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ABSTRACT

In this study, various soil mechanids problems are
investigated using the computer program developed by Clough
and Duncan (1969). By this program, both incremental analy-
ses and.gravity turn-on analees can be prbvided.»Moreover,
different construction procedures can also be realized, such
as £ill cdnstruction,'exéavation, méterial.alteration,water

level changes) structural elements construction.

In the second chapter, geﬁeral idea of incremental
‘soil-structure intera¢tioﬁ.probiemé is given; Meanwhile,
 stress-strain behaviour of soil which is assumed-to be non-
linear, stréss'dependent throughqﬁt the computer program is
explained in detail. Additionaliy, the techniqﬁes for obta-

- ining the parameters which are necessary to pefform the com-
puter program are discussed. The béhaviour of»interface ele-

- ments a:ejstudied in this chapter.

In the third chapter, differgnt,soilmechanics problems
are analyzed by using the options of computer program. Ih
- the fourth chépter, a supporﬁed excavation problem which is
~a project of excavation system of Istanbul Metro is analyzéd

in order to predict system behaviour.

J

The ﬁanual of computer program is presented in appendix.
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OZET

. Bu gallgmada, cesitli zemin mekanigi problemleri Duncan
ve Clough (1969) tarafindan gelistirilmis bilgisayar programi
kullahllarak incelenmistir. Bu program ile’insaat safhalari-
nin etkisi incelenebilmekte ve ayrica ingsaat safhalari ele
alinmadan analiz yapllm531 saglanabilmektedir. Buna ek ola-
rak, dolgu ingaatzi, ka21,’malzeme.de§isimi, Suvseviyesi de-
gisimleri, yapi elemanlar; insaatl gibi ¢esitli insaat uygu-

lamalari gercgeklesgtirilebilmektedir.

ikinci bélﬁmde; yapl—zemihletkilesim problemlerinin ge-
nel olarak ésas; verilmistir. Bu SLréda, lineer olmayan ve
gerilmeye bagli Zeminlerin gerilme-gsekil deéistirme baginti-
iarl detayli olarak anlétilmlstlr..Ayflca, bilgisayar prog-
rami icin gerekli z;min parametrelerinin elde edilmesinde

kullanilan teknikler de verilmistir; Arayﬁzvélemanlarln;n

davraniglari da bu bdlimde g&sterilmigtir.

Uéﬁncﬁ b&liimde, g¢esitli 2emin mekanigi problemlérinin
analizi bilgisayar programinin segenekleri kullanilarak ya-:
‘pirlmistar. D6rdﬁncﬁ bﬁiﬁmde, Istanbul Metrosunun iksali kazi
sisteminin analizi sistem davranislnln tahmini-igin gergek-
lestirilmistir. -

Bilgisayar programinin bilgi’girisi ek'te verilmistir.
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1. INTRODUCTION

Almost all, civil, environmental, transportation,
structural and geotechnical-engineers are intimately conF
cerned with soil mechanics cbncept. This is because nearly.
all the construction endeavorsA‘ of those engineers are
concerned with soil behaviour, since either the soil is
used as a construction méterial or a structure is placéd
upon it. Thus, the study of soil mechanicsvis of consider-
able economic importance in terms of above mentioned engin-
eering branches, since soil is the most readily available
construction material at any site. On the otherhand, the
behaviour of soil is still understood by experience rather.
than engineering methods in many respect. Namely, experiencé
is still a dominant factor in the solution of soil mechahics
problems. This is largely attributed to the quite complex
~ structures of soils and'thé errors due to the assumptions

made for simulating the soil parameters.

The most general purpose method of analyses of soil mech-
‘ . ' . J
anics problems is the Finite Element Method. In this study,
the Finite Element Method is utilized considering construct-

- ion sequences and assuming nonlinear, stress dependent soil



behaviour (Clough and Duncan,1969). Thié way, general soil
’mechanics problems can be solved both efficiently and accura-
tely instead of using graphical and other analytical techni-
ques. Furthermore, the importance of experience is decreased

_ by providing adequately representative soil parameters., .
fhose parameters should . ber sufficient L in numbér' =

to represent allaspects of soil behaviour as in the case of

the parametefs of nonlinear hyperbolic stress-strain behavi-
our. In someaproblems, the dominant factor may be cénstruct—

~ ion sequences and real represehtation of those is to be simu--
lated. This'technique also considers the construction sequen-
~ ces, Accordingly the Incremental Finite Element Method provides
great facilities in tackling with different soil mechahics

desing problems and shortcomings of methods at hand are

eliminated.

By using the Incremental Finite Element Methoa, £ill
conStrpdtion, excavation, water level changes, construction
6f sﬁpuctural elements énd boundary water pressures or any
other external loads can be taken into account in different
orders. This method was successfully applied by Clough and
Duncanv(l969).in the design of Port Allen ‘and 0ld River
‘Locks, and later also in many ofhe:-projects. Hence, very
efficient tool for designing the soil mechanics problems has

been introduced.



I, METHODS OF ANALYSIS

2.1 INTRODUCTION

In this chapter, the finite elemené theory and its
applications in the solutions of soil meéhanics problems are
introduced briefly, Then, the computer program'developéd by
G.W. Clough and q.M.Duncan'(l969) which is used in this'study '
is p:esented'with all features in detail. Particularly, at-
tentiop is given to simulate varioué cénstruction stages such
as gravity turn?oﬁJ»incrémehtél exavation, water pressure
loading,, £fill or concrete placemént,,temperature loadiné of

structural material.

At_thé succeeding paragtaphs, material'types_énd'for—
mulations.used in the computer proéram are iﬁtroducéd in terms
of both theory and application.,Aééuming, the soil behaves
‘non- llnearly, the stress-strain behaviour of 5011 elements
on prlmary loading and on unloadlng and reloading is descrlbed.
The behaviour of interface elements used between the soil and

the various construction materials is also’summarized.



2.2 FINITE ELEMENT METHOD

The basis for the finite element method has been déscribed
by Clough (1960). In this method; é continum’is represented as
an assemblage_of.the‘finite elements assumed ﬁo be connected
'only at the nodal points.located along the boundary of the
elements. The nodal point displacements {3} are the basic‘unw
knowns of the system and are related to the préscribed_nodal
forces {P} by a general stiffness matrix (K]. This relaﬁionship

is expressed as
[K] - (3} = (P} o | (2.1)

The general stiffness'matrix [Kiis an assemblage of the
stiffneése# of the iﬁdiviaualbfinite elements, combined by a
process known as tﬁe:direct-stiffneSs~technique. Solving,for |
the unknown displacementé reqﬁires'solution of the set of the
.. tHe ';simultanéous equations described by egquation (2 .1),
an operation.ﬁhat necessititatesthe use of a high speed com-
éuter because realistic system typically involve séveral hund-

red degrees of freedom.

Equilibrium in the finite element methbd is quaranteed
only for the nodal point forces, local equilibriumAconditions
along the boundaries of the elements may not be satisfied.
Generally, across element boundaries, only displacement éom-
patibility is assumed, and distntinulties;in stress and strain

4 . : J
will occur.

Element stiffnesses are derived on the basis of an assumed .

displacement pattern within an element. For two-dimensional



plane elements,.Clough(l960),deriVed an element stiffness.
using a linear displacement function, and Felippa(1966)
developed element stiffnesses for quadratic and cubic displa-
cement functions. The assumed dlsplacement patterns control
'the number of nodes needed for an element because the number
-0f nodes must be consistent with the degree of the assumed
displacement pattern, and must be sufficient to insure displa-

cement compatibility between elements.

‘Most commonly, triangular or(rectangular elements are used,
but more general shapes, such as. arbitrary quadrileterals with
curved boundaries, have been considered ( see Ergutoudis, et elw B
(1968)).Wilsoh (1963) has shown that the most satisfactory
results for general_application of finite-element method»are
obtained by use ef'quadrilateral elements composed of en

assemblage of triangular elements.

'As a summary, the simple algorithm for the finite element

method is described in figure (2.1).

In eonventional finite element.theory due to the ex-
perience obtained from lock structures,Asome modifications
were‘done'by G.W.Clough and J}M.Duncan'(l969) for representing
soil behaviour. By this modifications, the‘soil interface
behaviour described more conveniently. Those are summarized

below.
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A. Element Faiiure

It was noted that failure was occuring in localized areas
of the finite element mesh. In order to better represent the
behaviour of these localized areas after failure, three

i

constitutive equations relating stresses and strains were for-

nmulated.

The constitutive equations for plane strain initially

employed were;

}k W ' r(l—v), 0 0 11 €y ]

°y = T fl , 0 (1l-v) O €y (2.2)
+V).(1-2.V ' (1-2v)

-Txy‘ Ty Y 0 | 0 —— T xy

It has been shown by Woddward (1966).that.these equations
may also be formuléted in £erms of é moduius related to the
behéviour of a soil under the action of deviatoric stresses,
the deférmation modulus, My, and a modulus related to the
‘behaviour of a soil under the action of hydrostatic stresses,
the bulk modulus, Mg. This fofﬁulation given by Woodwérd(léGG)

yields the constitutive’equations in the following form :

|1g MB+MD MB"MD 0 €

X X
g Mg - M Mp + M 0 €_, : :

\

in which Mp is the deformation modulus and My is the bulk

modulus. By employing this formulation a failed element was



assigned a reduced deformation modulus value, and thereby

a reduced resistance to shear, but ﬁhe value of bulk modulus
was not reduced so that the element étill’offered resistance
to hydrostatic stresses. The deformation modulus was cal-

~ culated as shown in Equatidn (2.4) using’tne valnes of tan-
gent modulus and Poisson's ratio for primary loading or

unloading—reload;ng; whichever was appropriate.

My = (——) - ‘“'(2..4)

Thus, the deformation modulus varied in the same manner
as Et‘fOr primary loading and EUr-in unloading-reioading.At
failure,‘both,Et and Ey, were assigned very small values so
that the calculated deformétion ﬁodulus value was also_small.
The bulk modulus value was assumed to be chstant for a given
minor principal stress Value in primary loading and unloading—"
reloading. This assumption was based upon the observation that
; volnme changes during shear of specimens in laboratory tri-
axial tests with constan£ values of o3 are small, and the void
ratio of the test specimens.after shear is very nearly the
samé‘as that before shear.'Therefore, the deformation under
the influence of hydrostatic streSsesvbefore and after shear
would be abéut the same, and the bulk modulus Values would
noﬁ be expected to vary with shear stress, but only with
confining pressure. |

Thé bulk modulus ﬁalue was assumed to/nary‘with confining
pressure in the séme manner as the initial tangent modulus

and the unloading-reloading modulus. A similiar type of stress-



dependency has been determined for the bulk modulus by Vesic
and Clough(1968) and Domaschuk and Wade(1969). The equation
employed to calculate the Bulk.Modulus was,

Mg = —— . E | (2.5)

2 (1+v).(1-2.v)

in which E was E; during loading and Eyyr during unloading-

reloading.

',The resulting'behéviour for the soil elements'at moderate
stresé levels, which represented moét of the elements in the
analysis, using new formulation.of equation (:2.3) was the
séme as when/using driginal formulation of equation (.2.2).
However, at faiiure; the behaviour of a soil element was more
consistent with actual soil behaviour under these conditions .

than was obtained using the original formulation.

B. Interface Element Normal Stresses

For the interface elements, it was noted that around the
junction of vertical and horizontal bdundaries the calculated |
vélue of normal stress were somewhat erratic. It waS'fouﬁd by
Clough and Duncan (1969) that mo&g consistent pattern of nér—
~mal étresses on thé interface cduld be obtained from the ad-
jacent two-dimensional elements. These more consistent pattern
of normal stresses were then employed in the calculation of
shear stiffness values for the interface elements and a more

" reasonable behavioral pattern;was,found to result.
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C. Overshoot of Allowable Interface Shear Strength

It was also noted by Clough and Duncan (1969) for the
interface elements that the value of shear stress developed
on the interface durihg»ény one increment would sometimes
"overshoot" the allowable shear stress by a large amount. To
correct this behaviour, the increment of analysis was repeated
with forces applied at the nédeé;of the interface element rep-

resentative of the allowable shear stress on the element.

After incorporating these modifications into the proce-,_:
dure, more convenient way of finite element anaiyses for soils

is realized., by Clough and Duncan (1969).
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2.3 APPLICATION OF FINITE ELEMENT THEORY TO SOIL MECHANICS .

The application of the finite element method to continuous .
structures was introduced by Clough(1960). Subsequently, by
.extending the method, a veriety of complex. structural and
soil and rock mechanics problems have been treated, many of

which are described by Zienkewicz and Cheung (1967).

The development of the finite element method has greatly
facilitated the theoretical analysis‘of stresses and displa-
cements in soil. Factors such as material aﬁisotropy and non-
_homxﬁmeﬂwn and irregular problem geoﬁetry and loading con-
ditions can be considered,lMoreover,rthe method has been ex-
tended to include the effects of local yield by considering

nonlinear and elasto-plastic behaviour.

Due to its broad aspects and complexity, the soil-structure
interaction and incrementa; finite element analyses problems
are considered to be the most &ereatile soil mechanicseubject
in which many kinds of simulations can be realized. Therefore,
soii—strueture interaction problems are the most sophisticated
case of the finite element methdd in soil mechanics. Various

kinds of problem have been simulated so far are :

. Analysis of earth banks duting‘earthquakes-Idriss and
Seed (1967)

. Incremental analyses of earth dams—Clough_and Woodward
(1967)

; Analyses of layered pavement systemsLDuncan, Moniswith
and Wilson (1969) |

Footing and retaining wall analyses—GirijaVallabham and

Reese (1967)
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- Analyses ijohﬁed rock behaviour-Goodman,Taylor and
Bekke (1968) |

. Analyses of slopes in éoil—Dunlop,Duncah and Seed(1968)

. Three dimensional analyses of arch dams and their foun-
dations-Ergatodis, Irons and Zienkiewidz'(1968)

. Underground powerhouse analyses with "no tension" rock>
material- Zlenklew1cz, Valliappan and Klng (1968)

- Response of earth dams to travelling seismic waves-
Dibaj and Penzien (1969)

. Nonlinear analysis of strésses and strains.in soils-
Duncan and Chang (1969)

. Analysis of soii movements around a deep excavation-

Duncan and Chang (1969)
2.4 USED COMPUTER PROGRAM

Initialiy, the program used in this study was written
to apply the procedure for the finite element analysis of
reinforced concrete U-frame 'ldckstructures and to agply it

to the analysis of Port Allen and OldRiver Locks.

The procedures developed (Clough and Duncan,1969) involve
the use of incremental finite element analyses with nonlinear,
: stress-depéndent,Ainelastic soil stréssfstrain behéviour. |
The soil stress-strain parameters rgquired for these analyses
may be determined from the fesults of triaxial compression
tests on the soil or from the results of direct-shear and
consolidation tests. The reinforced concrete is treated as a

lLinear-elastic material characterized by a sustained modulus



13

which may be determined from the results of creep tests. The
properties of the interface between concrete and soil are>

expressed in terms of a non-linear, stress-dependent, stress-

strain relationship.

Application of the program tolthe'analyses of Port-Allen
and Old-River locks showed that the procedures gave results
in gpod agreement with the results of extensive instrumentation
program on these structures. With the values obtained from the
program, internal moments and shears in'structuralbelements
~as well as structural deflections, externél.pressures and soil

movements can be calculated.

The incremental construction or loading may consists‘éf
’excavation, £ill or concreﬁe placement, water pressure changeé
on pervious soil elements, boundary water pressure loading on
impervious elements and temperature loading of structural
material. The stress-strain behaviour of soil elements may
be linear or non-linear with hyperbolic, stress»dependeht
stress-strain behaviour on primary loading or stress-dependent
étrees-strain behaviour on unloading and reloading.Material |
behaviour may be drained or undrained or some méterials are

drained while others undrained.

Interface elements may be(uéed.to allow relative displa-
cements on the boundary'betweehvtwo adjacent'two—dimensional
‘elements. Interface elements may be set to "inactive",assumed
to be not present, or "active", allow relative displacements.

