lp~ 
1375 1 (>(l~IHT (I';) 
131£ C 
1377 r POf~~OXS PATIO &ND KO 
1178 C 
137'l 1,!,: ,', D (i ,::) Pl! (MI1) , KO (~~) 
1lf,1l .. r() ::~ Ar (~ 1"10. 5) 



tJl'l 
lJtl2 
Dill 
lHII 
110S 
DR6 
1.181 
lJll8 
1309 
lHO 

. 1)91 
1392 
1393 
13911 
1395 
1396 
1391 
1]98 
1399 
11100 
11101 
11102 
11103 
lli04 
1405 
1406 
1401 
1408 
1409 
11110 
1411 
1'''2 
1413 
11114 
1415 
1416 
1411 
1410 
111 19 
1420 
1/121 
1112:! 
1423 
1424 
11125 
11176 
lli27 
1:128 
1429 
11130 
1431 
l1i3:> 
tIl33 
lli31i 
141<; 
1436 
l!4H 
1430 
14.19 

C 
C 
C 
C 

C 
C 
C 
C 

C 

1J 
.:. 

1 

~ 

II 

J 

11 

IF (1111-1) 13,11,1 

'IA'fEHlAL NWillER 1 
j TF.5'l'!; TRl UrAL :;TR£S:; PATII COI!P ACT IV E 

DO 5 .J=l,3 
Pl::AD(S,6)SIGC('II'I,J) ,U('III,.T),UB('I~,J) 
WRLTE(f,7) !lII,PR(II'!) ,KO(I!II) 
po r. "!AT 1/II,r,X,'''IAl'r;PUL NUIIBER',IS,IJ,SX, 'POI:iSONS PATIO " 

lfl0.2,I,SX,'KlI= ',f10.2) 
wRltE(6,9) . 
P')("AT(';X,'COHl' STR A B') 
,jRIT£(b,S3) (SIGC(II'I,.1),U(IIII,.1),DD(I!I1,J),J~l,3) 
POR~ATBX,lF10.~) 
GO TO 10 
IF (111'1-2) 11,11,12 

IIATE?IAL HUI!BER 2 
3 TESTS TRIAlIAL STRESS P~TH EXTENSION ACTIVE 

R:::AO(5,6) (SIGC(!'II'I,J) ,Al (IIH,J) ,DB (II!I,J) ,J=l,3) 
:fRIIE(6,7) (II:'I,PR('III) ,KO(~I'I») -
IIRlTE (6,9) 
WRITR(6,8) (SIGC(II!I,J),AA(I'II1,J),DI!(IIII,J),J=l,3) 
GO to 10 . 

12 IP(IIII-3)16,16,17 

C "ArEfIAL HUIIBRR 3 
C 1 T~S" TfIAUAL STRESS PATH Ko-CO'll' ACTIn 
C 

10 RE~O(S,6) E(I1!'1) ,""("111,1) ,BB ('1"1,1) 
WitI!£(6,15) III1,PR('II!) ,E(IHI) ,AA(II:1,l),!!!!('''',l) ,KO(I!!I) 

lS - POi-I'IAT (III ,5X,' !'IAl'::r.IAL NUI'IJ;£R', 15,11, 5'(, 'POISSOIIS RATIO', 
lFl0. 2,1, 5X,' E 3NLOAD-R£LOADH:G ',Fl0.3,II,SX, 'A ',fl0.6, 
2/,=, X,'5 ',nO.6,I,SX,'KO' ,Fl0.2)' 

o !'O~IIAT (3F10.6) 
GO TO 10 

17 IF (1'l!'l-4)1A,ll),19 
C 
C IIA7EaIAL NUIIBP.R ~ 

C 1 T<:5T CONCRETE 
C 

It; RoAD(S,/;) E(P"I) 
ill'UTE (6,21)1'I'!,E (11:1) ,pa(i1!'1) ,1<0(1'111) 

..1 FOF '~~!(/I/,~X,':'IlIr';fll.\L NlI'Iren ',I5,/,';'(,'E ',F15.';,I, 
lSX,'POISSO~S R~Tln ',Fl0.5,1,5X,'KO', Fl0.2) 
GO '10 H! 

19 IFF-III- 5) 22,22,23 
c 
C ~A:!.lAL 1ry:1DRli 5 
I: 2 TE:';T:i PUNt': :;TFArri COII(>. Aa'VE 
C 

.:..! DO 211 ,1=1,2 
~.. Rr~I)(S,r») :H,;C(!!i1,J) ,AA(ii'1,J) ,nn (~'1,J) 

ii i-' 1 '1' 1:: «(, , 7) a II, PI, ( M 'i) , K 0 ( :1 '1) 

r R!'; f. (~, '-' I 
!l :nrqr" ~) pr,;C("1,J) ,H (11'1,.1) ,rln (M :1,J) ,J=l,2) 
G () 'rn 1 U 

*J II'(fI"-b) .l",2'j,:!f> 
14!i0 C 



n,., C 1IATEr.IAL I;U'IBER Ii 
111112 C 1 T!':5'!' corrVEllTIONAL TRIAXIAL pon fILL 
11111] C 
14,.4 .lS' R:AO(<;, 4) E('1I1) 
111115 IH1I1F,(6,7)1IH,l'R(,"'I),KOII1H) 
1446 Wll!'!'E(Ii, 2~) F.(H") 
11147 l8 FuF~Ar(5X,'E',Fl<;.5) 
1448 GO TO 10 
111119 4b IPI!1I1-1)36,36,27 
1450 C 
1451 C aATECIAL NUMBER 7 
1452 C J TEsrs TRIAXIAL CONVENTIONAL TRIAXIAL 
1453 C 
1iI5l1 30 00 30 J= 1, J 
1455 ..I,) nEAD 15,6) :3IGC (1I11,J) ,AA( ''I1I,J) ,BD(IHI,J) 
H56 IIR!T£(6, 7PI!!,PR (1'1;1) ,KO("!H) 
1457 WRITF,(6,9) 
1456 1I!l1 IE (6,6) ISIGC (PI:1,.l),AA I!I",J), SB(I'IIt,J) ,J= 1.3) 
1459 READ(5,C,) PffI,XK,XEJ.> 
1460 WRIT£(&,1I9)PHI.XK.XEP 
1461 ~9 POFI1AT(5X.'PHI='.Pl0.J./,5X,'K=',Pl0.2./.5X.'N='.Fl0.2) 
11162 GO '1:0 10 
1463 ~1 IP(I'!H-6) 31.J7.J8 
1464 C 
11165 C IIATERIAL :tU~BER 8 
11166 C AIR 
11167 C 
11168 .. 1 REA!l (5.I:i)EI!l!!) 
11169 IIRI'!:E(6, 34)1111, E(I!~).PR(I!H) ,KO(I'I") 
1470 .. 4 PO~~~T(///,5X,'HATERIAL NaItDER'.I5,/.5X.'E'.Pl0.2. 
1471 1/,5~,'?R' ,Fl0.3.1.5"<.'KO'.Pl0.2) 
11172 GO TO 10 
11113 3~ IP(el1-9)52,52,Sl 
147,. c 
11175 C 'AT~nIAL ~UII~ER 9 
147~ C 1 TFST CO~'BNTIONAI TRIAXIAL 
11177 C 
11178 52 READ(5,6)SlGC(:'!!!.1).AAIH'1,1).nB(II!!,1) 
147q ilRI'iP.(6, 7) 1111.PRI!!·1) ,KO(!!!!) 
11180 ~!lI'IE (~,9) 

l11S1 :nITl:'(6.8)SIGC(I'II!.1).AAI"'1.1).8!'('I!!.1) 
11182 GO TO 10 
11183 5.. IF(r.M-l~)250,250.~51 
11184 2..1v il!::A~(5,6) EI"!!'!) 
111!l5 ilRIa 16,21) '''II.E ('PI).i'8(:!") ,KO(H'!) 
1486 SErur, 
11187 2:>1 Wr-'7E{6,11) 
1~88 JI f'Or"r.7!11,';X,' !::FllOR TOO IIANY :'111.'l'rRIALS') 
1409 ilE't"I<~ 
I,.qo ~NO 

111'11 C 
1492 C 
111'?3 C' 
h"" C :iiJtI!lOiITr!l";: Il::ADG~ 

1'1'l'i C 
Ill'll: C 
I !l1)1 C 
I~"~ .'III;!;CI'I·rr'l" r. EADGI: 
1ll c,q C 
I,\)O C ,:'.11:; :;t!i· rrl'TlI:;; ll'.:An.> liND PRINTS l'!:'TERIAL [lATII, NODIIL tATA. ELP,'U:l't nATA. 