. Those elements have bilinear stress-strain behaviour.

The program SOIL-STRUCT developed by Clough and Duncan
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(1969) and used in this study consists of subroutines which
realize the arbitrary incremental analyses»and controlled
by the main-deck. The main deck, namély main part of the
program, reads the input and directs the program in a speci-

fied subroutine.;The subroutines are summarized below,

l.-Subroutine—INITIAL calculates initial stresses for all
elements, displacements for all nodal points, modulus values
for two-dimensional eiements and stiffness values for interface
elements.

2. Subroutine-STRSTF assembles the general sﬁiffness mat-
rix for the entire structure, adds in concentrated 1oadslat the
nodal ﬁoints, adds in loads dué to boundary pressures and mo-

difies the system stiffness matrix for boundary conditions.

. 3. Subroutine-QUAD generates the element stiffness mat-
rix for each two-dimensional elements, formulates the constit-
utive equations, and if specified, generates element loadings

due to gravity or temperature changes.

4. Subroutine-JTSTF generates the element stiffness mat-

rix for each interface elements.

5.'Subroutine—EXCAV, if excavation is épecified, inter-
polates for the stresses on the.excavation boundary, adds
loads due to equivalent nodal forces on the excavation bo-
undaryland aésigns minimal stiffnesé values to excavated inter-

face and two-dimensional elements.

6. Subroutine-EQNDFO calculates equivalent nodal forces
J B
for excavation boundary stresses or water pressure changes

on the boundaries of an element.
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7. Subroutine-SEEP calculates new pore pressures at the
nodes of an element and distributes equivalent nodal loads
‘obtained for the water pressure changes. This subroutine is

used for the previous-soil elements.

8. Subroutine-BUILD is used for the fill and concrete
placement. It assigns appropriate material types and initial
modulus values to backfill and concrete elements and activa-

tes interface elements.

9. Subroutine-BANSOL solves the simultaneous equations
obtained’frbm the system stiffness‘matrix and the system load -

vector for nodal point displacements.

10. Subroutine-STRESS calculates incremental stresses,
adds stresses, and prints stresses for’two—dimensional ele-

merits. Moreover, displacements are also cumulated.

11. Subroutine-JSTRESS calculates and prints stresses

for one-dimensional interface elements.

12. Subroutine-MODCAL checks interfaces and two-dimen-
sional elements for failure and calculates modulus values and
stiffness values for interface and two;dimensional elements

‘respectively.

In the following sections the essence of subroutines,

namely theories and applications used are described.
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A. GRAVITY TURN-ON ANALYSES

The essence of,gravity turn-on énalyses is to ignore
construction sequence, and then apply gravity'forces throug-
hout the medium employing constant values of modulus and the
poisson's ratio. In many soil-structure interaction problems,
the types . of loading of principal importance are those due to
gravity and water-pressu;es. Many finite element programs con=- :
tain options for simulating gravity and water pressure ioading
on linear-eiastic material. Hence, if appropriate ﬁodulus va-
lues could be chosen to represent the behaviour of the 1ock
and the surrounding soils, analyses could be conducted very

conveniently using Standard program options.

Determination of modulus values‘fo:Asoils for use in a
Linear-elastic analyses is made difficult by the.number of
facto;s‘which influeﬁce the stress-strain behaviour of a soil.
Representation of all of these factors as they occur in a
field~problem by a laboratory test on an "undisturbed specimen"
is\seldom‘achieved. Howe&er, even if thersoil and testing con-
ditions were idéally representative. of the in-situ conditions,
it is very difficult to select a single modulus value'tq~rep—
resent soil stress—stfain bghaviour, because the behaviour

of soils is essentially non-linear.

The shortcomings of gfavity ﬁurn-on analyses in simulating
actual construction procedures have been discussed by Goodman
and Brown (1966), Clough and Woodward (1967), and Dunlop,Duncan
and Seed (1968); Basically,‘the drawbacks lie in the difficulties

in accommodating general initial stress conditions, the necessity
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for neglegting the effects of stress‘history‘on material
properties, and inaccuracles in calculated deflections. Be-
cause gravity turn-on analyses do no£ correctly represent the
séquence of loading which occurs dﬁring construction, it might

be anticipated that these analyses would not correctly rep-

resent the soil-structure interaction.

However, in the»view of simplicity of gravity turn-on
analyses, it was consired to be worthwhile to examine the
effectiveness of this procedure by the two dimensignél finite
element prbgram developed by Professor E.L. Wilson of the
University of California, Berkeley. In the program, the slip
on the interface bétweén thé éﬁructural material and the soil

was not considered.

The validity of the gravity turn-on approach is tested by
Clough and Duncan (1969) for Port-Allen lock using various |
_matefial property assumptions to dgtermine if reasonable values
for the materiél properties could be chosen to give calculated

results .that agreed with the observed results.

According to resultS‘obtained from this study , the lineér—
elastic, gravity turn-on analyses do not correctly represent
a satisfactory,approéch~to the analyses of the incremental--
soil—structure.interaction probléms,-and it is difficult to
select a correct modulué value for soils. This approach is
used, in SOIL-STRUCT computer program, only in the calculation
of initial stresses'and displacement. After initial calculatiOns,

incremental analyses assumes the non-linear behaviour of soils.
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B.INCREMENTAL EXCAVATION

Dunlop,Duncan and Seed (1968) have shown that the exca-
vation problemslcan be solved by finite element technique
applying stresses to the nodal points of the excavation sur-
 face. Iﬂ this technique, stresses created by excavation are
determined, then equivalent nodal loads. for these stresses
acted equally but in opposite sénse to these nodal points.
Since the strésses.applied to the excavation boundary are
-equal in magnitude but in opposite sense to the initial
stresses, the excavation boundary becames stress-free.
Excavated elements are assigned a minimal stiffness, to
érevent any interaction with the rest of the elements during

excavation.

In the finite element‘technique, Stresses‘generally are .
found at the center of the eiehents,’but the excavation boun-
dary between the elements, stresses should somehow be conver-
ted to the nodal points of the finite elements. Dunlop, et al,
(1968) determined the stresses on the boundary by averaging
the stresses in pairs of adjacent elements on opposite sides
of the boundary. Equivalent nodal loads were then calculated
assuming that these stresses were constant along the boundary
between adjacent nodal points. This érocedure was shown to be
very accurate, provided the elements on either side of the'

excavation boundary were rectangular and of equal size.

‘Chang(l969) later on developed a.similiar téchnique for
elements of unequal size. Nodal forces on the boundary were
calculated using only the stresses in the element directly

above the boundary. The nodal forces were then corrected in
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accordance with an assumed'gravityvstress gradients within
the elements.

Both the stress averaging technique developed by Dunlopr
et‘al., (1968) and the gravity gradient technique developed
by Chang (1969) were designed to meet the needs of specific
appllcatlons

A more general technique for finding eduivalent nodal
loads of excavation boundaries is accomplished with the aid
of interpolation formula. By this formula, unknown stresses
of boundary points are calculaéed.ffem the known center |
stresses of the element. The interpolation function is in the )
form of polynomial which is expressed as folloWing (Clough

‘and Duncan, 1969).

n

o = ag + az;x + az.y + ag.xy ) (2.6)

where ¢ is the.nodal stress to be interpolated, x and y are
the coofdinates of the nodal point and ajras,az and a, are
interpolation coefficients. This equation (2.6) is an incomp- -
lete quadratlc expan51on which accounts for non-linearity in

the stress variation by means of the "xy" term.

In the most general formmof the excavation problem, the
excavation of a quadri—lateral'element creates four excavation
boundariee, and Equation 2.6 is used to determine the stresses
at all four noads of the element. Fnrthermore, assuming linear
. vafiations of stresses between the calculated stress values
at the nodes, a complete stress distribution may be defined

on the boundaries around the element. Such stress distribution
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for an-arbitrqry quadrilateral is shown in Fig. 2.2

" Equivalent nodal loads~6btained from boundary stress-

distribution, .are then applied to the excavation boundary.

In order to

use equation 2.6 to find stresses at the

 nodes of an element excavated, three sets of the interpolafion

coefficients are

calculated (for oy, GY'-Txy') using the known

stresses in the element excavated and the stresses of other

three adjacent elements. For a given stress, o (which can be

Oxs Oy OY Txy) the unknown interpolation coefficients are

expressed as,

o(l) = a; +
o(2) =a; +
0(3) = a +
g(4) = a; +

Where o(l)
of element 2 and

matrix form as,

{o1l ; [m].

e

where {5} ¢

a,.X; *+ a3.yl + ayXye¥Yq (2.7)
a, X, + ;3.y2 ta,ex, .y, . (2.8)
a2.33 taj.ys a4.x3.y3' v (2.9)
ay.X, + a3.§4‘+ 2, Xy X, (2.10)

is the stress of element 1, o(2) is the stress

so on. These equations can be rewritten in

{a} ‘ o ' (2.11)

is the vector of known stresses for elements

1,2,3 and 4, [m] is the coordinate matrix for elements 1,2,3

and 4, and {al} is
Here, the unknown

written as

the vector of interpolatién coefficients.

vector of interpolation coefficient can be
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tat = [nl™, (o1, (2.12)

After that, using the vector -of interpolation coeffici-
ents, the stresses at each node of the element to be excava-

‘ted can be obtained.

o}, = [n]. {a} (2.13)
where [n] is the coordinate matrix of the nodes of the element

to be excavated.

Combining equations (2.12) and(2.13), all procedure can

be stated in a single formula as follows.
} o= 7 —1 : .
{0}y = [n] . [m] Aole : (2.14)

Consequently, nodal streéses of the element to be exca-
vated has béen written in terms of the stresses at thé center
of four ‘adjacent elements. In other words, the values of'
oxs Oy, and txy at the nodes of -an element to be excavated
can be defined in terms of the cénter point stresses.of\that

elément and three adjacent elements.

According to Clough and Duncan (1969) once the nodal
stresses have been evaluated, the equivalent nodal forces may
be established for the element as shown‘atAthe boundary =K
of the element of the quadrilaferal shown in Fig.(2.2). The
equivalent vertical nodal forée at node ﬁldepends on the
magnitude of oy and‘fXy at nodes I’&f and)K.Using the principle

of virtual work, and assuming linear variations between the

calculated nodal stress values,the vertical force at node g
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YIJ:?l-yi C _)(JI:)t]-xl
YK = Yi" YK XKszK-xj
YKL= %L XKL= X Xy

Note:All Stresses and Gr'adicnfs‘ Assumed Positive as Showh.

_ FIGURE(2.2) _
Arbitrary Quadrilateral Element and Boundary Stress
Distribution(After Clough and Duncan,1969)
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can be written as,

J. 1 ' : .
Ry = 6 *[(XJI)*UYI + 2% (XJI + XKJ)*UYJ + (XKJ)*oyK

+ 2 Y ' . : [,
xy T * (YIJ+YJIK) % UXYJ + (YJK) *TXYK] (2.15)

+(YIJ)x T
This treatment is_repeated for all forces of the nodal

points of an element, and written in matrix form as follows.
{F}, = [H] «{o} | (2.16)

where {F}l, is the 8x1 vector confaining all element'nodal‘
forces, [H]is an 8x12 matrix defining element boundary geometry
and{ol, is a 121 vector of nddal stresses. The equation in

- expanded fom is written in equation (2.17) (Clough and Dmean,1969})
The all manipulatiohs done sd_far can be gathered in a single

equation using the expression to obtain nodal point stresses.

(Fy, = [B] « [n] & [m]7F «lod, (2.18)

In most of the cases,there is no need to apply all eight of
the nodal loads, sinée equivalent nodal loads need only be
applied to those nodes which are the boundary of both an

exacavated and intact element.

In order to chose elements for interpolation equations,
one elemeht should be the element which is excavated and the
other three element should be as near as possible to the

excavated element. On the other hand, centers of those three

- T s -~
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elements should not lie on a vertical or horizontal line in
whiqh case the matrix [m] becomes singular, and no result‘is
obtained. In the areas of very high stress-gradients, it is
desirable to chose an'intérpolation'function with more than
four terms, however thg procedure described herein is still

applicable. An example for selecting interpolation elements

is given in figure 2.3.

The equétions simulating incremental exavation are derived
such that total stress case is assumed. Therefore, those equ-
ations are valid for the soil in'dry. However, by substituting
effective.stresses‘for'total.stresses in equation (2.6) through

equation(2.18),.excavation under water can be simulated.

Generaliy, excavations in’praétice are accomplished by
several increments as in the case of f£ill placement. But if
_the material is assgmed to be:linear,‘number of incréments
simulating excavation doesvnot change the result. One another
important fact is tochoose correct mesh for excavation problems.
In order to obtain reasonable values, mesh should be fiher in
the vicinity of vetticalfhorizéntal excavation boundaries

where stress gradients are very large and stresses are small.
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Determining Bbundary Stresses for Excavation
by Interpolation(After Clough and)Duncan,1969)
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C. INCREMENTAL WATER PRESSURE LOADING

According to Clough and Duncan f1969), changes in water
pressure produce incremental loading which may cause changes
in effective stresses and thgreby affect the behaviéur of
soil masses. It is, therefore, important to be able to simul-
ate the effects of water pressure changes on a soil mass.
Impervious material, such as concrete, and pervious materials,
such as sand, behave differently when subjected to changes in

- water pressure. A change in water pressure on one side of
impervious material produces boundary pressure loading which
. was taken into accouht in SOIL-STRUCT by an option called
"Boundary Pressure Loading". A change in water pressure on one
side of a pervious material, however; results in development
of séepage through the material, and the excéss head is dis-
sipated in the material. This type of loading in-SOIL—STRUCT
considéred.by an option called ﬁSeepage Loading." Here, lo-
ading is appropfiately represented as a distributed lqad,
which in the finite element analyses may bé represénted as a
load distributed equally to the nodes of each elément. Thg
.type of'loading appropriate for a Clazwith low pérmeability
.Would depend upoh the amount of'timé_allowed for seepage to
develop through the clay. If the loadiné rate is rapid and

a steady seepage cohditioﬁ does not devélop, the clay may be
loaded by boundary pressure loading. On the other hand, if
-the loading rate is very slow, the clay mayvbe loaded by a

distributed loading.

Chang (1969) developed a procedure for calculating nodal

point forces to represent the effect to dewatering. The water
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pressure change‘ét the,centrdid of an\elément‘was assuﬁed to
represent a uniform change in pressure around the element.
Equivalent nodal'point forces thatuaré calculated from this
uniform loading and applied to the nodes of'the element.
Although the procedure developed by Chang(1969) gave'good're—
'sults for the cases he analyzed, it has beeﬁ found thaé using
unifofm water pressure changes around the element based on
-the mid-point water pressure changes could lead to inaccuracies
if the actual pressure changes wefe nonuniform or if the ele- |

ment is a nonrectangular guadrilateral.

The variation of water pressures around an element may be
‘accounted for in the loading of finite‘elemenﬁ mesh by conéi-
dering the water pressure changes at each node of an element
and assuming.a linear variation of the water pressuré changes
between the nodai points. An arbitrary quadrilateral subjected |
to linearly varying water pressﬁre changes én each side is
shown in Figg;é.Becauée the lpading shown in simply a special
case bf the boundary stress loading used for excavation,equ-
ation (2.17) may be used to evaluate the equigalent npdal
forces. This équation can be rewritten for water pressure
loading as in equ'atioh (2.19). “

If the loading on an eiement\is to be distributed as a
body load, the horizontal and vertical forces are summed and
divided by four. By‘realizing'these operation in equation
(:2°.19), the following/equationlis obtained (Clough and Duncan,

/
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FIGURE(24)
. Arbitrary Quadrilateral Element and Boundary

Water Pressure Distribution(After Clough and
Duncan,1969) ' '
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An example of the distributed type of loading due to a
simple ground water lowering is shown in Fig.2.5. As can be
-seen in this figure, while the water pressﬁre changes on ele-
‘ ments 2 and 3 are different, tﬁe net element loading is the

~ same, namely, four vertical forces equivalent to (v, *Element

Area) i . For eiement 4, although there is a large change in
water pressure on all sides of the element, there is no net>
loading because the element was not subject to any . dlfferentlal
water prussure changes. If the water level was subsequently
raised to its original level, equal but opposite nodal loads

to those shown in Fig. 2.5 should be applied to simulate the

rise of water level.