1~01 C it G~N!PAt!~ COORDInAtES OF INTEFneOIATE 'OOAL POINTS AND CALC"LAT~S 
1'502 C .,n: OAIID ;;lDlIf A!ID N!'MJlP.R OP EQUATIONS 
l'iO 1 C 
15011 C 
1505 C 
1516 CO'lnON £(IO),PlI(1!l),llO(10),X(J51)),Y(350),IIPC;0),V(3:0),TII(I;OO), 
1507 I!> T If (701), 111 0) , A P (700) , ;~5T I F (6,6) , EC'1 (3, 3) , LOll ( 3, 6) , lSI! ( 3, 6) , lit 
1508 CO~!'!ON l!1:~I:I',lllI!H':L,N'MAT,KODEP'50) ,NPP,600) ,MAT (600) ,1I3A!l0, 
150Q I N;;rJ,!1,L'I(") 
1510 CO'!~ON KOl)E1 (350) 
t511 C\l~~ON !>ll;C (10,4),U (10;4) ,1l1l(10, II), KO(10),ZSFC 
IS 12 COI~"n!l 051G~:I. (600,]),5 lGUL (1;00,]) ~DSIGA (350, 3) ,51(;111 (3150,3) 
1513 CO'!I!ON Tsrr;rL (bO,), 3) ,l":;rGA (3,)0, l) ,Tn (700) 
1514 cO,·: r.Oll II!: (350) ,VII (350), NNYL(25), NNXL (25) 
1515 CO~!,!Otr n: (600) ,I'Rt(600) ,TS1GEP(600, 2) 
15H COel~OI{ L'H1,XK,XEI' 
1517 COil1CN 01 (700) 
1518 REAL KO 
1519 C 
1520 DllIENSION HED(2~ 
1521 C ~~AD PRELljI!ARY INPORIIATION 
1522 !lEAD(S,1000) l!ED,NUMlIP,NI.II!EL,NOIIAt 
1523 WPI'IE(6,2000) i!E:n,NIJIIN?, !lUMEL,/IUIIAT 
1524 C 
1525 C aUD AND !lRITE NODAL DATA AND GENERATE tNtERI'IED1ATE NODAL !lATA 
152£ C 
1527 L=1 
1528 READ(5,1020) N,KOJE(N),X(N),Y(N),O(N),V(N),KODEI(N) 
1529 GO to 40 
1530 C 
1531 20 REAV(5,I020) N,WuE(N) ,X(N) ,Y(N),a (N),V (N),KODE1(N) 
1532 ON = N-L 
1533 OX =(X(N)-l(L))/DN 
1534 DY =(~(!l)-Y(L))/DN 
153~ 25 L=L+l 
1536 C 
1537 IF (N-L) 50,110,]0 
15.38 )0 X (I) = J( (L-l) 4-!)X 
1539 Y (L) = Y (L-l) + DY 
1540 KO;)E 1 (L) =KODP.l (L-1) 
15111 KODE (L) = 0 
15112 !I(L) = a 
1543 V(L)= C 
15411 GO ~O 25 
1 ';45 C 
1546 ~~ CONTIN"E 
1547 If(NU~N~-N) 50,60,20 
1!J1i8 C 
t:;aq <;0 ~RJ T': (f' ,~02') !I 
1550 C': I. E::I'l' 
1~5' C 
1552 uO IIHI'l'E«(., 20H.1 
1; ~.) !P l'r:qu,201') 
1::; 54 :l~Ii'F. «(. ,2070) (~,K()DZ(,.),X(tI),y(~),!l(~),V(N),KODF.l(N),!I=I,NaI'lNI') 

'''';5 C 
",';6 C "t;AJ r.N:: ·.<!IT:: F.Lf.:'1F'1r OA'!'A 
1 ~51 C 
15158 ~L~O 

1~c;.o 51 If' (~L.r.~. 'W lit: L) GO 'ro 70 
1~60 R='h:J(S. 1.)1» ~,~!( 1,:'1) ,'I"12,M) ,'Ipp,!'!) ,'~'l'('I) ,Tll('!) 



1'561 
15b2 
1 ~ 63 
1 <; 611 
1565 
1'566 
l'i67 
1568 
1569 
1570 
1571 
1'>72 
1573 
157" 
1575 
1576 
1~77 
1578 
1579 
1580 
1561 
1582 
1583 
15>3" 
1595 
158E 
1587 
151J8 
1589 
1590 
1 'i91 
15q2 
159:1 
lS,}" 
1595 
15'16 
1597 
1598 
1599 
1600 
1601 
,"02 
1603 
160" 
1005 
If-06 
1607 
H<lS 
1609 
1f. 10 
1611 
11'-12 
1 ",1) 

ltt 14 
1(,15 
HH 
11117 

''''0 1(,1'1 
1 ;.20 

c 

C 

:t:1~ !1L+ 1 
IF (MII. T:: J.III GO 'ro 65 

:>5, :ILl=IIL+1 
IP(I1Ll.F.Q.ltl GO TO 65 
1IL:!=IIL+2 
!'IL"!l="IL-l 
I!" (!'It'll. LE.OI GO 'lO 85 
DO 62 1= 1, l 
)lP (! , ."IL~ I =N[, (r, :1LI'" 

b2 N!'(l,'Lll =NP(I,:'1L;11I.' 
:1~T(ML21·IIAT(MLI 
!'IAT('1Lll =!UT(l1Lltll 
Til (.''1L21=TH (IILI 
TlI(ML1)=TlI(ML'111 
It Lal1L2 
';0 TO 55 

65 ItL=!'! 
GO TO 5t 

70 CONT INIT! 
'~!l! T~ (6,2 al21 
lHITf(6,20301 
VIII'fE (6,20351 (It, (NP(.l,1I1 ,.1=1, 31,IIA1 (1tI,TH(ItI,"I=l,NUIIELI 

C 
C DP.TEBltiNE lUND IIIDTH AIIJ NUI'IBER OF ECUATrONS . 
C 

L=O 
;)0 80 !I= 1,1111'1 £L 
DO ~O 1=1,2 
11= 1 +1 
;)0 80 J2II,3 
K= LADS(N'i?(l,ItI-IIi'(J,M)) 
IP (!(.'~T. LI L=K 

dO COIITINIIE 
C 

C 

"IBlNO = 2*(L"'1 
lIEQ= 2*NlI1tNl' 

ilRI'IE (6,20~O)"IlJ\N!l, 'lE.J 
IF ("1SAII').LE. 140.AND.NEQ.LE.7001 GO TO 90 

;/111 TE: ('5,20501 
CUL EXIT 

95 II iltTE (6, 20601 
CUL ~(I'" 

C 
90 \/;!IlL: (6,30001 
]().JO : ' 0:':"1 AT ( , P I:A DIN COi'!?LC:T~D ' ///1 

~1!::'rURN 

c 
c r or'A~ STA7F.ItENTS 
10J~ FUrft~T(2JA~/ 31~ 
20JIJ FllI,~yr(/,10;(,20,\4,1/// 

1 1,1, 2(, 11 111' :1:1 '-:;; OF lIoon 1'01NT5 
2 l ii, 21>11 '1II:'1Il~R OF r:L~I1!:!iTS 

l lil, ~(,II NIlMr.!':U OP :1AT!:::llALS 
lOIJ I'm '! .'. ·r( ... '(,n;:_o,,~Fb.O) 
201.1 f(:: : :1 ,\7 (1 iI ,I" ,r17.0, F15. 3,t' 17.ll 

,I6/ 
,11;/ 
, II;I 

:!(ll.. f.1;,v.\Tl I, ~,:<, 'OU7:>tJT 0;: 1'1I'Ul' "O!lAL <lATA 'I 
2Jb t'(H' ~~ 'I'(/I/,l'l:<,l<lil NIlJ'L ;>OINT 01JT!'((T,/// 



I 

11)21 
102:' 
1f21 
1/,;>4 
11>25 
1626 
1627 
11)211 
1('29 
1f30 
1631 
1(- J2 
1633 
16311 
1635 
1636 
1637 
11>38 

END OF FILE 

]Olll 
10.:v 
20_1J 
]0.:.:; 
2,lJll 

211.JI 
20 .. ..: 
10 .. 5 
20.J!l 
20~u 

20 .. \1 
20.>~ 
C 

l1ii ,5'111 HOOF t:O~H: X COOP.D Y Cl'(,!l1) y tOkCE 
211) 
~' f'I,,:,\l('I', ~X, '(lIlT;>!IT m' CO~:rLErE t-:Or.~l nATA ') 
For~ ~,T (;> ~(" 4F 12. 0, rr.) 
1'0:' :'In~' (I" ,Ib ,1'13. 3,.lfl:!. 1, 1<;) 
F()1~AT(IHO,2R" ~.ycr IJ Hn~AL tATA,10JE =. ,'~ 
ro r. :"I:;TIIII, lex, 11:: ELZ'l': :''I OATA 11/, 

1 4(1f! ":1.:,1'\ I ,I K ~u ·r ifIl.:·:N£SS /1) 
POI"H'£('1',SX, '0 II'r;> "1' CF 1~I[lnT ELE'iEN·r DATA' ) 
F()'l~.\T( '1', 5"(, 'OUTPUT ()~ cOl'ru:n; CU:"!F.I!T DATA' ) 
POU"!,U (516,1''''.0) 
FO!' :O,\1' ( 1<1, 416,1'11.=1) . 
FOl'f'!lIr (I111:>X, 2211 nANO ilIIl'I1i = ,161 

1 10X, 22!l N(J:U!:'i! . OF F:iUATIONS = ,16) 
FOR"IIIVI111)'(, 331\ ~Hl!.lLE" EXCEEDS SPECIFIED Lr·UTS 
FOr- OI U( ','H.'!1 IS LRoiS nJAN OR EQ:JAL to ZF.RIl ') 

• Y POliCE 
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APPENDIX B PLANE STRAIN APPARATUS 

~criti~ ~1 ~~ a~para1us 

The design of this plane strain apparatus was inspired 

by similar e~ulpments described by Duncan and Seed (1966) 

and Campanel~a and Vaid (1972). 

The samp~e diaensions are 2.5 em ~ide, 5 em high and 10 

eft long. The plane strain condition is guaranteed by t.o 

fixed smooth plates which restrain movement lengthwise 

(£igure B.l) • A l~ad cell is housed in one of the end 

plates to measure the Interaediate principal stress (Figure 

B.2). The lateral ~rincipal stress Is app~ied by a pair of 

flexible, air fllled, rubber membranes (1i~ure B.3) fixed to 

the lateral euppcrt plate (figure B.4). The vertica~ 

principal stress is applied by a rigid loading cap. There is 

a load cell at the base pedesta~ to monitor the amount o£ 

vertical lead kein~ absorbed by friction bet.een the sample 

me~brane and the side plates and membrane sealing plates. 

(figure B.E) • There is a clearance o£ 0.06 cm between the 

to~ cap and membrane sealing plates. The top cap and base 

pedestal are sectioned h~rizontatly to seal a membrane which 

encloses the sample between both halves. One of the halves 

accomoda1es a "0" ring to prevent leakage between the the 

sam~le memkrane and one of the halves of the top cap or base 

pedestal. the sarre precaution ~as taken with respect to the 

lateral membrane. 

The dimensions of all the parts are shown in figures 

B.6 to B.ll. 
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FI GURE B.1 FRI CTIONLESS END PLATE 

FIGURE B.2 LATERAL LOAD CELL 



I 

I 
I 

I 

I 
I 
I 
I 
I 
I 
I 
I 

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 C. CALCULATION OF MEZZANINE LOAD 

The straight line in £igure 3.10 was determined by ~east 

minimum square which indicates ttere wi~~ be tension at the 

lower part unti~ a point a~ a distance 22.7 cm £rom the 

bottom. 

Figure C.l.a represents the cross section of the 

mezzanine ahile C.l.b is the transformed section. The moment 

o£ inertia is: 

I = 4947834. cm4 

and the cross sectional area 

A = 5685 cm2. 

The n~rmat strEss at the top is 50.26 kg/cm2 therefore 

50.26 = PIA + 53.35 MIl 

and at the bottom is -13.58 kg/crr.2 there£ore 

-13.58 = pIA - 53.35 NIl 

where P is the nerKal load and M the bending moment In the 

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

533.4 em. which is the horizontal distance between long 

plIes (figure 2.9) resulting in a lead of 39,095 kg/m 
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)( conf. stress = 2.06 kg/cm2 
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FIGURE 5.1 VARIATION OF K2 WITH STRESS LEVEL 
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occur. A redefinition of stress level which includes t ~e 

first stress invariant Eeeme to b~ more appro~riate. A 

latter modi~icatlon o~ the theory hy Lade (1975) defined the 

str~ss level as : 

fp ( ~: ) ( !.L. )m 
pa 

•••• {5.15) 

w~erp m 15 8 na~Erial ~ropert~. 

Value~ 01 m s"allEr ttan 1 ~~re encountpr~d for ~and 

(L~rlp 1A7S. and clay (Lad~ ft~d ~u~ant~ tP7f). Thp hane trend 

occurt'pd for the EOlYlontol'! till ,.tlere bi €! h~r valuE'S 0"1.1 ",-:!re 

reached for smatler values 01 the confinin g strE.' S S (illlure 

~.2). The yield surfac@s (equation 5.3) In Kenrlullc stress 

space represent a cone (figure 5.3) .. hi le a t'E.'de f ini tion o .f 

t~e ~treSR level as in equation 5.15 with valupR af ~ le~s 

than unity m&ke s it concave to.ar~s the hyrlros~atlc axes. A 

avera?c value (er t~e limiting valee of the Flre !'; s level was 

taken to perform the calculations, yieldln~ : 

{ f f t )ult 
1 55 
b 
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FIGURE 5.3 REPRESENTATION OF THE YIELD SIJRFACES 
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Values of § and ~ for the equation 5.13 obtained from 1igure 

5.4 are 0.00012 and 1.099 respectively. 