In SOIL-STRUCT, the changes of porepressurerin'a nodal

point can be specified in two ways;

a) Ihdicating the increment or decrement of pore pressure
at every nodal points'when-defining the coerdinates of those
.points.

b) Usihg the phreatic~line concept.

Inecase b, the changes of pore pressures is calculated
automatlcally by the program. Here, -the phreatlc llne is
divided into parts, and those parts are represented by thelr
rightmost x-coordinates, new.level of phreatic line and pre-
sent level of phreatic line. An example of seepage phreatic

line is given in Fig.2.6
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Example of Water Pressure Loading on pervious Soil
. (After Clough and Duncgszg%eg) oil Element
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D. PLACEMENT OF CONCRETE OR FILL MATERIAL

King (1965) applied the finite‘element method to £he
incremental construction of a concrete gravity-dam, and Clough
and Woodward(1967) employed similiar techniques to simulate
'the incremental cOnstructioniof earth dams. In the approach
developed by King, a structure is COnsideréd to be buiid in
small layers. Upon initial placement, each layer is’assuﬁed
to behave as a dense liquid, i.e., to have weight but no
ability to resist shear. Subsequently, upon placemenﬁ of the
next layer, ﬁhe previous layer is aséumed to behave as a solid.
King (1965) justified the "denée 1iquid" assumption oﬁ the
basis that concrete is liquid when placed and hardensvbefore
‘placement of the next laygr. Clough and Woodward(1967) showed
that the "dense liquid" approach was also appropriate for
~earth £ill because the weight of a 1lift of earth fill is first
"applied when the fill is dumpéd from a hauling ﬁnit in a loose
'uncdﬁpacted form. Subsequent compaction of.a lift of earth fill

"hardens" the layer beforelplacement of the next 1lift.

‘The dense liquid technique developed by King (1965) for
simulation of concrete aﬁd backfill placement for the other
structures. When structural matgrial and soil backfill has
common boundary in the finite element mesh using the dense
liquid approach developed by King (1965) would require that
a "liquid" soil backfill layer be placed next to a "hardened"
concrete layer. The modulus ratiovbetween‘those two materials

could be as high as 109, and even after the soil layer has

hardened, the modulus ratio would be about 108,
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Thus, it is apparent that the top of a soil layer def-
lect more than the adjacent concrete layer. To allow for re-
lative movement between these dissimiliar materials in incre-
‘mental analysis, interface elemehts of fhe type'described
'by Goodman, et al., (1968) were used between the backfill and
concrete. The details of the behaviour of this élement are
given in section (.2.6). By assuming a frictionléés interface
element between a newly placed "liquid" backfill layer and the
"hardened” concrete, free relative movément was allowed bet-

ween these materials in a manner consistent with the assumption

of a "liquid" backfill layer.

Placement of concrete and fill matérial is accomplished
through the subroutine "BUILD" in "SOIL-STRUCT". When specifiY—
ing the build-up thion,‘ﬁhe elements added, number of active
elements, zero displacements of the newly placed layer,number
of structural elements andibéckfill‘typell eleménts, new Y

coordinate on top of backfill should be indicated.

In Subroutine"Build", for the interface elementsnormal
and shear stiffnesses are found. Simultaneously o, values are
calculated. Here, the normal stiffness of interface element

is assigned to lO8

and the shear stiffness. of that element is
assigned to 10. Importantly,_the'interface element should be

in contact with the NBITYP element only as a backfill material.

For structural element, the area is calculated then mul-
tiplied by the unit weight of structural meterial. This value
is distributed to all nodes of the element etxenly in a vertical

direction. In soil elements} Oy = v % (HTB-YAVG) and ox=oy*KO
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are calculated and the subroutine MODCAL is used to check the

modulus 6f the soil element.
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E. ANALYSIS OF THE EFFECTS OF INCREMENTAL TEMPERATURE CHANGES

Since the programvSOIL-STRUCT has been written toyverify
the effectiveness‘of finite element theory by considering the
actual problem of lock structures, the‘temperatufé option was
- added. Seasonal temperature variaﬁioné cause deflections of
reinforced concrete structures, and thereby produce-changes
in pressures’between»the structﬁre and the surrounding soil.
Techniques for calculating equi&alent nodal loads to simulate
incremental temperature changes were developed by—Sandhu;et '
al.,‘(l967) for the linear strain element} The equivalent no-‘
dal loading is determined ffom the stresses in a eompletely
restrained element subjected to temperature change. These
loads are applied to the elemenﬁ nodes and the change in stress
aue‘to temperature changgxisvdetermined by superimposing the
stresses developed under complete restraint, which are cal-
culated using siﬁple eQuations of mechanics, and the stress

due to the equivalent nodal loading.

For plane strain, the stresses due to temperature change

in a completely restranied structure are,

E.oa. AT
(L+v).(1-2v)

(2.21)

on = Aoy =
in which E is the modulus of elasticity, v is.the Poisson's
ratio, o is the coefficient of thermal expansion, and AT is

the average temperature change in an elem%nt.

Temperature change is considered in the program by spe-
cifying the values of temperature changes on nodal points.

This is indicated when giving the coordinates of nodes as an input.



39

2.5 STRESS-STRAIN BEHAVIOUR OF MATERIALS

In utilizing the computer-program SOIL-STRUCT, the cor-
rect representation of material properties should be achieved.
Since many factors, such as degsity, water content, drainage
Eonditions, stress history, confining pressure and shear
stress influence the stress-strain behéviour of soil; field
condiﬁions must be simulated as much as possible. This can be
done using appropriate saﬁpling procedures and suitable testing.
In general, three characteristics of the stress-strain behavi;

our of a soil are as follows :.

. stress-depéndency,
. non-linearity,

. inelasticity.

These characteristics are shown in Fig.2.7, a hypothetical
plot of stress-strain curves for two compression tests on soil

samples subjected to different confining pressures.

The sﬁress dependency is obvious in the effect of con-
fining pressure, a steeper stress-strain curve ié being obta-
ined for the higher confining pressure tﬁan for the lower con-
fining pressﬁre. The non-linearity of the stress-strain be—
haviour Can be seen in thevFiguré‘2;7.thatvstress does not
’inCrease linearly with increasing value of strain._The third
property, inelasticity, can be seen regarding at the unloading-
reloading curve. After the unloading is completed, some inel-
astic deformation remains. Heré, oné'more important property
is seen that the unloading curve ié steeper than the primary

loading curve. The reloading curve is similiar to the unloading



Principal Stress Difference, 6, = 6,

-~
~

&
(«3
2

&7
$
]
/<—High Confining

Pressure

Low Confining
Pressure

40

Axial Strain, &

FIGURE(2.7)
Typical Stress-Strain Curves for Cyclic
Loading of a Soil Sample(After Duncan

and Chang]QGQ)
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curve, but when the value of principal stress difference is

~reached where unloading waé begun, the path of the primary

loading curve is resumed.

Wi#h the development of electronic.computers;/the analy-
ses of soil structures with above mentioned characteristics
hés become feasible. These characteristics were incorporated
into a simplified, practical analytical formulation by>Duncan

and Chang (1969).

A. NONLINEARITY

Konder: and his coWorkers héve shown that the non-linear
stress~strain curves of both clay and sand may be represented
by hyperbolae with a high degree of accuracy. This hyperbolic
equation propqsed by Konder(1963) and Konder and Zelasko(l963)
was o

(61-0,) = ——— , (2.22)
13 a+bxe '

in which “ci" and "o3" are the major and minor principal
stressés; "e" is the ax;al strain; and "a" and "b" are the
constants whose values are dete;mined experimentally. Both

of these two constants "a" and "b" have physical meanings.

As shown in Figure 2.8, "a" is the reciprocal of the initial
tangent modulus; E{, and "b" is the reciprocal of the asyp-
totic value of stress difference which tge stress-strain curve

approaches at infinite strain (oj-o3)ult. To sum up, "a" and

"b" depend on soil type and stress-state respectively.
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Typical Hyperbolic Stress -Strain Curve

Ey

(Axial Strain)/(Stress Difference), € /(9™-03)

Axial Strain €
o FIGURE(2.8)
Typical Hyperbolic Stress-Strain Curve
(After Clough and Duncan]969)
~ Transformed Linear Hyperbolic Plot
b
1
.
e €

_ FIGURE(2.9)
Trdhsformed Linear Hyperbolic Plot
(After Clough and Duncan,1969)
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b
Kondner and his coworkers showed that the values of the
coefficients "a" and "b" may be determined most readily if
the stress-strain data are plottea on transformed axes, as
shown in Figure(2.9) .When equation (2.22) is'rewritten in the

following form

- =a+b.c¢ . (2.23)
(01‘09 :
it may be noted thet "a" end "pn aﬁe the intercept-and the
slopevef the resulting straight line. By plotting stress-
‘strain data in the form’ehowﬁ in Figure (2.9), it‘is easy
to ‘determine the values of the paremeters "a" and "b" cor-
responding to the pest fit between a hyperbdla and the test
date. o | . |

When this is done it is commonly found that the asymptbtic'
value of (01-03) is larger thén the compressive strength of
ﬁhe.soil by a small amount. This would be expected, because
‘the hyperbola remains below the asymptote at all fiﬁite'values
of strain. The asyﬁptotic value may be related to the compres-

sive strength by means of a factor R as shown by
(01-03)f = R (61_03)u1t a (2.24)

in which (alf03% is the compressive strength, or stress
difference at failure; (Ol_OB)ult is the asymptotic wvalue of
stress difference; and Rf‘is the failure ratio, which always
has a value less than unity. For a number of different soils,

the value of Rf has be found to be between 0.75 and 1.00, and
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to be essentially independent of confining pressure.

By expressing the parameters "a" and "b" in terms of )
the initial tangent modulus value and the compressive strength,

Equation (2.22) may be rewritten as

(01-03) = ‘ : f(2.25)
1 € .Rf "

+
Bi  (o-o3)f

This hyperbolic representation of stress-strain curves
developed. by Kondner has been found. to be a convenient and
useful means of representing the nonlinearity'of soil stress-

strain behaviour.

In order to obtain an expressién‘for the tangent modulus,
Duncah and Chang (1969) differentiated equation (2.22) to
- obtain ‘the following equation :-

2

RE. (01-a.) . : ,
1 63_ S b (2.26)

Be = |1 - i

(01-03)f

in which the term (og1~03)/(0oy-03)f was termed the stress level.
The stress level was defined in termé of the Mohr-Coulomb

' strength parameters, ¢ and c, as,

91793 ‘ 91793

: = — — (2.27)
(0,=04) £ 03.[tan2 (45+g/2) ] + 2c.tan (45+§/2)
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B. STRESS-DEPENDENCY

‘The tangent modulus value and ﬁhevcompressive stréngth of
soils have been found to véry with the confining pressure
employed in the tests (Clough and Duncan, 1969). But this is
‘not valid for the case of unconsolidated-undrained tests on

saturated soils.

Experiment studies by Tanbu have shown that the relationship

between initial tangent modulus and confining pressure may be

expressed as

g
3 )n

B, (2.28)

Ej = K.pa. (
in which Ej is the initial tangent'ﬁodulus; o3 ié‘the minor
- principal stress; py is atmospheric pressure expressed in the
same pressureunits aé Ei and o03; K is a modulus number; and
n is the exponent determining the rate of variation of Ej with
o3; both K and n are ﬁure numbers. Values of the parameters K
and n may be determined from the results of a series of £ests
"by plotting the values 6f Ej against o3 on logarithmic scales
and fitting a straight line to theidata as shown in Figure
(2.10) . The values shoﬁh in Figure (2.10) were determined from
the results of drained triaxial tests on a rockfill material
used for the shell of FurnasDam, and a silt from the foundati-

on of Cannonsville Dam reported respectively by Casagrande, and
Hirscfeld and Poulos.
AssUmiﬁg that o3 does not change, the relationship bet-

ween compressive strength and confining pressure may be express-

‘ed in terms of the Mohr-Coulomb failure criterian as
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Variations of Initial Tangent Modulus
with Confining Pressure under Drained
Triaxial Test Conditions(After Duncan
and Chang,1969)
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2c. cosf@ '+ 2.03.sinf

(01403)f = (2.29)

1l-sing

in which ¢ and § are the Mohr-Coulomb strength parameters.

Using equations (2.26) and (2.28), the resulting equation

for Et becomes,

¥ .
Rf;(ol—o3) g

(2.30)

(o ) f » a

1793
This expression for tangent moaulus.may be eﬁplOyed tery
conveniently in incremental stress analyses, and the essential'
portion of the stress-strain relationship in SOIL-STRUCT. It
can be employed for either effective stress analyses or total
stress analyses. For effective stress analyses, drained test
conditions, with Ué, constant throughout, are used to determine
the.values of the required parameters. For total—stress analy-
ses nnconsolidated—undrained tests, with 03 constant througno-

ut, are used to determine the parameter values.

It should be.pointed out that the stress-strain relation-
ship described has been derived on the basis of data obtained
from standard triaxial tests in which the intermediate prin-
cipal stress is equal to the minor principal stress, because
in most practical cases only triaxial test data are available.
HoWever, this same relationship may be used for plane strain
problems in which the intermediate principal stress is not
equal to the minor principal stress, if appropriate plane

Rstrain test results arevaVailable. For cases in which three

dimensional stresses and strains are involved, it may be

derirable to include a failure criterion or a stress-strain
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relationship of soils for the effects of the value of the

intermediate principai stress.

The usefullness of equation (2.30) lies in its simplicity

with respect to two factors.

1. Because the tangent modulus is expressed in terms of
stresses only, it may be employed for analyses of any ar-

bitrary initial stress conditions.

'2. The parameters involved in this relationship may be
determined readily from the resulté of laboratory tests. The
amount of effort required.to determine the values of the para-
meters K,n and Reg is not much greater than that required to

determine the values of c .and .

Anothér very important case is how to treat the unloading
'0of soil mechanics problems. Duncan and Chang (1969) have shown
that the behaviour of a soil Qh unloadiné and reloading may
be adequately represented by'a single modulus value which was
defined by the slope of a line connecting the upper and lowerv
ends of the hysteresis loop formed duriﬁg loading and unloading..
(see Figure (2.15 )). This modulﬁs was found to vary with con- |

fining pressure as,

o] ’ ‘
3 )0 ' (2.31)

Pa

where Eyr is the unloading ﬁodulus and Kyr and n are constants
for a given soil typé. It can be seen that the form of equation
(2.31) is the same as that fdund for the gnitial tangent mo-
dulus shown in equation'(2;28). Data>by Holuberz (1968) and

Chang(1969) have shown the exponent, n, in equation (2.31)
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“and the exponent for the Ei'felationship with @3 of equation
(2.28) are the same, but that the value of Kyr is greater than

the value of Kp.
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C. NONLINEAR STRESS ANALYSES

Non-linear, stress—dependent-stress-strain behaviouf may
be approximated in finite element analysis by assigning di-
fferent modulus values for each element into which the soil
is subdivided for purposes of analysis. The modulus value
assigned to each element are related to. the stresses and strain
within each element. Because the modulus values depend on fhe
stresses and the stresses in turn depend on. the modulus values, .
it is necessary to make repeated analyses to insure that the
moaulus values and the stress conditions correspond for each

element in the system.

Two techniques for appfoximate nonlinear stress analyses
are shown in Figure (2.1l a-b). By the iterative procedure,
shown Figure (2.1lla), the same change in extefnal loading is
analyzed repeatedly. After each. analysis the values of stress
and’strain‘within each element are examined to determine if
they satisfy the suitable'nonlinear relationship between stress
and strain. If the values of stress and strain do not corres--
pond, a new value of modulus is selected for that element for
the ﬁext»analysis. This kind of proeedure is used in the prog-
ram Soil—Strucﬁ. It has been also applied to analyses of the
load-settlement behaviour of a footing on sand Girijavallabhan
and Reese (1967) and to’analyses of pavements by Duncan,

Monismith and Wilson (1968).