~~ AmU~"§ 

Based on the parameters just obtained, predictions from 

triaxial compression active tests, described in chapter 4 , 

were perfor.ed (figure 5.5 to 5.9) • ~hese tests were 

selected among others to investigate the applicability of 

the model since plane strain tests have already been 

predicted in sends Euccessfully and the active compression 

tests depart the most from the ccnventional triaxial 

test.Althou~h the ~arameters were obtained from tests which 

exhiblted failure at values 01 2~ for the vertical strain, 

the model ~redicted satisfact~rily vertical strains in ~ests 

failing at strain values as low as .5 %. Test 18-23 with an 

initial confining stress of 2.275 kg/cm2 was not accurately 

predicted but its behaviour does not seem to be 

representatlve when compared with tests 18-25 and 18-27 with 

initial confining stresses of 2.10 kg/cm2 and 2.45 kg/cm2 

respectively. Despite the averaging of the value of 

(f-ft)ult, failure was predicted accurately. ~he samples 

were initially isotropicalty stressed, therefore f 

initia1=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 quadrupled at f=40. ~he 

material exhibits a significant portion of plastic strain at 



-

log a 

-8.5 

-8.0 

-7.5 
.60 .70 

..j log a = 1.099 log (J3/pa - 8.992 

, a = 0.00012 pa ( (J /pa ) 1~09~ 
3 

.80 .90 1.0 

-

log (J /pa 
3 

FIGURE 5.4 VARIATION OF PARAMETER a WITH CONFINING STRESS EOMONTON TILL 
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early stages of loading. 

Predictions o£ strains in compression active tests 

using Lade's stress strain theory compared very £avorably 

with the laboratory measurements. It seems promising to 

pursue the subject £urther to investigate the possibility o£ 

using the model £or other types or s~ress paths. For 

situations involving primary loading with predominant 

increase on the isotropic stress (£igure 5.10) , the 

inclusion or a cap at the open end or the yield sur£ace as 

.suggested ky Drucker, Gibson and Henkel (1967) and employed 

by Roscoe and Poorooshasb (1963) and Lade (1975), makes it 

it necessary to account £or the plastic strain contribution 

or the isotropic stress 
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6. NUMERICAL SOLUTICN 

hl~~~od~~~ 

The £inl~e element method, as a result of ite abili~y 

to siaulate complicated boundary conditions, construction 

sequences and 10 deal .lth different constitutive modele, 

has been widely used ~er complicated Geotechnical 

Engineering problems. ~he method has been used e~tensivety 

to analyse the behaviour of retaining walls and excavations 

(Duncan and Dunlop 1965, Clough and Duncan 1969, Chang and 

Duncan 1970, Clough, Weber and Lamont 1972, Clough and Mana 

1976, Izumi, Kamemura and Sato 1976, S~roh and Breth 1976) 

and results have compared ~ery favorably with field 

measurements. A finite element program .as written ~o 

simulate various phases of the construction procedure in 

connection to the stress strain behaviour exhibited during 

the laboratory testing. 

~~ General desctiptioQ of ~ solution 

In this sectien the overall logic of the solution will 

be presented while the techniques employed will be explained 

in subsequent secticns. 

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 labcratory samples, 

the treatment will be entirely in terms of effective 

stresses. 
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Thf:! ini-fial vertlca.l stresses are equal to the 

overburden stress ~hile the hcrlzontal stresses are 

calculated uEin~ t~e equation . . 
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Cf = Ko cry h '. 
••••• (6.1) 

wh~rp KO is the at rest eo~fflcient of earth rr~p~ure. lhe 

elo~tic eon~tante are then obtaIned ~rom thepe InitIal 

c~nditlons. Tn order to represent different constructicn 

ph~S~~ and the constitutive model adopted, the problem is 

501vp~ In Eta~es. The fIrst operation which involves the 

excavation of so~e mat~ri81 is represented hy the 

application of surface tension at the houndary, poual and 

nppo~it~ Ie thE stress dl~trlhution on that ~urface. Tte 

finIte ete~ent mett.od requires tte surface tenslcn to be 

l~pospd by means ot nodal loads. Consequentel) th~ ele~ent 

Ftre~ses are to te reduced to ~od~l loads. T t e ne_ boundary 

19 now ~treES tree. The elementp removed have their elastic 

conqt~nts rEduced to very ~malt values to represent the air 

and ~av~ t~elT stres~es zeroed. ~hA toad ju~t obtaJned i~ 

~ivld~rl into 8 number o~ @teps and applied incrementaLl~. 

The fir~t icerement is applied and the finite element 

c~tculatlor.s are performed. The stresses ~nd ~trains 

obtained are aecusulat~d and the resultant stre~~es are usad 

to obtain 8"otter ~et of elastic con~tants for the next 



I 
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increment. A1ier all the load ircrements have been applied, 

another construction phase ~ill take place. 11 it involves 

the placement of any structural elements, such as struts, 

the elements c~rrespondent to them have their elastic 

constants assigned new values to represent the structural 

material. The material properties from now on will remain 

constant throughout the analysis. Figure 6.1 illustrates the 

logic just e~plained. 

~ ~ ..s!~te.I:.m.!.natlon 

In excavation problems where the boundary conditions 

are speci1ied as a change in load, without modi1ication in 

the boundary shapE with the sUTrcunding ground being linear 

elastic and tirre independent, it can be proven that the 

solution is ur.ique (Ishihara, lSiO). Under these 

circumstances there is no need to treat the problem 

incrementally. In the field however, it is very difficult to 

satisfy all of these requirements. The introduction of 

struts and tiebacks represents a modification in the 

boundary shape. Even if the material is linearly elastic and 

stress path independent, for one final state there 15 not a 

unique solution. The soil stress strain pro~erties for the 

case history under investigation has proven its dependency 

on the stress path. There is therefore ample evidence that 

for a realistic analysis of an excavation in stiff soils 

every phase cf construction must be simulated as closely as 

possible. This requirement is not unique to excavation 
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problems; prevjo~s experience wi~h the analysis of 

embankmen~s incicates a remarMable difference in strains 

between one step and an incremental analysis (Clough and 

Woodward 1961). ~he stresses were also affected but to a 

much smaller extent. 
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One of the first approaches to this type of problem is 

the so called gravity turn on analysis. It consists 

basically of two steps: 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 ~ith the opening. 

~he difference between both analysis represent the change in 

stress and the displacements caused by the excavation 

(Kulhawy 1914). ~his type of analysis is very attractivE due 

to its simplicity, but has sone deficiencies ~hich prevent a 

broader use of the technique. ~he analysis has a built-in at 

rest coefficient of earth pressure (KO= PR 1(1- PR ), PH is 

the Poisson's ratio) which cannot be changed. The 

surrounding grcund has one set of elastic constants 

throughout the analysis, therefore it is not possible to 

analyse materIals .ith non-linear stress-strain 

relationship. A final dra~back is the impossibility of 

modelling cons~ruction procedure. The incremental approach 

can easily overcome 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 cor.stants of the excavated material to a very 
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sma~l valuE. ~t.e ncdal load app~ied to the boundary points 

is obtained from the accumula~ed stresses of the elemen~s 

adjacent to the boundary at the previous step. The stresses 

deterw.ined by the finite element me~hod are representative 

of points inside the element, ~hi~e the incrementa~ ~oad is 

to be determined from stresses at the excavation boundary. 

There is therefore a gradient of stresses between these two 

points which will be discussed here. For the bottom o£ the 

excavation Dunlop, Duncan and Seed (1968) proposed to obtain 

the nodal loads by averaging the stresses between pairs o£ 

elements situated above and below the boundary. This method 

has been proved accurate provided the e~ements on both sides 

of the excavation are rectangles o£ the same size. Chang 

(1969) calculated the boundary stresses from the element 

directly above and assumed a gravity stress gradient. Clough 

and Duncan (1969) developed interpolation formulas to 

express the relationship bEt~een the known stresses at the 

e~ement centers and the unknown stresses at the nodes of the 

excavation boundary. Christian and Wong (1973) used 

extrapolation formulas from ele~ents in a horizontal row to 

obtain the load caused by the excavation. C~andrasekaran and 

King (1974) overcame this drawback by a completely different 

approach.It consists 01 im~oEir.g a boundary displacement 

equal to the cne observed in the previous step which, ~hen 

multiplied by the sti£fness matrix of the structure below 

this line, will determine the nodal load due to that 

increment. C~ough and ~ana (1S76) calculated the nodal loads 



by obtaining the resultant of ~he £orces £rom values at 

Gauss points. 
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During the development o£ the program for this project 

the mesh wae designed to provide small elements beside the 

vertical wall to initially reduce the distance between the 

boundary nodes ar.d the centers o£ the adjacent elements. A 

qualitative horizontal stress distribution of the shape o£ 

£igure 6.2 wae observed. Higher stress gradients in a 

horizontal line £or pointe closer to the wall, as mentioned 

by Christian and Wong (1972), were detected, although much 

reduced due to the presence of the wall. In this project the 

nodal loads ~ere obtained £rom averaging the stresses of the 

elements to bE excavated adjacent to the wall. These results 

were analysed £or a wall without embedment, for which case 

the resultant of the final lateral stress should correspond 

to the strut l<ads. The res~lts indicated consistently a 

dif£erence of 10~ between both loads towards the lateral 

stress dIstribution. To account for this difference the 

nodal load in each phase was increased by 10%, a£ter the 

averaging. Tt.e £inal result exhibited besides the 

equalIzation of the loads a coincidence of the point of 

application o£ both resultants. For the load at the bottom 

o£ the excavation the average was taken between pairs of 

elements above and below the r.odal points. The exacavation 

was incremented in layers of no more than 2.5 meters thick, 

which is considered small when compared wIth layers o£ 6 

meters used by Clough and DUDcan (1969). The elements were 
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there£ore smaller which decreases the distance between the 

point where the stress is known and the boundary point. 

~~ Stre~~ ~~IAiD relat~onshi~ 

The stress strain curves obtained in the laboratory 

indicated that the nonlinearity can not be ignored. The 

incremental procedure can acccmmodate this behaviour quite 

easily. A£ter each load increment is per£ormed the stresses 

are evaluated to determine the new set of elastic constants 

to be used for the next increment. This procedure has been 

calted by Clough and Duncan (1969) the "past stress 

solution" , because the analysis is per£ormed using elastic 

constants which are a result of a previous increment. An 

alternate method consists in determining the elastic 

constants also Ior stresses at thE end o£ the increment, 

average them, and ~erform another set of calculations, this 

time with the averaged stress strain parameters. This method 

has been used by Kulhawy, Duncan and Seed (1969), Clough and 

Duncan (1969) and Gopalakrishnayya (1973), where it reduced 

the number of iterations to obtain the same precision. The 

modified Ne~ton-Ra~hson method or initial stress method 

(Zienkiewicz, Valliappan and King 1969) also reduces the 

number of iterations since the stif1ness matrix does not 

have to be inverted £or each increment. The analysis was 

performed with a dIfferent number of increments to evaluate 

the necessity of using the average stress solution. No 

significant di1£erence was encountered for SUbdivisions 
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heyond 4 Incremen~s. Since avera~e s~res~ solution requires 

f~wer than half of the lncremer.t~ o~ the paet streRs 

solution,the latter Is adequate for this problem. Each ti~e 

t~e char.ge in configuration occurs in the mesh, ~nother 

Rtlffne~s ~atrix is generated, there~ore the benefit of a 

constant Rtlftness ~a+rlx,as It occur8 in t~e Ini1ial stress 

m~thod cannot ~e exercised. It was considered for the 

crespot clrcum~tances the past stress method to b@ the most 

suItable. 

In order to tit tte strees strain oata f,olnts in a 

~mooth cur~e the following relationships were trieo: 

0'1 - 0'3 a 

Ola °3 

cf1 - OJ 

b 
€' 

2 
a t + 

bE' 
a e 

bE 

C 
t 

••••• (6.2) 

••••• (fo.3) 

••••• (6. -1) 
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f cfi 0'3 ••••• (6.5) 

o + b t 
Curves of the type 01 equation 6.5 _hich repres~nT 6 

hyperbola (Kondner lq63) e~hlblted the best epproxlmatlon 

for ~he data peir.te. For stress l~vel beyond failure there 

Is Aome deQree of departure due to th~ fact 1te 6symptotlc 

v~lue of the deviator stress is larger than the fnilure 

val"e. Tte inverse of 12 repreE'ents this a'3ymptottc value, 

and ~1.Jncan and Cl"ang ( 1970) proposed a correction f£\c tor £.1 

~pplled on it to cc~~ect ~hls ill behaviour: 

b ( <1, - <13 1 f 

Rf ••••• (6.6) 

iq deviator st~ess at fRllure 
.h"Pt 0'\ - 0'3) f 

Rf is the correcticn l~ctor, whic~ he~ heen found 

to very tet~een ~.15 and 1 

Tt . @ u~e of Rf ~ifferent than one caused pxcessive devia110n 

ot the hypertolae from the data points at the early stages 

Qf th~ ~tress strain curve. EquatIon 6.5 was hence lett in 

i'tR original ferm. "Wher.ev£1' the m&.gni1ude cf the deviator 

stress would reach failure, a sEall moduluE of deformation 

would he a9si~ned to that element Simulating failure. For 
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e~ch s~re$s ~ath the elastic contants were de~er~ined in th~ 

fnllowlni! _ay : 

1. Pas~lve cOKpressioD tests: _ith a set of ~tress strain 

curves ottained from the laboratory (figure 6.3.8) tte 

""~gnltude ~f the reuuulus of de~ormatlor was obtained by 

interpolating linearly bet.een values fro~ t_o adjacent 

curves ,.ith confinIng ~tresses below and ahove tte one 

bp!n@ searched. For 1=01nte fal1.ing heyond tile lin-its of 

the tests, an additional assumption was made _ith 

res~ect to tte relationship tet,.een the initial rrodulus 

and the confining stress of the form: 

E. 
\ 

K po t 
d3 )n 
pO .(6.7) 

A hyp~rbola lor these feints is obtained, wher~ A =l/Ei 

~nd L eXfressed in terms of Nohr-Coulomt failu~e 

('rlteria "5 : 

b 1- sing? 

2OJsin¢ 
.(6.~) 

2. Active exten~ion tests: they are determined in the same 
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W6Y 65 the p65s1ve cQR~resslon tests with the onLy 

difference being the hyper~ola has Its origin dlF.~taced 

by ~ certain n~ount as the result o~ anisotropic 

consolidation (fi~ure 6.3.b). The equation now becomes: 

or 

() 
dey 

Odev 
0- + 

f 

a + bf 

f 

b ·f 

0'1 
1 

. . 
( C1.,1 ~I 1 

[1-Ko) 

.(6.9) 

(6. 10) 

3. Ac1'ive com(:rf'Esi·)n tests: the only dlffel'f'llcE> b~twf'en 

theSE> types of test and the ~a9s1ve cQm~r~ssion tests 

lies in the fact eRch ~tress strain curve refers to a 

value of the major principal stress Which rere3in~ 

conetant during the test (f!~ure 6.3.c). The expr~ssiQn 

~.i did not hold for thesf' tests, but dup to the rang~ 

of the per1orm~d tests, the fe_ points fallinM heycnd 

th~ limits ~ere close enough to allow the use Qf ~ 

obtained trow the r.earest stress strain curve and the 

value cf h expre9sed in terKS of the ~ohr-Coulomb 

failure criterium as: 
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b l+sinP. (6.11) 

2 0'1 5 in ¢ 

4. ProPQrtlonat loading active tests: it _a~ observed 

during the test ~lth this ty~e of str~es pat h very 

little difference in the modulus of deforrretion for 

deviator stresses below the InItial value and a curve of 

the shape of a hyperbolae from there on. A constant 

v~lue of th~ mQdulus was therefore assumed tor deviator 

s tresses below the inittal and a hyperbolae after~8rds, 

similar to t~e proc~dure adopted In active co"pression 

tests. 