On the other hand, by the incremental procedure, shown
Figure (2.11 b), the>change in loading is analyzed in a series

of steps, or increments. Here, the essence of this procedure
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is given for comparison purpdses.with'respect to iterative
procedure.

At the beginning of each new incfement of loading aﬁ
appropriate modulus value is selected for each element on the
Vbas1s of the values of stress or straln in that element Hence,
'the nonlinear stress analyses is performed by using’series of
straight lines. This procedure has been applied to analyses of
enbankments by Clough and Woodward, (1967) to analyses of
excavated slopes by Dunlop and Duncan, (1968) and to analyses
of stresses in simple shear specimens by Duncan and:Dunlop
(1969) . |

Both of these brocedures have advantages and shortcominés.
The main advantage of the iterative procedure is the fact that
it is possible; by means of this procedure, to represent
‘ stress-strain»relaticnships in which the stress decreases with
increasing strain after reaching a peak value. This property
may becomes very- 1mportant because the occurence of progre551ve
fallure of soils is belleved to be associated with this type
of stress-strain behaviour. The shortcoming of the iterative
procedure is that it is very difficult to.take into account
l the nonzero initial stresses, which is very important_in many

soil mechanics problems.

The. main advantage of the incremental procedure is that
initfal stress can be taken into account. At the same time,
while analyzing the effects of a given loading, stresses and
strains are calculated for smaller loads. For example,, if the
application of a 50 ton load to a footing was analyzed using
10 steps, or 1ncrements, the settlement of the footing, and

the stresses and strains in the 5011 would be calculated
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for footing loads in increments of 5 tons up to 50 tons. The
shortcoming of the incremental procedure is that it is not -
possible to simulate a stress-strain relationship in which

the stress decreases beyond the peak.

In order to overcome this shortcoming, negative value
of modulus may be used, but this can not be realizéd in'finite
element method. The accuracy of the incremental procedure can
be improved by analyzing each load increment more than once.
Thus, incremental procedure can approximate the nonlinear soil

behaviour better.

In program SOIL—STRUCT, iterative techniqﬁe was used by
considering stress-dependent behavioural pattern of soil ele-
ments. Because. the stress-strain pafameters in the formulation
developed by Duncan and.Chané are stress-dependent, each ele-
ment in a finite element mesh may have-a different modulus |
value. For a given ihcrement,the modﬁlué value is evéiuated
for each element in terms of the stresses existing in the ele-~
ment prior to the execution. Iteration may be required if the
.stress changes within the increment are large relative to the
stresses existing within the element prior to execution of the

increment.

The criterion assumed to control the use of Eyr Oor Et
developed by Duncan and Chan9(1969) is based upon the\méximum
previous'vélue of|o3-o3|. For any value of |oj-g3|less than
thermaximum previous‘value, the modulus Eyr is assumed to be
applicable, for any value of.lgleo3|4greater than the maximum

previous value, E¢ is assumed applicable.



54
Laboratory experiments which subjected soil samples to
arbitrary stress paths reported by Duncan and Chang (1969)
have shown that the proposed,modulus‘relaﬁionships cbuld pre-

_dict the actual stress-strain behavior of the samples to high

degree of accuracy.

D. STRESS-STRAIN PARAMETERS

Determination of Hyperbolic Stress-Strain Parameters from

Direct-Shear and One-dimensional Consolidation Tests.

For long-term analyses, the Stréss-strain behaviour of a
soil shoﬁld be determined under drained test'conditions. Many
clayey soils have such a low permeability that the achievement
of fully drained conditiéns in a triaxial test is not feasible
from ‘a practical standpoint because.of the time required»to =

conduct the tésts.

Direct Shear Test.

Results from the direct shear test provide the data to
determine the Mohr-Coulomb strength parametefs, g' and c°',
which may be employed iﬁ’the hyperbolic eqﬁétion of Duncén
and Chang (1969); Although the stress-displacement curves
from direct shear tests cannot be used to determine stress-
strain characteristiés of soils, it seems likely that the
form of stress-displacement relationship from‘such a test is
qualitaﬁively indicatiﬁe of the form of the stress-strain

)

relatiohship, and may be used to establish that the stress-

- strain behaviour can be reasonably répresented by stress-
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strain durves ofvhyperbolic shape. From the results of these
test in Port Allen soils, the data fits a. straight line clo-
sely, indicatingtthat the shear stresérversus shear displa-
cement curves are hyperbolic in form. It may be- inferred then,
that a hyperbollc relationship for the stress-strain behavior

| is approprlate during primary loading. (See Figure 2:..12.a-b)

One Dimensional Compression Tests.

Conventionally, the results bf a one-dimensional con-
solidation test are represented void ratio versus logarithm
of the axial pressure plot, as shown.in figure (2.13). A
change in void ratio represents a change»inAvertical'strain,
Aeyr and figure (2.13) is essentially a stress-strain plot..
However,in the consolidation test, the lateral as well as the
vertical-pressure changes Qith each load increment, as odeséd
to a triaxial test in which laterai,p;essure may remain

ébnstant.,The'latenal.étress at any stage of loading in a

one - dimensional compression test is defined by-

”

ox = Ko.p' - | - (2.32)

The value of Ky has been shown by Brooker and Ireland

7(1965) to vary with plaéticity index and overconsolidation

ratio.
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Primary Loading

During primary loading (loading tejond the preconsoli-
dation pressure), the overconsolidation ratio is unity, and
the value of Ky is constant. Assuming the friction slong the
'sides of a consolidomoter to be negligible and noting that t

Ko is less than unity for primary loading, the confining pres-

sure for a givenaxial stress is defined by :

'03 Ux' = Koop' = Kooo'l' (2.33)
The tangent modulus value from a conselidation test for
an'increment—loading has been derived by Chang (1969) as,
l+e, 2

By = ——— .1 =21} (2.34)
v L 1-v

in which ey is the initial void ratio st the beginning of an
increment and a,, is the rate of change of void ratio with

cﬂange in pressufe, p'. Equation(2.34) may also be formulated
in terms of coefficient of lateral earth pressure, Kq, using

Y__ . The resulting equation is;

the relationship K5 =

“l=v
l+eq 2-K02
Eg = — |1 - — - (2.35)

av (1+Ko)

Because the tangent modulus varies with stress level during
loadlng, equation (2.35) deflnes a tangent modulus at the
stress level corresponding to Ko stress conditions. However,

~ values of initial tangent modulus may be determined from the



59

values of tangent modulus calculated from one dimensional

compression test results.

To find E; from E¢, using equation (2.26), the follow1ng

equation can. be written,

E
. o

Ey = (2.36)
(01-03)f

‘using the value of Ei from one dimensional consolidation test,

2
lreq - 2.K,
a, (1+Ko) I
Ej = ' 5 - (2.37)
_ Rf(ol-o3)

The stress level during primary loading in a consolidation

test is determined as followsﬁ
o3 = Ko.ol...(2.38) and 017045 = O3 _— ﬁ2.39}

substituting into the equation forkstress level, equation (2.27)
for 01=03r

1-Ko

- KO )
1% _ 4 - (2.40)
(ol 3)f gjﬂ[tang (45+ g—)-1]+2.cﬁ tan (45+ %—\)




60

Thisréquation can be substituted for E;j into equation
(2.36) . Thus, initial tangent modulus can be defined in.terms
of c',¢$ Ko,Rfrcj'. This way initial tangent modulus can be
calculated from consolidation test results. In applying this
concept to consolidation test results, it hés béen found that
‘that the exponent ;n, of the variation of E; with o3 is rela-
ted to the curvature of the virgin curve of the e-log p' plot.

Those findings may be summarized as follows :

1. For an e-Log p' curve which is concave downward,

typical for silts and sands, n is less than one,

'72. For, a straight line virgih curve, n is equal to unity.

The resulting Kp vaule under these conditions is :

2.3 C.(l+§o)

Ky = (2.41)

Ce-Ko

in which C; is the compression index (slope of the virgin cﬁfve)

and C is a constant given as follows,

2.x_°
l -
- 1+ K - : ’
c = .0 . (2.42)
2
Rf. (61—03) -
(01—03)f

3. For an e-log p' curve which is concave upward, typical

for sensitive clays, n is greater than one.
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V Unloading-Reloading

Determination of an unloading modulus value from the re-
bound curve of a consolidation test differs from the procedure

used for the primary loading modulus in the following ways :

l. The incremental change in lateral stress is not rela-
ted to incremental change in axial stress'by Ko, but by an
incremental coefficient of lateral earth pressure, Ko , which

is not equal to K,.

2. The values of Ko and KOA increase. with overconsolidation

ratio throughout unloading.

- 3. The unloading modulus value is independent of stress
level. The difference between the values of KOA and K, during
unloading is shown in Figure (2.14) which depicts typical
hypothetical results from a one dimensional compression test
for one loading and unloading cycle. The value of KoA is
represented at point A on the unioading curve, while the wvalue
of Kb is the slope of secant line to the same point. These
values are ﬁot equivalent since the unloading curve does not
extend on a straight line threﬁgh the origin. In this case,

the chanée in lateral stress is related to the change'in axial

stress by,
pox' = Kol. ap' (2.43)

Thus equation (2.35) for the increment, tangent modulus
from a consolidation test may be changed for the unloading

modulus to the following form:
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"Definition of Incremental Coefficient of Lateral Earth
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(After Brooker and Ireland,1965)
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2. (K1) 2

(2.44)
v (l+KOA)

Thekvalues of KoA and K, increase with increasing over-
iconsolidation ratio with the value of Kerreaehing about
‘ 1.0 and the value of Ky reaching about 1.8 at an‘overcon—
solidaiton ratio 16. When the value of K, becomes greater
than one, at-an overconsolidation ratie in the range of 3 to
6, ox becomes greater than p', and the principal stresses

become reoriented with cf equal to oé and og equai to p .

Although the value ef unloading modulus representing the
unloading-reloading hysteresis loop has been assumed to be
independent of stress level, the shape of the rekund curve

| actually varies somewhat. with stress level. By examining the
-behaviour of a ﬁriaxial specimen in which the stress level
is reduced while the confining pressure remains constant, as
shown by the hypothetical stress-strain curve in figure (2.15)

the reason for this variation is seen.

At the upper portion of the unloading stress-strain curve,
the tangent modulus, Ej, is eomewhat higher than the tangent
modulus at the lower portion of the curve, E3; In a’consoli-
dation test, the higher value of modulus, similiar to E1, is
determined-from the initial portions of the rebound curve,
whereiwé is the highest, and the lower value of modulus,
siﬁilar to E3, is determined at»the other end of the rebound
curve where o; is lowest,yThus, a variation of Eyry with 03r

. : 1
determined in this manner will exagerrate the effect of o3 on

Eur .
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It can be seen from figure (2.15) that a good approxi-
mation to.the unloading modulus is represented by the deuius
- value, Ep, which is determined at about the mid-point of the
unloading cycle. A modulus value at one-half of the unloading
.cycle, similiar to E;, may beldetérmined from the rebound
curve of an e-log p' piot by caiculating a tangent modulus
value using.équation (2.44) at a vertical pressure equal to
one-half of the original preconsolidation pressure. The vari-
ation of‘Eur with 03 is established by assuming that the ex-
ponent,n, from the primary ioading‘is the same as for unloading;,
as has been shown by Holubec (1968) and Chang (1969). fb comp-
lete the relationship between Eur‘and o3, equation(z.31)is solved
for Kyr, as follows
Eur/pa A ‘ B
Kuyr = : (2.45)
(—2" | o
Pa

Thus with the unloading modulus Valﬁe determined by this
procedure, the initial tangent modulus determined by equation
(2.36), the ¢z and c¢' values from the direct shear testé, and
the analytical.formulation of Duncan and Chang (1969), the
stress-strain response of a soil may be established«usihg-

consolidation and direct-shear test results.

Determination of Parameters from Triaxial Test Results.

To develop techniques for evaluating the parameters K,n,
Rf,c and @, and to evaluate the usefulness of Equation (2.30)

for representing nonlinear, stress-dependent soil behaviour,
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FIGURE(215)
~ Effect of Shape of Unloading Curve on langent
Modulus Values(After Chang,1969) '




66

a numberkéf tests have conducted on a uniform fine silica
’sand by Duncan and Chang(1970). The‘first of these tests were
standard drainea triaxial compreésion tests, which were used
to evaluate the parameters representing thevbehaviqur of the
.sand upon primary loading. Tests were also conducted to find
out the stress;strain‘behaviour of the sand during ﬁnloading

and_reloading.

The sand used in these expefiments is a uniform fine
silica sand with subangular to subrounded particles. Tests
were performed on specimens preparea at two differént initial
void ratios; Dense, e = 0.50, Dr=100%,which was the lowest
void ratio obtainable by vibration in a saturated‘staté; and
Loose, e = 0.67, Dr = 38%, which was the loosest condition.

-which can be easily prepared.

- In primary loading cése, two ééries of compfession tests
were conducted, on dense and loose specimens, at effective
confining - préssure 1 kg per sq cm, 3 kg per sqgq cm, énd 5 kg
per sq cm. The variations of stress diffrenece and volume
change with axial strain in these tests are shown in-Figure
" (2.16) and (2.17) hypotheticaly. It may be ﬁoted that the den-
se specimens dilatedbconsiderably during the test, whereas the
loose specimens compressed of dilated very little. The axial
strains at failure were 2% to 4% for the dense specimens and
12% to 16% for the loose spédimens. The strength parameters

determined from these tests were Cq=0,04q = 36.5° for the dense

i
/

specimens, and Cd=0,¢a=30.4° for the loose specimens.

The stress-strain data for the dense specimen tested at 5

kg per sq cm have been replotted on transformed axes in figure .
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(2.18 ab) for the purpose of determining the values of E;

and (01-03)y1¢. It may be noted that ‘data diverge somewhat
'from a linear rélatiOnship at both low-and high values of
strain, indicating that the stress-strain curve for'thié test
;s not precisely hyperbolic in form. Howevér, a hyperbola may
be fitted to thesé data at the origin [(01-03)=0, e = O] and
at two other points. To reduce the degree of subjectivity in
this procedure, it was found to be desirable to be consistent
.with respeét to the values of stress level, at which the
hyperbolae fits the stress-strain curve. By repeated trials, -
Duncan and Chang have found that the best choices for overall
agreement were S = 0.70 and S = 0;95, or 70% and 95% strength
mobil;zéd. This procedure has been found to suit well for a

variety of other soils.

The stress-strain data for the loose specimen tested at 5
ké per sq cm haslbeen plotted 6n transformed axesbin figure
('2;19). It may be noted that these data diverge from a linear
relationship also, but in the opposite way  from the dense/;and.
The relationships depicted'in Figure (2.18a) and (2.18b) have
been found to be holdlin.general.,The transformed stress-strain
data for dense séécimens,generally lie above the bet fit line
at small values of strain, while ﬁhe aata for loose specimens
generaliy 1ievbelow the best fit straight line. However, it has
been found in every case to be possible to approach the actual

stress-strain curve by hyperbolae to a reasonable degree of
‘accuracy.

The values of (o7 -o3)ylt shown in figure (2.18a) and

(2.18b) are somewhat larger than the values of stress difference
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~

at failurevin these same tests. The values of Rg, which are

a measure of this difference, were found to be O.Qli 0.03 fbr
the dense sand, -and 0.90+ 0.05 for the loose sand. The values
of'Ei determined for six tests have beenvplotted against the
'corresponding values oﬁ ¢3 in figure (2.19), for the purpose -
of determining the values of X and n. Linear interpretations
of these data arevshown in Figure (2.19). The straight lines
shown correspénd to K¥2000,;n=0;54 for the densé sand, and

K=295, n=0.65 for the loose sand.

In loading-reloading case, Davis and Poulos, ﬁakhlouf and -
SteWard, Karst, Ko and Séott, and Holubec have shown that soil
is an elasto-plastic material, namely strains occured during
primary loading are partially recoverable upon unloading, and
when reloaded it behaves nearly elastically. To see this’behaf
viour of the silica sand described herein, additional tests
were conducted in which specimens were subjected to one or more

cycles of unloading and reloading.

The results of one of these tests on dense sand is shown
in figure (2.20) schematically. It may be noted that for é;cles
of unloadihg and reloading the sand has a small amount-of
hysteresis, but isAvefy neafly linear and elastic. Fufthermore,
bthe modulus values for both cycles ofiunlOading—reloadiné are
the same, even they occur at different strains and stress levels.
Tests conducted on loose specimens of this sand gave similiar
fesﬁlts, and similiar behaviour has been found to be characte-
ristic of other soils by Ko ond Scott. On the basis of these

observations it seems reasonable to believe that the stress-

strain behaviour of soils on unloading and reloading may be
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approximgted with a high degree of accuracy as being linear
and elastic. Because this 1inear‘behaviour is independent of
the vaule of stress difference, the representative modulus
_valﬁe is depengent only updn the confining préssure,0’3. There-
fore, the unloading-reloading modulus value, Eyr, can be'fér—
mulated as in equation (2.315. The value of Kyr for unloading-
_reloading, however, is higher than for primary loading. For

the slica sand in a dense condition Kyur was found to be 2120,

and for the Loase condition 1090.
2.6 LOAD-DEFORMATION BEHAVIOUR OF INTERFACE

-The finite element analyses is based.upon the nodal point
displacement compatibility, and do not permit for relative
movements between adjacent element, even ﬁhey are dissimiliar.

. Due to this fact, anvelement which.provides relative.movements
is necessary. Since, soil in most' of thé problems is in con-
tact with other kinds of materials, Goodman, et al., (1968) |
developed a one-dimensional element capable of undergoing/}ela—
tive displacements which connected the adjacent two-dimensional
elementé along the entire boundary>between the elements.(Fig.
2.21) In order to calculate both.normél and shear stiffnesses,
it was assumed that both normal and shear displacements vary.
linearly along the external boundary of the elements and in-
terface element haé'zero thickness. This kind of displacement
variation is suitable with the linear strain triangle used

in the program.

The interface element has two kinds of stiffness; normal,
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kn, and shear, kg, stiffnesses. They are related to the
corresponding normal stress, op, and shearing stress, t, acting
on the element respectively. The relationship between stiff-

nesses and sp;esses are given by the followihg equations.

kn. Ay . - (2.46)

—
1l

ks. Ag - (2.47)

in which A, is the average relative normal displacement across
the element and Ag is the average relative shear displacement -
along the element. The units of op and t are force/length2 and

units of kp and kg are force/length3.

Possible modes of behaviour of interface element isvgiven
in figure (2.22). It can be readily,visualized that comﬁined :
mode and the compressional mode, the adjacent two dimensional
" elements overlap. This condition occurs due to the fact that
compressive stresses require compressive relative displacemeht
écross the interface. This kind of behaviour is minimized)?y
using very large normai stiffness which prevehts normal disp-

lacement of the element considerably.

The mode of behaviour of the interface element of primary
intérest is the shearing behavioﬁf. The amount of the relative
shear displacement and shear stress that develops on an inter-
face element depends uponthe shearing stiffness, ks.‘For the
cases where new layer of soil, such as backfill, is placed,
"liquid" condition is assumed. In this casec interface is con-

sidered as a frictionless element by assigning a very small
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shearing stiffness. However,. afterWards, when-the properties
of the two-dimensional soil element are modified to reflecﬁ
their behaviqur du:ing placement of éubsequent layers, the
properties of the interface elements are also modified to

reflect to appropriate stress-displacement characteristics of

the interface.

The properties of interface elements can be found in
laboratory by conductingAinterface tests for the sand. A
section through the shear box with the specimen in place is

shown in figure (2.23).

Because the results of the interface tests showed that the
relationship betwéen the shear—stress and relative displaéement
on the interface was non-linear in form and.dependent upon the
normal stress on thé intefface,on analytical'éimulation of
this behaviour was‘réalized using hyperbolic form as in the
case df stress-strain behaviour of.soils. Terminology to be
used in a hyperbolic formulation of this type are‘shown_sche—
matically on the sheaf stress-relative displacement curve inb

e

Figure (2.24).

»For a hyperbolic shearing stress versus relative displa-
cement curve, the following equation represents the relation-
ship, |

As ~
T = o (2.48)

a + b. Ag

‘where "a" and "b" are constants depending/upon'the roughness
characteristics of the interface and the value of normal

stress. Equation (2.48) may be rearranged into a linear form
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Asymptote= T,

Shear Stress, T

Relative Displacement, Ng

 FIGURE(224)
‘Hyperbolic Representation of the Variation of Shear Stress
with Relative Displacement(After Clough and Duncan,1969)
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as follows

=a +b.Ag ©(2.49)
T .

By plottingltest data in the form of equation (2.49), the
data should describe a straight line if the relationship is
appropriately described by the hyperbolic fofm. The transfor-
med linear hyperbolic plots is shbwn in Figure.:(2.25) As men-
tioned previously in the description of hyperbolic Stress—
strain relationship, it was found suitable to detérmine the
straight lines by connecting the points dn the curves corres-

ponding to 70% and 95% of shear-resistance mobilized.

The constant "a" in equation (2.48) may be shown to be

related to the initial tangent stiffqess by the following

equation,
a=—2— (2.50)
ksi
And by rearranging equation (2.48) into the form, P
b=+ - 2 - | © (2.51)

It may be noted that.As‘becomes very large when t approaches

' to its asymptotic valee,Tylt. Therefore,

b = — « ‘ (2.52)
Tult )

The relationships expressed by equation (2.50) and

equation (2.52) may be used to determine ksj and ty3+ from
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the transformed linear hyperbolic plots in figure (2.26),by

evaluaﬁiﬁg "a" and "b"

The tengent shear- stlffness at any p01nt on the hyper-

bOllC curve may be found from equation (2 49) by determlnlng

- the slope,

~dAg (a+b.as)2

kst (2.53)

An expression for. Ag can be written from equation (2.48)

a.rt A
Ag = ——r - | (2.54)
1-b.rt )

Plugging the values of "a" equation (2.50) and "b" equation

(2.52) for Ag,

T . :
ag = —2it . (2.55)

kSi (Tult- T)

The ﬁalués of "a", "b", "ag" from equations (2.50)(@.52),
and (2.55), respectively, can be substituted into equation
(2.53),fo£ the tangent shear_stiffness,'thé succéding equation '
is found,

| o
kst = kgi. (1 - —)%

Tult

(2.56)

Since the value of Tult overestimateg the actual shear
stress at failure, t¢, the ratio between those values is

introduced, Rf. Then equation (2.56) is rewritten,
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Rf.-[ .
= . 2 .
Fog THst v (- —" (2.57)

The value of t¢ can be obtained from figure (2.24b) .Since
£ is related to the normal stress on the interface, o, (equ-

‘ation 2.58), the following equation is obtained,

Tf = g,. tand (2.58)
‘ " Re.T > .
ket = kgy. (1 - £ )2 (2.59)
on.tanﬁ .- .

The values of "kgi" determined from figure (2.25) are
plotted against "oﬁ" on log-lcg scales in figure (2.26) where
ksi. changes exponentially with "oy" résulting in a relationship

between "kgi" and "n" of the form,

N 0 . : N
- n_\n ;
= Kj'Yw (—Eg—) {2.60)

ksi

in which “Kj“ and "n" are experimentally determined -
constants and y, is the unit weight of water.

Byrsubstituting eqﬁation (2.60) for kgi into equation

(2.59) for kst,

g ‘ R - ‘1'.' ,
£ 2 .
kgt = Koy (—) 7. (1= ———) (2.61)
Pa cn.tan

Equation (2.61) represents a simplified, practical rela-
tionship which describes the nonlinear, stress dependent,
stress-displacement behaviour of an interface primarily bet-

ween sand and concrete. Total stress notation is used
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throughout in this derivation, but if the interface is under

water, then o, should replace o¢_ in equation (2.58)

n
The interface element formulation of Goodman, et al.,
(1968) was used in the incremental finite element program with
.the hyperbolic shear stress-relative displacement relationship.
Because the hyperbolic relationship is stress-dependent, the
shear stiffness is evaluated for each increment at the same

time modulus values are calculated for the two-dimensional

elements.

2.7 SUMMARY

Techniques have-beeh summarized for finitelelemenﬁ analy-
ses of following types of‘incremental loading. For ..@zxcavation,
a method was introduced for’elements of arbitrary shape by
reversing the initial stresse$ on the excavatidn boundafy.

An interpolation formula was developed to determine the
bouﬁdary stresses to a high degrée of accuracy. The distri-
buted lqading due to water pressure changes in pervious soils
could be simulated by a technique which was a special case of
the excavation bounday loading. Changes of.water pressures
around the boundaries of elements was also considered. Techni-
ques for placement of concrete and backfill and temperature

effects were summarized.

The formulation of the stress-strain behaviour of a soil
developed by Duncan and Chang(1969) was presented in detail.
The principal factors included»in«the formulation are the

effects of stress dependency., non lineartyAand inelasticity.



36
A procedure for determining primary loading and unloading
modulus values from consolidation test results was also
shown.
At the end of the chapter, the behavioﬁr andiformul-
ation of interface elements which ié used between the

structural material and soil elements was presented.
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IT11. APPLICATION OF SOIL-STRUCT

3.1 INTRODUCTION

In order td show the\effectiveness an@ applicability
of.program—SOIL-STRUCT, a number of éases ;k analyzed.
From the results of those analees, the. program SOIL-
STRUCT is found to be effective and versatile computer
program as long as it goes toéether with detailed in-
vestigation of parameters both in laboratory and in
site. In laboratory,'triaxial'test, shear-box and one-
dimnsional consolidation test reéults'can be employed
by utilizing the procedures developed by Duncan and

Chang (1969).
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3.2 EMBANKMENT PROBLEM

In order to show the importanée of non-linear ﬁaﬁerial
behavior and incremental donstruction with respect to gravity
- turn-on analyses, an embankment problem is analyzed and
'results are given in table 3.2 to 3.4. In those tables results
are compared with elastic solutions. Attention is given to the
vertical and horizontal components of stresses and the shear-
stresses developed in the medium under the weight of the em-
bankment. Reéﬁlts are given at the centerline and the tbe‘of
embankment in a vertical line. Also, the base pressures undef-
neath the embankment with correSpdnding elastic solutions are
given. Since the elastic solutions are valid for instantaneous
loading and elastic'maté;ial, the cdmpariéon can be made bet-
ween conventional techniques and the incremental finite element

analyses.

Table 3.1 Material Properties. of Embankment Prcblem

Materiai.. v |v Y(t/m?) R.F éb #(°){_ n |IDRAIN| K, Khr_c(t/mz)‘EuIé(t/mz{ ol

ult L
Sand 03 (0.45| 1.75 10.90(0.45| 40.]0.50}. 1 [580. |860. 0 . 15000,
-(Foundation) N
Clay

) ) .85]0.30( 30.0.8 1 2 00.
(Embankment) | [0-45| 2-00 [0.85]0.30| 30 s| 1 |80 |200] 2 7000

The material properties used throughout this embankment problem
are given in table 3.1. The mesh which'ig designed to simulate

the embankment loading is given,in figure 3.1
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In this problem elaétic solutions were obtained by_Perloff
(1967) . During the derivation of elastic solﬁtions,‘the weight
of the embankment is assumed to be primary importance. Later
these solutions were revised by Verrujit (1969). In eiastic

-solutions, oy is independént of Poisson's ratio while oy, is
4dependent. Furthermore, the loading of embankment weight is

instantaneous.

'Accoraing to solutions for vertical stress, the‘effect
of facremental construction is seen in the lower portion of
mesh at the center of embankment.(table 3.2). 'On the other
‘hand, at the ‘toe = of embankment, the.effect of incremental
coﬁstruction is large throughout the medium. The large
differences are associated with the nature of non-linear
anilyses and the variety of parameters used in the program.
Since élastic théory uses only two parameters, unit weight,
poissbn's ratio, but non-linear analyses employ much more para-
meters for embankment problems. The effect of incremental
construction is larger for horizonta; stresses, as seem in
table (3.3). For shear stresses at the centerline, elastic
theory comply with incremehtal analyses. The differences are
due to numeric calculation during the execution of the progéam.
At the toe of embankment, relatively small differences exist

in the upper portion, but differences are still large in the

lower portion. (see table 3.4)

The only well-cbrréépondence is obtained for the base
')
pressures underneath the embankment(figure 3 .2). In general,
the highest difference is seen for node 99. which is about

10%. On the other hand, the rest are below 2%.



TABLE(3.2) o} Stresses In The Medium Under The Embankment

| , .
FAT THE CENTERLINE OF EMBANKMENT

AT THE TOE OF EMBANKMENT
DEPTH pOINT |FINAL INITIAL THE ELASTIC fI po;nT [FINAL.  [INITIAL THE ELASTIC
STRESS |STRESS  IDIFFERENCE|THEORY STRESS |STRESS  [DIFFERENCE| THEORY
t/m2 t/m2 t/im2 t/m?2 | tIm?2 t/m?2 t/m?2 t/m2
11875 A | 15640 6144 9496 82 " H 8342 5799 2543 09
10625 B 17225 8255 | 8970 80 1 11419 8326 3093 10
9375 C 18970 10506 8464 70 K 13750 10.352 " 3398 20
8125 || D 20645 12658 7987 6.2 L 16395 12.647 3748 22
6.25 E 23340 15950 7390 54 M 19.990 15902 4008 25
375 F 27070 20314 6756 42 N 24505 20312 4,293 28
125 G 30970 | 24692 6278 35 0 29175 24668 4507 30

T6




TABLE(3.3) 0y Stresses In The Medium Under The Embankment‘

AT THE CENTERLINE OF EMBANKMENT

AT THE TOE OF EMBANKMENT

DERTH l|PoInT |E1RESS  |SYReSS birremencd Theomy. [|POINT |S1REss  |SYAZSS"  brreRence| THEORY
t/m2 t/m2 t/m2 t/im2 t/m2 tim2 [ tim2 t/im2
11870 6111 2765 3346 .| 10 H 6007 2610 3397 25
10625 || B 6999 3724 3275 | o8 1| 7367 3747 3620 20
0375 c 7844 4728 3116 | 00 kK | s3ss 4658 3730 16
g5 || o 8623 5696 2027 | 02 || L 9462 5703 3759 12
625 E 9953 7177 2776 | -03 M 1175 7156 | 4019 08
375 F 12040 9141 2899 | -04 N 12710 9141 3569 05
125 G Wi | 1112 3528 | -04 0 14370 1100 3270 | 04

Z6
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To sum up, the incementel'construction yields relaﬁively
different results with respect to elastiq analyses due to.
inelasticity and stress dependency -approach. This is due to
the fact that incremental analyses needs many‘parameters with
respec;;to elastic analyses in which only two parameters are
used to calcqlate stresses, polsson's raEio and unit weight

of soil.

3.3 COﬁCENTRATED LOAD PROBLEM‘

As another example-showingrthe dependabilityvof SOIL-
STRUCT according to elasticity theory solutions, a simple case
is analyzed. The material is assumed to be sand with a 5 ton
single force,acﬁing at the surface. This problem cohsists of
one-étep incrementai analyses. The material properties'are
given in table (3.5), for purposes of showing the pattern of
the distribution 6f'shear—stresses, the shear-stress contoursa
are also plotted in figure (3.4). The results of the problem

is tabulated in tablef(3.6).

In the mesh used, the elements are chosen coarse. But to
converge the actual values, at the tip of the load,_relatively

finer elements should te chosen.