~uncan and Dunlop (1~H,q) apI"!'oaching the prublelD of 

s l opes in ~tiff fissur€d clays usjn~ the finite element 

method, observed no sl~nlflcant differenc e In stre~ses and 

strains for values of Poisson's ratIo ~ro~ 0.2 to 0.475. The 

vAlu~ of 0.42 encountered by back analysis in the Edmonton 

ar g a ( E lsenstpin ar.d ~crriEcn, 1~72) was used 10r thle case 

h istory. 

The rrcdulus of ~etormatlon for the dlffere~t ~tress 

paths were obtained from the general equation s ! 

~€x ..L[ l1Cf.X - U (11C1 + ~ cr ' )] 
E Y Z 

~fy L(~o' -))(llcr +110' )] 
E Y X z 



173 

11€ z = ~ [Ll<1z - ]I (LlO'x + LlO'y)] 
•••• (6.12) 

For triaxial compression passi~e and ~riaxial exte~sion 

ftctlv~ caSES tte mOdulus is readily obtained as: 

E !1(fz 

!1f
Z 

Fer triaxial comprE~9ion active tests: 

E - 2 ll , ~C1x 
~€z 

por plane ~traln comr.ressfon r.asstve: 

E' ~ rJ Z ( 1- / ) 
~tz 

and finally for plane etraln co~~r~sslon active: 

E _(1 +v)v !1 C1x 

fl t z ' 

•••• (E.13) 

•••• (f.14) 

•••• { f. .15) 

•••• (6.10) 



The ra~io between stresses and s~rains required in 

equations 6.13 to 6.16 is obtained from corresponding 

hyperbolae. 
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The last stress strain relationship left to determine, 

regards the interface be1ween ~he ver~lcal wall and ~he 

surrounding ground. Goodman, Taylor and Brekke (1968) 

developed an ur.idiaensional element capable of modeling the 

behaviour cf jointed rock. The same element has been used 

(Clough and Duncan 1965 and 1971) to simulate a soil 

structure in1erface. The element accounts for the relative 

movement bEtween the structure and the ground. The readings 

of the vertical novement exhibited no rela1ive dIsplacement 

between both (chapter 3), therefore the program developed in 

this chapter does not accommodate such elements. 



7. RESULTS OF ANALYSIS AND C~NCLUSIONS 

.:h.1 .lJLt r 0 d"y.£.i!g.n 

Certain characteristics 01 the particular case history 

which was analyzed that deserved special treatment before 

the finite element program developed in chapter 6 could be 

utilized are going to te described. The cross section of the 

girders and nezzanine are discontinuous alon~ the axis of 

the excavation. As both 01 these structural elements work 

under axial load, they were reduced to a continuous section 

with the same cross sectional area. To represent the sheet 

pile wall covering the vertical distance between the girders 

and the mezzanine floor, an extremely large number 01 

elements would be required because of their reduced 

thickness. The stress distribution inside these elements is 

not being investigated here, therefore they will te replaced 

by a continuous wall with equivalent stiffness and thickness 

comparable to 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 EI ( E = ~odulus of elasticity and I = moment of 

inertia). This approxi~ation has been used successfully to 

substitute composite walls e~ soldier piles and lagging by a 

continuous plana~ ,all (~sui and Clough 1974 and Murphy, 

Clough and Wcclworih 1975). 

The retaining wall is primarily subjected to bending 

moment having a very reduced axIal load. The stress at any 
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point alon~ it~ c~oss ~ectlcn can be determineu ~ith th~ use 

of the equatlcn: 

(f M y . 
I ••••• (7.1 ) 

where 

M -bEndf~~ ~oment at the ~ectlon 

y distance f~om the neutral axis 

r mom~nt of inertIa .ith respect to the npu~ral axi~ 

~quatlon 7.1 indicates, for the preFent clrcurnstanc~s 

an ~rrEntueted gradient of stress along the crO~F ~e~tion. 

T~p finite element provld~s only an ap~roxJmate ~olution 

since the structure can only deform into Fpecified sta~~s. 

The ar-proximate ~oluticn therefore stIffens tte true 

structure. Tte {lnlte ~tement pr~~ram develo~ed in c~apter 6 

made lise of corstaflt I';t1'8in trianglE'S, which f.mpiie!'! a 

'nst~nt strE's~ inside each ele~ent. This additional 

rpstraint has A lar~e influence on the modeling of tte 

heh~vfour of the retaining wall where the gradient of stress 

Is signlfican1. A sufficient increase in th~ number of 

elements to cvercome the problem satlsf~ctorlly, ~ould 

produce a significant expansion In computln~ tim~ and memory 

r~quirpKen1~.Ccnsequentl~ thE' part o£ thp rre~h r~presenting 
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thp pIle wes takEn separately, flxed at one end and a 

conc~ntrBted load perpendicular +0 its axie ~a~ applied on 

the other enn. The resultant displacements 9~ould be smaller 

than those o~ the actual structure would undergo, whict. are 

prcvlded by the ~overnInQ differential equation for 

d~fl~ctlon ot elastic teams. The element stiffneSF in the 

flnl+~ elewent Ket~od l~: 

[ K] 
T 

[8] [D] [8] t A 
••••• e 7.2) 

whpre 

t element thickness 

i\ element ftrea 

n constitutIve matrix. It ex~resses the Etre~s strain 

r~tation!';hlp. 

P matrix transformatiGn. It ~xpresses tte strain 

rllsDlac~~ent relationship. Fer isotropic material in 

plane strain: 

f1 
X 

c1y 

."xy 

E 
( 1 +V) (1-2 V) 
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The stiffness cf the element can be reduced by 

decreasin~ ~ or ~ which are constant factors. In order 

to obtain the results from the closed foru solution a 

factor of 0.35 was employedin al~ the elements to reduce 

their stiffness. 

The mest representative section of the overall 

behaviour does not include the tong pIles. Their 

presence much beyond the bottom of the excavation 

(Figure 7.1 - shaded area) prevents ground movement 

below the short piles. The analysis of soil displacement 

lateral stress and strut load was consequently 

performed in a section where only the short piles were 

present. Fcr the analysis of the slope indicator 

movement inside the long piles this section would 

indicate excessive movements since the points in the 

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 ~roperties. This assumption is equIvalent to 

saying there is a continuous wall from the surface to 

the shale which wIll cause e~cessively high lateral 

stress during excavatIon, since the soil cannot 110w 

around it, which in turn will produce unrealistic pile 

movement in that area. 

The finite element mesh employed (figure 7.2) 

contained 326 nodes and 5S6 elements. ThE average CPU 

time to execute all the construction phases, using the 
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University 01 Alberta computer(Amdahl 470v61, was 275 

seconds .ith a CPU stora@e of virtual memory integral 

(VMI) of 770 page-min, each page containing 4096 bytes. 

The tand width for this ~esh 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 condition. The 

assumptions employed as follows: 

Linear elasticity 

The ground was assumed to behave as a linearly 

elastic ~aterial thro~ghout the analysis. The modulus of 

elasticity eRployed was obtained from pressuremeter 

results. 

Non linear elastici~y 

The stress-strain relationships fer both Edmonton 

till and Sas~atche.an Sands were obtained from passive 

compression tests in triaxial equipment. 