The solutions of the analyses indicate that satisfactory
results one obtained at element 6 due to the distance far
enough from tﬁé point of application of load. At element 5,
convergent values are obtained except Eh?fshear stress value.
This is due to the boundaryzconditioh chosen at the lower

boundary where restrain in x-direction does not exist.
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TABLE(3.6) Stresses DueTo Concentrated Load

EL—EMENT HEIGHT [DISTANCH STRESS |INITIAL STRESS | FINAL STRESS  [THE DIFFERENCE |ELASTIC THEORY
o 4650 4955 0305 00247
8 1750 | 15 - 3360 3505 0145 0101
“Buy 0000 0.121 0.121 0050
. oy 13950 14.200 0.250 0198
7 1250 | 15 P 10080 10130 0.050 0086
By 0000 0102 0102 - 0131
| o 23250 23450 0.200 0208
6 | 750 | 15 or 16.800 16830 0030 0.033
| Try 0000 0057 0057 0.053
o 32550 32730 0.180 0.175
5 250 | 15 a5 23520 23,550 0030 0024
€, 0000 0018 0.018 0.049

L6
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At the upper elementé, sucﬁ as eiement 7 and 8 1 Oy
streéseé are diverged, since finer element is to be used
near stress concentration regions. More convergent results
can be obtained with much finer elemets. Hefe also,cfxy
stresses differs in great amount.: This can be attributea to
the same reason:.as we%l.'In general SOIL-STRUCT gives reason-
able results relating to elastic solutions eveh'employing very
coarse elements. Then, it can be inferred that SOIL—STRUCT'can.
be employed in the solution of elastic problems, by choosing

correct parameters involved in non-linear analyses.

' Table (3.5) Material Properties of Concentrated Load Problem

3 - '
ateriall v |v .. |y(t/m )| R.F| K5, |#(°)] n [IDRAIN | K_ |K

2 2 )
ult c(t/m’) Eult(t/m ) afl/

and 0.35|0.49| 1.86 |0.65]040 | 40 [043| o 1000.11200. 0 3000. 0

3.4 SEEPAGE THROUGH EMBANKMENT

~ In order to show the usage and the interpretations of the
results of seepage-option of.SOIL-STRUCT, a sample problem is
chosen to’simulate ‘the behaviourlof'an embankment. in which the
watef level is assumed to be lowered 2 meters. For seepage oé-
tion, the necessary data is given both Qhen defining the nodal
points and the new level of phréatic line. In nodal point cards,
the pore pressufes must be given for every nodes by calculating
from Bernoulli equation in head of Water. If the boundaries of
flow lines are not known, such as phreatic line of embankment

problem, the boundaries must be determined. In the example,



levels, are obtained utilizing the sine method. Afterwards,

flow lines with corresponding equipotential lines are drawn,

then the pore pressures necessary to be indicated in nodal

points cards, are calculated. The mesh used and future and

present levels of phreatic lines are shown in figure (3.5).

The material properties are tabulated in table (3.7). The
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here, the seepage-phreatic lines, both for present and future

results of this problem are shown in figure (3.6)-(3.7)-(3.8).

Table (3.7) Material Properties for Seepage Problem

laterial
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The procedure is summarized below,

1. Determine the boundaries of the seepage field. If

unknown boundary, such as seepage-phreatic line, exists, es-

tablish the boundary by appropriate technique.

2. Draw equipotential lines and flow lines using flow-"—

net technique.

3. Utilizing Bernoulli equation, find pore pressures in

head of water.

4. Step 1 through 3 should be repeated for the new-water

level, or the coordinates of seepage phréatic-line should be

presented in seepage option.

7

As can be seen from figure (3.7), at the upstream face
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oftheembankment_many elements fail. From the elastic solution
given by Clough and Woodward (1967), it is known that‘thé most-
critical parté of embankments are their slopes if water aoes’
not exist. When the water pressure and the seepage flow occurﬁ,
the upstream face become much more critical. This is true in
terms of stress level, vertical, horizontal and shear stresses.
In fact, like stress-level,shear stress and gradients ofkshear—'
stresses have higher values in those regions (figure 3.8). On

‘ the other hand, stress levels are also concentrated at the
base of embankment but they do not have ciriticaIIGAlues{
Accordingly, it can be inferred that stress levels are ciritical
at the upstream face where pore pressures are high énd, less

importantly, at the base of embankment.

in figure_13.6), the contours Qf major principal stress
are depicted. From this figurq, the maximum valueé of major
‘principal'stresses and maximﬁm gradient of major principal
stresses are seen at the lower-portion of the embankment. This
may be related to the gravityvturn—on type of analyses assumed
in the problem where gravity loads increase with ﬁhe,depth of
the embankment. Therefore, in embankment problems,,instead qf
using gravity turn-on analyses or instantaneous loading , in=-
cremental construction procedufes, ﬁameiy layered system, should
be employed to show the shape of contours of major principal

stress in a more correct way.

The shear-stresses are critical at the upsteam-face of the
) )
embankment where the stress levels are high. In general, the
' shear-stresses have higher values in those regions where pore

pressure has considerable magnitude. The effect of pore pressure
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can also be seen at the down-stream face of the éﬁbankment; In
this>region, the contours of shedr-stresses are following the
path of seepage-phreaticvline. At‘the exit point, all contouré
are concentrated. Thus, it can be stated that the level and
variation of phreatic line influence the magnitude and gradient
bf sheér strésses importantly. To sﬁm up, shear stresses, de-
veloped within the embankment, have higher values where pore
pressures are effective and the upstream and dowhégfeam faces -

’

of embankment.

Dufing the investigation of stress-levels, it is seen that.
two meter lowering of water level elevation at the upstream
face of embankment céuseé up to 5% increment in stressrlevels.
Also, it~is'found-that it causes'up to 11 cm. horizontal move-
ments at the top of embankmeﬁt and 3 cm. downward movement at
the'point where-iniﬁial level of water touches the upstream
face. Those relative movements may get much higher and critical
values when the level of waﬁer is completely dropped. Then,
this kind of behaviour éhould be qonSidered in the designrin

terms of displacements.
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3.5 Summary

In this chapter, the utilities provided by computer-
program SOIL-STRUCT are tested. Classic types of soil mec-
hanics problems aré chosen and thé results are compared wiﬁh
theelastic theory. The problems employed in this chapter are
concentrated lOad.onveiastic medium, embankment loading andA‘
seepage analysis. The results obtained during this study, |
in genefal, cémpare well wi£h the thedretical solutions.
Thus, tHe problemsbof soil mechanics even if including véry
comple% geometries and loading conditions.with diverée mate-
rial properties‘can be solved efficiently by incremental fi-

nite element technique. .
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IV. SUPPORTED EXCAVATION IN CLAY

4.1 Introduction

besign of a temporary braced excavation in an urban
area requires a knowledge of the movements expected to be _
caused by the excavation in surrounding street and building
‘areas. Traditionally, prediction of movements,in’such cases
has béen made purely on the basis of experience. Hdwever,
the finite element method now provides a tool which has the
capabilities to allow analytiéél moﬁement predictions to be
made. Unfortunately, the state of the art in this area is
not Qell-established{ and to the uninitiatéd engineer the
available ﬁterature often is conflicted and confusing as
to how such an analysis should be performed and whether or

not it will provide reliable information.

On the analytiéal side, the interested engineer will
- £find a number of different methoas used to simulate exca-
vation effects and various constitutive models‘eméloyed to
simulate soil behiaviour. The quéstion of howmuch the di-
fferent solution techniques affect the predicted behaviour

has not been answered. On the practical side, the éngineer
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will find authorities often pointing out that analytical
predictions of behaviour of temporary excavations are sub-

ject to distrust because,

. soil-strength and deformation parameters are difficult
to reliably define, and, .
. construction sequence, which affects behaviour signi-

ficantly, is often subject to change during construct-

ion, after analysis is usually complete.

.Thus; on the basis of both analytical and practical con-
siderations, questions can be raiséd'as to how.thévélnite
element method should be.applied to temporary excavations
and how reliable the predicted reéults are. It is the pﬁr-
pose of this chapter to deal with these questions and to pro-

vide a way which gives thé'éonsistent’and feliable usage of
the finite element method in analysis of temporary excavations.
In oxrder to éhow the application of finite element method in
supported e#cavations, a real p;oject, Braced Excavation Sys-—

tem of Istanbul Metro. Construction, is studied and the results

are presented in following pages.

4.2 Project Descriptions

The purpose of this study is to predict the movements
of supported retaining wall structure and the performance of
surrounding soil using Finite Element Method within the fra-
mework of a consulting project of Istanbul\Metro System be-

J

ing cbnstructéd by cut and cover technique. The computer
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program SOIL*STRUCT,.capable of making incremental finite
element analysis, was deyeloped by Cloung and Duncan(1969),
This program isvadapted to CDC Cybér 170/815 system at Com-
puter Center, Bogazici University, Istanbul during this
study. Program listing and User's manual are. given in Appen-
dix. The principal advapfages of incremental finite element
analysis are that the soil and the structure can bé consi-
deréd-interactively and both design loads ahd expected -
displacements are studied. Thus, it is possible to compare
various system designs for minimizing displacements- within ~
an anaiytical rather than empirical framework. The finite
element type employed to represent the soil and wall materi-
als is an isoparametric Iinear strain quadrilateral de&elop-
ed by Doherty (1969). This element ié particularly accurate
in simulating bending behaviour for sﬁructurai elements. In
an incremental finité element'analysis, strength and modu-
lus values for eachlelement in the finite element mesh are
Eo be adjusted at each stage of construction so as.to acco-

unt for nonlinearity and stress-reorientation.

The: zoné of construction consists of two types of different
soils. An artificial fill is underlain by fully-saturated
homogeneous clay stratum. The material properties of those

1

soils are given in Table (4.1).



110

TABLE 4.1 Material Properties of the Supported Excavation

Prbblem

Eult

; R '
g . ol
Material || V| V [tt/mh| Ry | Ko (1 |0 | Km | Kur [afdlare) iy agy| IDRAIN

steet [los|o2s| &« | o | o |0 o ool o] o hsadl i

Clay 0£5]0.35| 2. | 075} 03] O. | 0.7 {200.]250.| 15. | 0. [hoo0o) O

Artificial .
Fill ~'\).l.“.i 0.35 1.8§ 075 05 30.]0.7 | 300./c00.| O. 0. 50, 1

The Metro Syétem requires excavations up to 9.5 meter-
depth through artifical £i1l into_?he clay—subétra£um. The
excavation is fullfilled in twoslayers. Construction sequences
are shown in figure (4.1). As’can be seen from this figure,
7—step-incremental anélysis.is’employed. These steps are

summarized below.

- 1. Surcharge Loading

At the upper part of the finite element meSh; surcharge

load of L ton per square meter is applied.

2. Pile Installation

A Sheet Pile, which is 12 me£er—long and 10 centimeter-
thick, is driven into the>soil so as' to start the excavation
and strut installation. The embedment,depth and the thickness
of wall are selected on the basis of init;al static calcula-.
.tions. Wali thickness is selected«éssuming 1 meter-long planar
element which has the same moment of iﬁertia with the original

‘sheet-pile obtained from statics.
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3. Excavation

First layer of excavation is performed up to 5 meter-
depth at the center, 3 meter-depth at the‘edgeé of excava-
tion. For the ease of performance of machinery a trench is

left with a slope of 3 vertical on 2 horizontal.

4, Strut Loading

= ... Some portionof final strut load is applied to the sheet
pile wall at 0.9 meter-depth. Final strut load is computed ..

from initial static calculations.

5. Excavation

Second layer of excavation is depened into 9.5 meter.

" This final excavation has flat base-surface.

6. Strut Loading

The rest of total strut load is acted at 0.9 meter-

depth due’to‘the increased depth of excavation.

7. Boundary Pressure Loading

Iﬁ order to take into account the groundwater behind
the wall, boundary pressure 1oadin§ coming from lateral pres-
suré of ground water is applied at the middle part of sheet
pilé. | |

After deciding the construction sequences, the finite
- element mesh is desiéned, with 408 elements and 448 nodes.

The selected finite element mesh is shown in figure (4.2).
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65 interface elements are used in the analysis to simulate

the interaction between soil and structural elements.

In thiéranalysis, the lowermost hdrizontal boundary

is assumed to be fixed against both horizontal and verti-
cal movements due to the assﬁmption that stiff substratum
.is reached. Beside this, left and right vertical boundaries
are selected to be fixed against horizontal movements aﬁd
allo&éd free against vertical movements. Rightmost vertical
boundary is located faf enough from excavation zone so as_
not to influence movement pattern. The utilized sygfem

properties are summed up in Table (4.2)

114
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TABLE 4.2 System Properties of the Supported Excavation

EXCAVATION GEOMETRY
The width of Excavation,m. 12.00
Eimal dcpthl of Ekc#vation.m. 9.50
Initial depth of Excavation,m. 3.00
Number o* Excavation Layers '2
The depth of Strut,m. - : 0.90 -
Spacing between Struts,m. L.00
Section modulus of Sheetpiles,cn? 1600.00
FINITE ELEMENT MESH
Number of Nodal Points LL8
Number of Elementslincluding ‘imcrface elements) 408
Number of Interface Elcmcnlsy | 65
. Numbel of Material Types 3

The plan view of sheet piling and bracing-system is depicted

in figure (4.3).
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4.3 Evaluations of the Results.

The evaluations of the results obtained from finite ele-
ment analysis of braced-excavation will be considered interms
of the three criteria. Thesé are stresé levels mobilized wit-
hin the soil media, passive andiacﬁive earth pressures acting

on the sheet-pile wall and the displacements of sheet-pile
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wall system and the top of artificial £ill. Furthermore, the

‘difference in displacements of wall system will be thought
before the strut loading at lst level of excavation and after

the 2nd level of excavation.

Stress Levels

\

The most éritical ‘part’ of “soilzmediainterms Gf svtress levels,
is the excavation base wﬂich is shown in figure (4.1l). In
‘generél; in most of the soil-structure interaction problemé
including excavations, this zbne yields stress-levels just
above'lﬁd%. That is because, unloading of the area causes the
soil to swell, as well as the stress difference between minor
and major principal stfesses to increase. The increase in
deviatoric stress leads to the increase in'stress-levels.
Beside this, those regions where horizontal and vertical bo-
undaries coincide as junctions éreate stress-concentrations.
All of:above mentioned pointscause the soil excavation base
to fail. | |

Another critical region develops at the behind” of wall
where maximum lateral aisplacement of sheét pile occurs. This

critical zone extends as it goes away from the sheet pile
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system, as shown in figure (4.4). This zone is completely
failed. The reason for this is that the largest lateral.
displacement of sheet-piling whicﬁ is on’the order of 2.5
centimeter occurs in this region. Moreover, the artificial
fill does not move as much as the sheet-pile wall which le-
ads to the failure of backfill. In other regions of theifie
nite element mesh, stress levels are generally below %50

that is assumed to be normally accepted state of stress in
non-failed soils. Thus, the stress-levels aré in good aggre- .
ment with predicted results and the soil can support the lo-
ads on and around the system. The movement of artificial fill
can be prevented by the strut installaﬁion which exerts comp-

ression load on the backfill.

Lateral Earth Pressures

The lateral eafth pressurés acting on the sheet—pile
wall are depicted in fiqgure (4.5). The values of latefal
earth pressures are obtained from the normal stresses deve-
loped witﬁin the interface elements. As can be seen from the
general trend of active earth pressures, relatively higher
active pressures can be obtained at the upper part of sheet ~
pile wall where the strut ioading is performed. Naturally,
,thié result can be expected. From this zone to the final
level of excavation, earth pressures are decreased a little,
due to the fact that sheet pile wall displaces laterally much
more than the surrounding soil. In other wprds,’the soil can
.ﬁot have a chance to exert highef,pressures to the sheetpi-

ling. In this zone, earth}preSsures drop below the original
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at rest pressures but do not fully reach active earth pres-
sures. This is consistent with the fact that, although lar-
ge percentages of the strength of the soils are in some
instances mobilized, féw eléments just behind” the wall ac-.
tually fail and thereby develop active pressures. Full mobi-
lization of active pressures will, infact; lead to excessive
deformations in a braced system. This kind of behaviour can
also be attributed to the flexibility of wall and the fixing
of the lower part of sheet-pile. The latter feasons cause
the sheetpile wall to displace easily with respect to surro-
unding soil, then the soil can not exert higher pressureé.
After getting into the'clay,strafum, active eartpressures
increase again due to the small displacemént and fixing of
~lower part of sheet—pile; One important point to be stated
~is that the compression values is given ih the clay are pre-

sented interms of effective pressures.

on the passive side.Qf'sheet piling, the earth pressures
resemble to the generally predictea results in case of flex-
ibie walls. Consequently, lateral earth pressureé obtained
from the finite element anaiyéis compare well with assumed
pressures in the initial static calculations. But, fhe strut
load of 12 tons found from statics is decreased to 9 tons due
to the flexibility of wall and non-mobilized active pressures

to get reasonable displacement pattern of sheet-pile wall.
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Displacements

In figure (4.6), the dispiacement values around the
excavation system are shown. At the top of artificial-fill
the vertical displacements increaseS‘along the surcharge
region gradually, but after the eurcharge effect is disap-
peared, displacements decreases reaching an asymptotic va-
lue. This kind of behaviour is expected, since the effect
of exeavation decreases as theddistance from the sheet-pile
system increases. The general profile of deflections is qu-

ite similar to the other projects and observed behaviours.

Lateral displacements of wall-system are eonsidered
interms of two aspects.'Firstly,‘the displacements after
l1st level of excavation and before strut loading are inves-
tigated. Here, the behaviour completely agrees well with
predicted, because the‘wall'mekesdits maximum displacement
at the top llke cantilever wall, which is about 0.5 centi-
meter. Secondly, the displacement after 2nd level of exca-
Vetion is detected so as to see the probable system movements
and if there exists any large deﬁlection within the excava¥
tien'system. After 2nd level of excavatien, maximum displajr
cement occure just above the baee.of excavation which is
about 2.5 centimeter. This emount of displacement can be con-
sidered reasonable considering the material.properries of
clayey substratum. In general, the displacement patterns
comply w1th the observed studles and flnlte element analysis

conducted by G W. Clough and others. In all the analyses of
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_practiée, the maximum displacement is obtained around the
~ base of excavation where yielding of passive zone soils
occur. Hence,'it can be statedvthat both the diéplacement
patterns and-displacement mégnitudes of sheétpile system
and that of top of artificial fill are in expected range

with suitable displacement pattern.

4.4 Summary and Conclusion

in this chapter, the finite element analysis of :.:raced
excavation within framework ofigroject!of Istanbul Metro System is
perférmed. The results are discussed intérms of stress le-
vels, developed active and passive pressures and system-
movements. It is shown that finite element modelling provi-
des a rational alternative to emérical means for prediction
of above-mentioned criterias. For stress levels, obtained
 results are in good agreemeﬁt with previously conducted
anélyses and behaviour of many projects. Earth pressures
are also acceptable for botﬁ active and passive cases. Uti-
lization of finite element_analysis aiso lead to accurate
and reliable predictions of the movements of excavation
system which are compatible with the béhaviour of observed
projects. This point can be coﬁsidered very encouraging ih
‘geftingg useful design information and accurate performan-

ce predictions for temporary excavations in clav. L

Based on the analysis presented herein, it is possible
/

to conclude that finite‘element modelling can be a useful
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and economic design tool. Its successful implementation
requirés reliable data relative not only to soil character-
istics but also to construction sequences. Finite element
mbdeling also serves as a natural supplemen£ to instrumen-
tation data. if the tools are used interactively, it is pos-
éible to adjust parameters based on behavioﬁr, during the
.early stages of construction and thus afford great economi-

es in a "design as you go" framework.



V. CONCLUSION

In this study, the computer program SOIL~STRUCT, deve-
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loped by_Clough and Duncan (1969), is shown to be applicable .

to different soil mechanics problems, especially to supported
excavation systems. This computér program uses incremental
finite element technique which takes into account both ir-
regular and complex geometries.and different construction
sequences assummipg nonlinear stress-dependent stress-straiﬁ
behaviour of soil.'The basic input is the definition of mesh
of problem chosen and material propertiés. The latter is the
most difficult part of data preparation, which are supplied
by utilizing shear-box tests, one-dimenisonal consolidation

tests dr triaxial tests. The test should be conducted in the

range of pressures anticipéted and under the drainage condi-i-

tions appropriate for the cases to be analyzed. In cases
where it is impfactical to conduct drained triaxial or plane-
strain tests on silty or clayey-soil due to their low-perme-
ability, it appears to feasible to determine the required
parameters from results of drained shearjtests or one-dimen-

sional consolidation tests.



The program SOIL-STRUCT is studied interms of two as-
pects in this thesis. Firts, general problems of soil mec-
hanics, such as loading on elastic media, embankment load-
ing and seepage through dam are discussed and presented
in Chapter (III). It is concluded that SOIL-STRUCT is an
efficient tool in the solution of soil mechanics problens.
Secondly, a real project, The Braced Excavation System of
Istanbul Metro, is chosen to show the validity of computer
prcgram in order .to predict the behaviouf of braced excava-
tions in clays. The results of this(analysis also indicate
that this program-canvbe utilized in the prediction of be-
haviour ofvbraced'system and surrounding soil as comparing

with the other studies and experience obtained so far.

The following results are obtalned from the application
of SOIL STRUCT to various practical problems of soil mecha-

nics realized in this thesis.

. For the solution of simple problems of which results
are available from the theory of elasticity, SOIL-STRUCT gi-
ves reascnable results where gravity loads are of primary
importance, such as the base pressiwres of embankments. Altho-
ugh, the shear-stress are not as similiar as vertical stres-
ses to the solutions of elastic\theory, they are still found
to be in an acceptable range. The differences may be attri-
buted to a very few number of parameter used in the deriva—
tion of elastic theory solutions to represent soil behavicur,
namely poisson's ratio and unit weight of soil, with respect

to non-linear incremental finite element analyses where 13

127
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parameters are defined for each single soil type. It should
also be noted that the comparisons can be made between elas-
tic solutions, where instantaneous loading is used, and inc-
remental analyses in order to see the effect‘of construction
sequences. |

. In the sample prbblem where the effect of single con-
centrated load is analyzed, it should be stated that stress
concentration regions occur where the behaviour of medium
can not be predicted. For this reason, the vicinities of
éingle loads, the vertical and horizontal boundaries of
excavations, and slopes should be facilitated with much fi-

ner elements.

. The program SOIL—STRUCT.can also be applied to the .
seepage problems where the flow of water is time—independént,
The input for seepage option is supplied by porepressures
of nodal points, and the water level changes represented
either by the definition of phreatic-line or the pore-pressures
developed forbthe changed level of watertable. It is found
that the change in watef level elevation is primarily impor-
tant for the shear stresses énd the displacements. Shear
stress are quite high at the regions where the water>leVel
change is high and at the exit points where the seepage phre-
atic line goes gut from embankment. At the exit points, the
contours of shear-stresses follow the seepage-phreatic line

inva close interval causing high stress gradients.

up
Another important phonemena which is inferred from

seepage anaiyses is the magnitudes of displacement. When the
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changes of water level elevation is high, the displacements
may get large values. Thus, the decrease and increase of |
water level elevation shduld be considered in design to
prevent large displacements. Large displacements of embank-
ments can be prevented using appropriate £ill material, with

suitable elastic properties.

. SOIL-STRUCT is also efficient in the solution of
excavation broblems, suqh as supported excavations. Since
the primary aim of this thesis is to apply SOIL-STRUCT to
supported excavation problems, a real project which is thei
bracing system of excavation of,Istanbul Metro, is‘taken,
then SOIL-STRUCT is applied to predict the system and sur-
rbunding soil-behaviour. In this study, soil properties‘and
construction sequences are estimated at first so as to appro-
ach reasonablé system behaviour as reported by other studies.
After initial analysis, material properties aré changed té
find out real material properties looking at system behaviour.
The changes of materialAproperties is repeatéd until accur-
ate system behaviour is obtained. The shear-strength and
] modulﬁs values forﬂsoftclays are difficult to define for.
finité element studies ingeneral. Because of difficulties
in Selecting soil paraﬁeters and anticipating construction
changes, the finite element analysis shogld be incorporated
into an observational proéedure which allowé for reanalysis
to be performed so as to accommodate better soil parameter
estimates and construction changes. Updated soil parameters
are best obtained by comparisons of early observed perfor-

mance and comparable finite element predictions. The behavi-
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~our ofrsoil is based on the nonlinear'elastic model. The non-
linear elastic model allows the soil modulus to be adjusted
consistently with the shear-stress levels in each element.
The form of the Stress—strdin curve is assumed to by hyper-
bolic up to failure where upon'the shear modulus is reduced

to near zero.

The problem analyzed is a braced, sheet-pile supported
excavation. The problems invol&ed‘in defining soil parameters
and constfuction sequence make "pure prediction".of the be-
haviour of temporary excavations by finite elemenf analysis
very difficult. In certain instances it may be possible,but
in general. this will not be the case. Fortunately,. there is
an apProach which obviates many of the questions shrouding

the "pure prediction" technique.

The results obtained,from the finite element analysis
of supported excavation problem of Istanbul Metro are evalu-
ated interms of three aspects; stress levels, earth pressures,

and displacements.

Stress ievelsbmobilized within the soil medium show
théf_the.base of excavation fails due to the éwelliﬁg of
soil and incfement in deviatoric ;tress ofter the ;emoval
of soil. Buththis kind of behaviour is predicted, since
most of the.finite element analysis conducted by many other
scientists have such base failures in clays.!: . Another
critical region is just behind the wall whére maximum displa-

cement of wall occurs. Inthe other regions of the finite
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element mésh,‘stress level are generally around 50% that is

mostly assumed as normally accepted magnitude in soil media.

Lateral eérthpressures acting on the sheet-pile are
investigated whether they comply with general pressure trends.
It should be stated that active pressures‘are higher than
Rankine's active pressures at the upper part of wall where
strut loading iS‘performed. Below the strut level, earth |
pressufes deérease due to the fact that sheetpile wall displa-
ces more than the artificial fill laterally. In the clay stra-
tum, active earth pressureé'increase’again. On the péssive
side of sheet-pile wall, earth pressure generally consistent

with predicted results.

DiSplacements of excavation system are generally within
.the acceptable and reasonéble magnitudes for both of displa-
cements of sheet pile wall and that of the top of artificial
fill. At the .top of backfill,Athe vertical displacements dec-
reases as the distance from the wall increases. LateralAdispla—
cements of sheet-pile wall has the maximum value just above
the base of excavation which is very sensible as compared
with the other studies done so far. In general, the trend
and the magnitﬁdes of displacements aggree well with thé

observed results and other finite element analyses.

As a result, the finite element analysis of supported
excavation of Istanbul Metro gives reasonable braced systenm
and soil medium behaviour. But, in order %o obtain exact
results, reanalysis should be conducted regarding to the

behaviour of excavation system. Thus, exact values of material



parameters which are very difficult to estimate at first.

attempt can be found. It can be said that SOIL-STRUCT can

be utilized in the prediction of supported excavation prob-

lem provided that analysis is cdnducted with pbservational
procedure. When property utilized, a fiﬁite element analysis
éan be expected to yield useful design information and ac-.
qurate performance predictions for temporary excavations in

soft clay. -
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USER's MANUAL FOR PROGRAM, SOIL-STRUCT
INPUT DATA SEQUENCE

I. IDENTIFICATION CARD - FORMAT (17a4)
Cols. 2-80 Descriptive title of run'

II. CONTROL CARD - FORMAT. (1315, F5.1, F10.3)

a) Mesh Information

Cols. 3-5 NUMNP Total number of nodal points in -
mesh (maximum 620)

Cols. 8-10 NUMEL

Iniﬁial number of elemerits in mesh

includiné interface elements(max.GZO)
Shoring elements (to be added during
execution) are not included in NUMEL

Cols.13-15 NUMJT

Total number of interface elements

(maximum 350)

b) Material type information

Cols.i&ém NUMMAT - Total number of material types re-
quired during execution of program
including interfaces (maximuh 30)

Cols.24~-25 NUMSOL - Total number ofAmaterial'types for
elements other than interfaée ele--

ments. (maximum 20)

c) Job contrdl,parameters

Cols.26-30 NC - Numbgr of loading and construction
, steps in analfsis
Col. 3537NMOD - Code for type of modulus specification
input NMOD=0 modulus specification to
be input.as-per Secfion IV;NMOD=1

modulus specification to be input as per Sec..
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Col. 40 INIT - Code describing how initial stresses
for the run are to be obtained
INIT=l.calculated by computer from
a gravity turn—oh analysis
‘INIT=0 read from cards placed after
element cards in input data dedk_
(see Section XV)
Col. 45_ KI - Code for interface element activation
during initial stress cglculation
(INIT=1)
KI=1 interface elements activated
KI=0‘interface elemepts not_activated'
Col.‘ 50 IHORIZ -~ Code for.level or sloping initial
| sprface
IHORIZ=1 sloping ground surface,
stresses calculéted from gravity
turn-on assuming linear elastic
tesponse of soil
IHORIZ=0 horizontal ground surface,
vertical stresses computed from
gravity turn-on; horizontal stresses
may be modified to arbitrary values
through ko specified for material,
otherwise they will equal[v/l—v]icy)

d. Printout Parameters

Col. 55 ITRD - Code for printout of results
| ITRD=1 results for every iteration

are printed out



Col. 60

Col. 65

ILIST

IPUNCH

e) Basic parameters

Cols.66-70

Cols.71-70

III.MATERIAL ALLOCATION CARD

Cols. 1-10

Cols. 11-20

Cols.21-30

Cols.31-40

Cols.41-50

GAMW

PATM

NATYP

NCTYP

NBITYP

NB2TYP

NBAR

47

ITRD=0 only results for final iteratior

are printed out.

Code for printout of nodal point and

and element card data

ILIST=1 data printed out

ILIST=0 printout suppfessed

Code for pﬁnchbut of results 6f
analysis (stresses,etc.) which are
ordinarily used as input for subse-
quent stages of analysis (INIT=0)
IPUNCH=1 results punched on cards

IPUNCH=0 no cards punched

Unit weight of water

Atmospheric pressure

- fORMAT 5(I10)

Materiai type number for air

(50 if,not used)

Material type number.for.structural
méterial (50 if not used)

Material type number for backfill

type 1 (50 if not used)

- Material type number for backfill

type 2 (50 if not used)
Material type number for one-dimen-
sional strut og anchor bar material

(50 if not used)
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IV. LOADING INFORMATION CARD-FORMAT (415,15A4)

One card is supplied for each loading step. One or-two

different loading, types can be executed simultaneously for.

each loading step .

Col.

3

KCS(N.1l) First loading type code

The codes used to denote the different loading types are as

Concentrated fbrce'or displacement loading

follows:
1 Excavation
2 Build-up
3 Seepage loading
' 6 - Boundary pressure loading
7 - Temperature loading
-8
9 Change of material type
Col. 10 KCS(N,2) -

Cols.11-15 NUMIT(N)

Col.

20

MOD (1,N)

Second loading type code (Codes are
same as for KCS(N,1l). Set to zero if
there is no second loading phase in
the current loading step.

Number of iterations for each loading
sﬁep (may be different for different
steps. ’ . )

Modulus calculation code for the

- loading step. This code is only appli-

cable if NMOD=0; set to zero. if NMOD=1.

.Consult Sec. V for case of NMOD=l.