Triaxial active cowpression 

The stress-strain relationship for the Edmonton 

Till was obtained from res~lts of active compression 

test in conventional triaxial equipment and for the 

Saskatchewan Sands 1rom active extension and 

proportional-active tests in conventional triaxial 

equipment 

plane strain active compression 

The stress-strain relationship for the Edmonton 
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Till was obtained from active compression tests in a 

plane strain apparatus, while the Saskatchewan Sands 

from active extension and proportional-active tests in 

conventional triaxial equipment. 

The constructicn was simulated in 7 different phases as 

follows (figure ,.3) ~ 

1. Excavation of the first 3 meters of soil. The tangent 

piles already in place. 

2. Excavation of an exira meter of soil (4 meters deep) and 

placement of the 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). 

5. Excavation of another 2 meters or soil ( 11 meters 

deep). 

6. Excavation of another 2 meters or soil ( 13 meters 

deep). 

7. Excavation of the last 2.3 meters of soil ( 15.3 meters 

deep). 

~l Pile ~~yement 

The results of initial analysis performed indicated 

extremely small lateral movement at the top of the pile. If 

the amount of movement observed in the field had been 

absorbed by contraction of the girder due to axial load, it 

would amount to a value much beyond the load capacity of the 
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girder. As was poin1ed ou~ in chap~er 2 (figure 2.7), there 

is a gap 01 1.6 cm betWEen the girders and the "L" shaped 

beam, which is filled with ceHent grout. The large 

horizontal Hovement at the top 01 the pile is attributed to 

a tow value of the modulus of de10rmatlon of the grout. 

Initially the grout was assigned the same Hodulus of the 

girders and the concrete wall (140,000 kg/cm2), but to reach 

movemen~s compatible with the field observations it had to 

be reduced by a factor of 40. 

The resultant pile movements employing different 

assumptions regarding the stress st~in 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 s1ress level. Results 

from a a ncn-linear elastic Haterial assumption based on 

results 1rem conventional triaxial tests exhibit 

displacements significantly higher than 1ield measurements. 

The values of noduli 01 deformation encountered in the 

laboratory resulted in excessive displacement predictions. 

There is not a significant difference between results from 

active compression predictions from triaxial and plane 

strain, whIch indicate a better agreement with the field 

data. A good opportunity to evaluate the assumptions made 

along the line, rests in ~he field da~a provided by slope 

indicator EI2. It indicated tte girder was not activa~ed. 

The analysis was performed with exactly the same input data 
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for SI3, with the cnly di~~erence being an extremely law 

value o~ the modulus 01 de~oru.ation (E=10 kg/cm2) was 

assigned for the elements representing the grout. Figure 7.5 

supports tte view the ~rout properties are responsible £or a 

poor use o~ the girders to carry horizontal load. 

~~ Ve~~AJ Rqveme~ 

The results obtained for the di££erent stress-strain 

assumptions are indicated in figure ~.6 • The displacements 

obtained fr<m conventional iriaxial tests again reflect the 

reduced nodulus of deformation obtained thereby. Maximum 

displacement of 1.23 crn was predicted whereas the highest 

value encountered ~as 0.67 cm. Results obtained from an 

assumption of linear elasticity were in good agreement with 

the actual measurements. Smalle~ movements .ere indicated in 

the vicinity of 1he wall. Elements next to the wall remained 

with the same modulus, ho~ever due to the flexibility of the 

wall, there should have been a reduction in the modulus 

which was net ~roperly represented. This assumption also 

tends to enlarge the zcne of influence of the movements due 

to the excavation. If one extrapolates the field curve for 

points beyond 16 meters frorn the wall a signi£icant 

difference is observed. The hl~her stiffness inherent from 

this assum~tion broadens the dis~lacement pattern. The 

predictions based on active cou.pression tests in triaxial 

test depart considerably from the field curve for points 

close to the wall. The conclusion that the modulus of 
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deformation frem triaxial teste .lth a passive compression 

strese path can not be used tc obtain the strains in a plane 

strain condition (Chapter 4) t can be extended to active 

compression tests. The results from active compression tests 

in plane strain predicted a naximum displacement o£ 0.11 cm 

when it waE observed to be 0.68 cm. This assumption 

exaggerated the displacements for points close to the wall 

but predicted accurately the extension o~ the zone o£ 

influence 01 the excavation. 

~~ Lateral ~sa~ A~ stress 

Due to the change in the original project for the 

addition o~ a ~edestrian exit it was not possible to monitor 

the strut loads beyond 10 meters of excavation. Yhe only 

field measurement available ~or comparison refers to the 

mezzanine load £or these 10 meters o£ excavation. Table 7.1 

presents the n~rmal stress for the dIfferent analytic 

assumptions. ~he results indicate the magnitude o~ the 

predicted load is not as much affected by the assumed 

stress-strain relationship as are the displacements. The 

only analysis falling outside the acceptable range refers to 

the assumption that the material behaves linearly elastic. 

The lateral stress distribution encountered for each 01 

the stress strain assumptions are represented in figure 7.7, 

where Peck 1 s lateral stress distribution for lateral stress 

is also indicated. Appart from the assumption of linear 

elasticity, which indicates an unreasonable distribution, 
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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 ~ests 

in sands by Bros (1972). Below the bottom of the excavation 

the stresses increase very rapidly in the direction of the 

at rest state of stress. The stress distribution can be 

approximated h> a linear increase of the lateral stress with 

depth, exhibiting peaks in the presence of struts. 
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TAELE 7.1 

Normal s~ress in the mezzanine. 

condition •••••••••••••••••••••••• normal stress (kg/cm2) 

field measurement 

linear elasticIty 

E=1050 kg/cm2 

nen-linear elasticity 

s~ress path triaxial 

stress path plane strain 

13.03 

19.5 

13.6 

12.13 

12.6 
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.:u~ .l.Di1~~ o£ ~he thickne.§.§ 12.1 'the wall 

As the cost o£ the walls £or 'the underground stations 

represented 10% of the total cost o£ the project , whereas 

the price ~1 bo'th 'tunnels joining both stations accounted 

£or only 3.3% o£ the total cost, an ~valuation o£ the 

influence of the stiffness of the wall will be of economical 

interest, particularly for future similar projects. 

Clearly, a reduction in the sti£~ness of the retaining 

structure oecreases the lateral load. Figure 7.8 illustrates 

the comparison o£ 'the lateral stress distribution when the 

sheet pile pcrtion o£ the .all is replaced by a tangent pile 

wall o£ the sa~e stl£fness as the rest of the wall. Yhe 

stresses in the up~er part ap~roach the KO line, while with 

the sheet pile wall there is a stress release due to the 

reduction in stlf£ness with a 1:rans£er o£ some o£ the load 

to the nOn-yiElding part. 

A change in thickness o£ the entire wall has a much 

more significant e~£ect (figure 7.9). 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 

7.10 indicates the in£luence of 'the wall thickness on the 

total and strut load. A flexible wall does no't give the 

opportunity for the eabedment to carry some of the load. A 2 

meters thick wall enables the ~round to carry as much as 20% 

of 'the total load. Even with suc~ a stl££ strutted wall the 
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initial lateral ~ressure is reduced in 20%. 

The reduction of load is done a~ the expense of some 

ground Kovement (Figure 7.11) and expansion of the zone 

affected by the excavation. A stl££ wall reduces the maximum 

displacement but the improvement becomes less e££ective at 

greater thic~nesses. An increase In thickness from 40 cm to 

80 cm reduces the ~axi~um displacement from 0.75 cm to 0.55 

cm while an increase in thickness from 160 cm to 200 cm 

reduces the Kaximum displacement from 0.40 cm to 0.38 cm. 

Figure 7.10 and ,.11 indicate the minimum possible 

displacement tends to a value of .36 cm and the load to a 

value of 1650 kg/cm. 

7.6 Sum!!Ul.l:.l? 

During the present research a 1ield case of a deep 

excavation in stiff clay was documented ,ith the purpose of 

measuring the earth pressure distribution imposed on the 

retaining structure and the ground movement associated with 

it. As frequently occurs, a fragmented set of data was 

collected. With the use of laboratory tests following the 

appropriate stress path for excavations, a numerical 

solution wae employed aiming to reproduce the field 

measurements. SOKe information .ith respect to the lateral 

load was ottained but not enough by Itsel£ to consider Its 

reproduction b~ an analytical solution to be satisiactory. 

In additicn to lateral load, movement of the retaining wall 

and the grcund were also obtained. The results of 
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deformation obtained b~ the analytical solution were in very 

good agreement with the field measurements. 7he evalua~ion 

of displacements in Geotechnical enginering are e~tremely 

sensitive 10 the modelling euployed. It is therefore 

considered that a solution which provIdes good reproduction 

of the displacements in problems of such kind, is bound to 

give even ~etter results with respect to the lateral stress 

which in stiff clays are extremely difficult to measure in 

the field. Ir the case history analysed the scarce field 

data of the strut load was also reproduced accurately. 

2~ ~Qn~uSionB and ~uggestions for furtb§E 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 

suppor1ed ~y semirigid structures. Even with the usual 

limitations existir.g in the field and the laboratory testing 

and the si«pli1ications necessar~ to secure a relatively 

simple analytical solution, leads and deformations 10r the 

case history investigated were reproduced ~ithln reasonable 

accuracy which indicates this approach as viable to obtain 

engineering solutions for this type of problem. Yhe outcome 

of this research managed tn give a signi1icantly better 

perspective of the lateral stress distribution to expect 

during the construction of retaining walls in stiff soils 

and the most important factors involved in this type of 
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problem. 

Field measurements indicated that for sti££ soils a 

reduced zone of influence o£ displacements is caused by the 

excavation when one uses semiTigid structures. No vertical 

or horizontal Kovement was observed £or points at a 

horizontal distance equal to twice the depth o£ the 

excavation. 

Direct measurements o£ latesal stress in sti££ clays 

are extremely di££icult to obtain. Very small values o£ 

lateral strain are enough to release a signi£icant portion 

of the lateTal stress thereby preventing reliable 

measurements. The appearance o£ gravel in glacial tills also 

presents an obstacle t~ go~d performance o£ the measuring 

device. The monitoring o£ lateral load by means o£ load 

cells and strain gauges in the struts o££ers an alternative 

approach to the measurement of lateral load imposed on the 

structure. 

To guarantee an et£lcient usage o~ 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 o£ importance increases very rapidly the sti££er the 

soil. A poor contact, in soils which require very little 

movement to mobilize their shear strength, ca~ses a 

remarkable reduction in the strut load, resulting in 

overdesigning of the struts and undesirable soil movement. 

Stl£f clays when tested under active compression stress 

paths indicated a remarkable reduction in the strain to 
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£allure and consequently a slgnifican~ increase in the 

modulus of de£ormation when co~pared with passive 

compression tests. A reduction in ~he isotropic stress 

component ca~ses a expansion in all directions. The total 

vertical strain will be the resultan~ of this expansion and 

the contraction due to an increase in the deviator stress. 

Active extension tests in dense sands also reduce the 

isotropic stress component therefore causing an increase in 

~he modulus of deformation. Due to the £act these ~wo stress 

paths are dominantly present in excavations and they depart 

substantially £rom conventional triaxial testing, it is o£ 

paramount importance to obtain the s~ress-strain parame~ers 

£rom tests followin~ the appro~riate stress path. In these 

cases the soil is being loaded by the decrease o£ one o£ the 

principal stresses. For situations involving loading with 

increase in the principal stresses not so much di££erence 

should be expected. 

Passive compression tests in triaxial and plane 

strainloading led to signi£icantly di£ferent values o£ the 

nodulus of deformation. The prediction of displacements 

based on res~l~s £rom plane strain and triaxial results in 

active compression indicated signi£icantly higher values of 

ground displacements £rom triaxial results. Values of 

~odulus o£ deformation from plane strain and triaxial do not 

lead to the saa.e values • The theory of elasticity can not 

be used to simula~e plane strain condItions from triaxial 

tests results, even for small values o£ the stress level. 
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S~l££ clays are very hIghly stress path dependent materials. 

The assum~tion that the stress-strain relationship can 

be represented by two constants, even if ~hey are obtained 

by following a~proprIa1e stress path, teads to a gross 

overestimation 01 the lateral load. For a retaining wall or 

a construction procedure permitting considerable movement, a 

more pronounced departure is to be expected. 

Stiff clays require such a small strain under active 

compression loading that the construction of an e~tremely 

thick wall wIll nct prevent the soil £rom 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 ini1ial conditions. 

Laboratory testing with lightly overconsolldated soils 

leads to appropriate estimation cf the stress-strain 

relationship provided the £ield stress path Is observed. The 

unloading caused by the sampling and the presence of 

fissures in highly overconsolidated soils lead to erroneous 

values of the aodulus of deformation, but the lightly 

overconsolidated clay investigated here did not exhibit this 

behaviour. The stress path assumes such an overwhelming 

impo~tance that the per£ormance c£ large in-situ tests are 

not adeq~ate to o~tain tte representative stress-strain 

parameters for e~cavations. 

The stiffness of the wall plays an important role in 

the lateral stress distribution and ground movement. Maximum 

vertical displacement of the ground as well as the extension 



203 

o£ the zone 01 in£luence by the excavation can be reduced by 

constructing a stiffer wall. The e£ficiency 01 the wall is 

reduced as the wall becomes thicker. The ~ateral stress 

distribution departs from a triangular shape as the rigidity 

of the wall is rEduced, with cor.centration of stresses at 

strut levels. The ground movement in stiff Eoi~s is very 

reouced for any wa~l rigidity. It seems therefore , since 

the wall is able ~c sustain the resulting bending moment and 

failure of the surrounding ground does not occur, a 

flexible structure represents an economical and convenient 

solution. 

An earth pressure distribution In the form of a diagram 

to guide the designers has to include the stiffness of the 

wall. Peckts empirical earth pressure distribution for 

permanent structuresis indicated to be on the conservative 

side for any wall stiffness for the case history 

investigated. 

The flow cf soil below the bottom of th~ 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 

Ilovements. 

The conclusions being presented refer to an excavation 

with the ratio between depth and width of approximately 1. 

The evaluation of the inportance of different factors, such 

as the width of the excavation and the depth of the 

embedment has not ~een studied here.However they will prove 



to change significantly the distribution of stresses and 

displacements. 
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Better information with respect to loads and 

displacements for future design in this type o~ material can 

be successfully ~btained if the importance of including 

laboratory testing invclving the stress paths Is recognized 

and described ~ith the use 01 the finite element methodwith 

the appropriate sinulation of 1he stepwise construction 

procedure. 

Since stiff clays are t.ighly stress path dependent, the 

evaluation of loads and displacements, especially in 

excavations, require laborious tests involving stress paths 

which are signi~lcantly diffe~ent from the conventional 

ones. By the use of an elastoplaetic model which 

stress-strain parameters were obtained from passive 

compression tests , good predictions of active compression 

tests were achieved. Investigation in this area should be 

pursued to evaluatE the applicability of the model for 

different stress paths and thE possibility o~ its use in 

actual engineering structures The use of the model in 

overconsolidated Eoils can, in theory, also be per~ormed 

since the volume change caused by shear stresses can be 

represented, but considerable more investigation is needed 

with respect to the definition of the yield surface. It is 

expected the fissures in this case will introduce 

considerablE difficulty. An evaluation of the behaviour of 

sti~f clays under different s1ress paths can also provide an 



new engineering insight fer the design o~ s1ructures in 

these soils. 
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