The MOD codes used are as follows:
l—loading modulus to be calculated

for all elements
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2-unload-reload modulus to be cal-
culated for all elements
0-computér decides type of modulus
for each element depending on whet—
her the mgst_recently’calculated
maximum shear stress exceeds all
previous shear stresses calculated
fo; the element or not. If they are
exceeded, a ioading modulus is cal-
culated for the next léading step,
otherwise an unload-reload modulué
, is used.
Cols.21-80 HED (1) -Description of the nature of the loading
‘ step-use alphabetic characte:s if de-
sired. A
V. MODULUS SPECIFICATION CARDS FORMAT (4012)
These cards are required only when NMOD=1
Cols. 2,4,6,8,10,.. - Modulus calculation codes for each
material type (1 to NUMSOL) for the
first loading step. The modﬁlus cal-
éulation,codes afe the same as thosg
defined on the Loading Information
Card in Section IV.
Use a new card to specify the modulus calculation codes for
each loading step kl to NC).
VI.MATERIAL PROPERTY INFORMATION CARD NO l-FORMAT ( F10. 5)-110
Materlal property 1nformatlon cards nos 1 and 2 are placed

~one after the other in the 1nput deck for each material type.
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-Cols; 1-10 GUI(N) Poisson's ratio (before failure)

Cols. 11-20 GUF(N)

Poisson's ratio (at failure-no greater
than 0.49) -

Cols. 21-30 GAM(N)

Total unit weight (always specified
regardless of drained or undrained

material behavior)

Cols. 31-40 FR(N) Correlation factor; ratio of strength

at failure to ultimate strength from

hyperbolic stress strain curve.

Cols.41-50 AO(N) - Ko-coefficient of lateral—;arth pres-
| Asure at rest.

Cols.51-60 PHI (N)

Friction angle (degrees)

Cols. 61-70 XXP(N) Exponent n (zero for simple elastic
, - material) |
Col. 80 INDRAIN(N) Code defining drainage conditions
o l=drained material behavior
O=undrained material behavior

VII.MATERIAL PROPERTY INFORMATION CARD NO 2-FORMAT (3F10.3,

F20.5, F20.10) ' |

Cols. 1-10 HCCEF(N) Coefficient Ky in equation expressing

| Valueé of initial tangent modulus as

a function of confining pressure

o]
3 )n

E; = P5 Ky (

Cols. 11-20 ULCOEF(N) Coefficient Kyy in equation expressing
values of unload-reload modulus as a

function of confining pressure
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g
= p 3 ,n
Bur = PaKur('pa )

Cols. 21-30 COHE(N) Cohesion

Cols. 31-50 E(N) ~ Tangent modulus atffailure nonlinear
(nonelastic) materials. Typical value=
100 psf OR Young's modulus for structural
or simple elastic materials.

Cols. 51-70 ALPHA(N)- For structural element material spe-
cify coefficient of linear thermal
expansion,For bar or strut_élement
material, specifj the cross sectional
area of the bar or strut element divi-
ded by the horizontal spacing. Zero
_otherwisé

Note: The stiffness of the struts (tie-backs) are computed
' EA '

as in the program. For elements with different

L
x-sectional areas from that specified in ALPHA (N)
the strut (tie-back) length may be artificially ad-
justed to produce the correct stiffness when calculated

in the program.

VIII.INTERFACE PROPERTY CARD-FORMAT (3F10.5)_
One card is supplied for each interface material type. For

the case of no interface material types, no cards are required

Cols. 1-10 PHJ(N) - Interface friction angle (degrees)

Cols. 11-20 RKS(N) - Shear stiffness before failure
} J
Cols. 21-30 COJ(N) - Cohesion
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IX.NODAL POINT CARD - FORMAT (I10,4F10.2)

One card is supplied for each nodal point

Cols, 1-10 N - Nodal point number
Cols. 11-20 X(N) - X-coordinate, + to right
Cols. 21—30' Y(N) - - Y-coordinate, # upwards

Cols. 31-40 PP(N)

Pore prussure in head of water Zero
otherwise (pore pressures need not be
specifigd for undrained materials but
must be for drained materials)'

Cols 41-50 DP(N) Change in pressure in head of water for

. s0il elements; change in temperature for
structural material |

Zero otherwise

Nodal point numbers may be omitted, in which case those
omitted are generated automatically at equal spacings bet-
ween the nodal points specified.”The first and last nodal

points must always be specified.
X .BOUNDARY CONDITIONS CARD NO - FORMAT (3I10)

Cols. - 1-10 NOY - Number of nodal points fixed against
| Y movement only | : .
Cols. 11-20 NOX - Number of nodal points fixed against
X ﬁoﬁement only
Cols. 21-30 NOXY - Nﬁmber of nodal points fixed against

X and Y movement

Specific_noaal point numbers shou}d not be included in
NOY or NOX and in NOXY; but are specified in the following

cards.



147
XI.BOUNDARY.CONDITIONS CARD NO. 2-FORMAT (8I10)

Cols; 1-10 IC(N) - First nodal point numberbto be fixed aga-
| " inst Y Movement.
4+ 11-20 IC(N) - Second nodal point number to be fixed aga-—
inst Y movement.
Repeat for next six fields and continue on additional cards

if necessary. Nodal point numbers should be sequential.
XII.BOUNDARY CONDITIONS CARD NO.3 - FORMAT (8110)

Cols. 1-10 IC(N) First nodal point number to be fixed
against X movement.
Repeat for next seven fields and continue on‘additional cards

if necessary. Nodal point numbers should be sequential.

XIII.BOUNDARY CONDITIONS CARD NO. 4 FORMAT (8I10)
Cols. 1-10 IC(N) First Nodal point number to be fixed
| againsf X and Y movement
Repeat for next seven fields and.conténue on additional cards
if necessary. Nodal point numbers should be sequential.
XIV.ELEMENT CARD-FORMAT (6I10) |
One card is supplied for each element.
Cols. 1-10 N Element number ’ : : o
11-20 IL(N,1l) Number oflnodai point I |
21-30 IL(N;Z) Number of nodal point J
31-40 IL(N,3) Number of nodal point K
41-50 IL(N,4) Number of nodal point L
SlfGO IL(N,5) Material type ﬂum?er

No bar or strut elements are to be included in these cards.

These elements are added later during incremental loading.
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Interface elements whould be numbered first; the other ele-

ments follow.

The nodal point numbers must be specified proceeding counter-

clockwise around the elements. The first and last nodal point

numbers for interface elements must be adjacent nodes.Trian-

gular shaped two dimensional elements having 4 nodal points
may not be used. The first and last noaal points of a tri-
angular element should be the same. The nodal point numbers
fon any element may not différ~by more than 30. For conveni—
ence, element numbers may be omitted,. in which.cé;e those
missing will be generated by incrementing thé“nodal point
number by one and. assigning the same material type number

as the last element specified. The first and last elements

must always be specified.
XV.CONTINUATION OR INITIALIZATION CARDS

These cards are supplied if INIT=0 and would normally be
obtained as punched output from the previous part of the
analysis. This option is provided principally so that an
. incremental analysis sequence may be stopped at intermediate
steps énd restarted from that step without redoing the whole
analysis. However, these cards may also’be used to sﬁpply
particular initial values of theée variables without using
the gravity turn on procedure followed with INIT=1.
FIRST CARD FORMAT (215)
Cois. 1-5 NUMEL - Total number of elements including

| interface elements and strut and bar

elements édded in the intermediate

steps in the analysis.
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' 6-10 IQ - Number of elements excluding strut
and bar elements already added in the
analysis.
SECOND CARD FORMAT (8F10.2)
Different information is specified on each card.depending on
whether thé element is a 2-dimensional, interface or strut or
bar element. |
Cols. 1-10 SIG(N,l)- X-stress value for 2-dimensional ele-
ment. Shear stress for interface_ele-
mént. Fprce for l—dimensighal element.
11-20 SIG(N,2)- Y-stress value for 2-dimensional elem
| | ‘ment. Normal stress for interface ele-
ment. Length for l-dimensional element.
21—30 SIG(N,3)~ X-Y shear stress value for 2-dimensiona
| element. Zero for interface elemeﬁt.
Cos a for anchor or bar.element(where
a is the engle the element makes with
the horizontal axis).
31-40 SIG(N,4)- Maximum previous shear stress value 2-
’ dimensional element.“ZeroAfor interface
element. Sin o for anchor or bar elemen
Use the next 4 fiélds fo; the following element. Confinue on

additional cards spacifying two elements per card.

THIRD CARD FORMAT (9F8.3)
Cols. 1-8 DISP(N,1l) X displacement
9-16 DISP(N,2) Y displacement:
17-24 PP(N) Pore pressure in head of water.
Use the next 6 fields for the following 2 nodes. Continue

on additional cards specifying 3 nodal points per card.
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FOURTH CARD FORMAT (1515)
Cols. 1-5 IL(N,5) Material type number

'Use the next 14 fieids fof tﬁé material type number of
the following 14 elements. Continue on additional cards

specifying 15 material type numbers per card.
FIFTH CARD FORMAT (1515)

These cards are supplied only if IQ # NUMEL
Cols.> L-Sf IL(N,1) First nodal point’of first bar or strut
 element installed in previous_gart of the
analysis.
6-10 IL(N,2) Second nodal point of first bar or strut
element installed in previous part of the

analysis.

Use the next 13 fields for the following elements and -

continue on additional cards if necessary.
SIXTH CARD FORMAT(8E1l0.4)

Supply these cards only if NUMJT # O
Cols. 1-10 STFS(N) Shear stiffness for interface eleﬁent 1.
11-20 STFN(N) Normal stiffness for interface element 1.
Use the next 6 fields for the shear and normal stiffnesses.
of the following 3 elements. Continue on additional cards

specifying 2 stiffnesses for 4 elements per card.

XVI.LOADING AND CONSTRUCTION STEP CARDS (supplied only if NC # 0)
(A) EXCAVATION CARDS
These cards are supplied only if KCS(N,1) or KCS(N,2) =1
FIRST CARD - FORMAT (I10)

cols. 1-10 NEL Number of elements to be excavated



SECOND CARD - FORMAT (8110)
Cols. 1-10 LUL(N,1l) Element to be excavated (also the-first
' 'interpolation element)
Cols. 11-20 LUﬁ(N,Z) Second interpolatioﬁ element
Cols.>21-30 LUL(N,3) Third interpolation element
Cols. 31-40 LUL(N,4) Fourth interpolation element
Cols. 41-50 LUL(N,5)V Loading code for node I
0 - node I is not loaded by excavation
forces |
1 - node I is loadéd by éxcavation4f6rces
Loading-codes for nodes J,K, and L are specified'in.the
next 3 fields. The loading code should be set to 1 only if the

node is common to both an excavated and an unexcavated element.

. The interpolation elements are numbered in criss-cross

fashion. ~: -~ RO

If the element to be excavated has no cmmon boundary with
an unexcavated element then only the element number, LUL(N,1),
needs to be spedified on the card-the interpolation elements
and loading codes nea not,be S§ecified. Interpolation eléments
and loading codes are’never required for'excavatedAinterface
elements. ;
| The cards for the excavaﬁed'élements should be ordered as
follows: \

(1) Interface elements

(2) 2-D elements which have no common boundary»with

- unexcavated elemehts /

(3) 2-D elents which have a common boundary with unex-

cavated elements.
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If possible the cards for the excavated elements should

be ordered so that the cards of elements with common. boundaries

are adjacent to one another.
(B) FILL OR CONCRETE PLACEMENT STEP CARDS

These cards are supplied only if KCS(N,1l) or KCS(N,2)=2

FIRST CARD - FORMAT (1615)

Cols. 1-5 NLEL Total number of elements to be placed
including interface elements
Cols. 6-10 LEL(N) Element number to be pleced - —

Cols. 11-15 LEL(N) Element number to be placed

Use the next 13 fields for the following 13 elements to be
placed. Continue on. additional cards if necessary.
The eléments should be read in by material type nuﬁbers
according to the following sequence:
1) Structurél elements
2) Elements of backfill type 1
3) Elements of backfill type 2
4) Interface elements to be "activated"
5) Interface elements to be left "inactive” but to be
placed between elements of like materials. -

or
N

SECOﬁD CARD - FORMAT (15)

Cols. 1-5 - NJ - Number of elements to be placed less the

" number of "inactive" interactive elements

to be placed
THIRD CARD - FORMAT (1615)

Cols. 1-5 NONP - Number of nodal points within the newly



Cols. 6-10 NP(N)

Cols.

11-15 ©NP(N)
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placed layer(s) to be éssigned zero dis-
placements. This includes all nodal points
'of the elements to be placed except those
nodal points invcpmmdn with the already

existing element.

Nodal point number to be assigned zero

’displacement

Nodal point number to be assigned zero

displacement

Use the next 13 fields for the following 13 nodal points to

be assigned zero displacement. Continue on additional cards

if necessary.

Nodal point numbers should be .in sequential order.

FOURTH CARD - FORMAT (2I10,F10.2)

Cols.

1-10 NCE

11-20 NBIE

21-30 HTB

Number.of structural material elements to.
be placed.

Number of backfill type 1 elements to be
placéd. |

New Y coordinate on top of backfill.

(C) SEEPAGE LOADING STEP CARDS ’ ' -~

These cards are supplied only if KCS(N,1) or KCS[N,2)=3.

FIRST CARD - FORMAT (I1l0)

Col. !

10

NCODE

Code specifying option for reading in
seepage loading data.

0-Seepage loadings are specified by DP(N)

on Nodal Point Cards.



SECOND CARD - FORMAT

Cols. 1-10. NWAT

THIRD CARD - FORMAT (

Cals. 1r10 XW(L)

11-20 PREL(I)

21-30 FUEL(I)
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No further seepage loading cards are
required. l-Seepage loading is .specified
by change in phreatic surface and the
seepage loading data must be read from the

SECOND and THIRD CARDS described subsequent

(I10)

Number “of levels required to épproxiﬁate

the new phreatic surface.

3F10.2)

X coordinate bounding the levels PREL(I)

and FUEL(I) on the right hand side
Present level of phreatic surface

New level of phreatic surface

Continue on new cards from 1 to NWAT for each different surface

level approximating the phreatic surface.

(D) BOUNDARY WATER PRESSURE STEP CARDS

These cards are supplied only if KCS(N,l) or KCS(N,2)=6

FIRST CARD ~ FORMAT

Cols. 1-10 NWPF .

(110)
'Number of elements loaded with boundary

pressures.
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SECOND CARD - FORMAT (3(21I8,F8,2))

Cols. 1-8 IBC(L) Nodal point on the left on the element
| | boundary when viewed‘in the same direétion
| as the.applied pressure.
. Cols. 9-16 JBC(L) Nodal point on the right of the element
boundary when viewed in the same direction
as the applied pressure. |

Cols. 17-24 PR(L) Average normal pressure (always positive).

Use the next six fields for the following two elements

and continue of additional cards if necessary.

(E) TEMPERATURE LOADING STEP CARDS

Temperature loadings are generated on}y when

KCS(N,1) or KCS(N,2) =7
On additianal cards are necessary. Tempetarure logdings

must be specifjed through DP(N) on the NOPAL POINT CARDS,

(F) CONCENTRATED FOﬁCE OR DISPLACEMENT STEP CARDS
These cards are supplied only if KCS(N,1l) or KCS(N,2)=8
FIRST CARD - FORMAT (Il0)

Céls.. 1-10 NCL Number of concentrated forces or dis-

piacements to be specified.
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SECOND CERD - FORMAT (2(I10,2F10.5))

Cols; 1-10 AN Nodal point .

Cols. 11-20 FX(N) Component of concentrated force of
displacement inFX direction. (+ andto the
right) |

Cols. 21-30 FY(N) Component of concentrated force or dis-

placement in Y direction (+ and upwards)

Use the next three fields for the followihg concentrated
force or displacement. Continue on additional cards if

necessary.
(G) MATERIAL TYPE ALTERATION STEP CARDS.

These cards are supplied only if KCS(N,1l) or KCS(N,2)=9.
The material type alteration is made before the execution

of the loading step on.which it is specified.
FIRST CARD - FORMAT (I10)

Cols. 1-10 NELCH Number of elements to be altered'to a new

material type number.
SECOND CARD - FORMAT (16I5)

cols. 1-5 LUL(I,l) Element number : ' ~

Cols. 6-10 LUL(I,2) New material type number

Use the next 14 fields for the following seven elements

and continue on additional cards if necessary.
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