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ABSTRACT

The behavior of earth and rockfill dams during construction is
investigated in this study. In particular, attention is given to the
prediction of stresses and deformations developed within Altinkaya Dam

during construction.

For this purpose, the computer program developed for analyzing the
earth and rockfill dams is employed. The analyses are performed by finite
element methods with linear or nonlinear material properties and assuming
plane stréin, isotropic conditioné. The real soil behavior is represent -
ed in the analysis by means .of hyperbolic stress-strain parameters and the
incremental analysis procedure is followed to simulate the actual construc-

- tion sequence.

A parametric study is also conducted for determining the effects
of the stress-strain parameters.on the behavior of A1t1nkaya Dam and reason-
able parameter ranges are established so as to minimize the stresses and’

—~—

displacements within fhe'émbankment .



OZET

Bu. ¢calismada, kaya ve. toprak dolgu barajlarin insa sirasindaki
davranislari incelenmistir. Uze11ik1e; Altinkaya Baraji'nda insa sira-
sinda meydana gelebilecek gerilme ve deformasyonlar tahmin edilmeye ca-

TisiTmistar.

Bu amag¢la, kaya ve toprak. barajlarin analizlerini yapmak ﬁzere‘
gelistirilmis bir bilgisayar programindan yararlanilmistir. Analizlerde
sonlu elemanlar yodntemi ﬁu]]an11m1$ ve malzemenin izotropik ve diizlem se-
. kil de@istirme yaptigi kabul edilmistir. Ayrica, malzemenin lineer veya
Tineer olmayan davranisi gozoniine alinmistir. - Zeminin gercek davranisi ,
hiperbolik gerilme-sekil degistirme parametre]eri kullanilarak dikkate
alinmis ve baraj govdesinin insa safhalari govdenin tabakalar halinde in-
sa\ed11di§1n1 kabul eden bir analiz prosediri ile tan1m]anmaya calisil-- -

J

- mstir.

Bunlardan baska, malzemenin gerilme-sekil degistirme parametrele-
rinin, A1t1nkayanBaraj1'n1n davranisi lizerindeki etkileri incelenmis, ge-
rilme ve deformasyonlari en aza indirebilecek parametre aralikiari belir-

Tenmistir.
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CHAPTER I
INTRODUCTION

Continuing advances in soil engineering and eakth-moving equip-
'ments, and the‘easi]& available construction materials in the most of
the dam sites have made the construction of earth and rockfill dams feasible
and preferable kthrougthtrthe world. Besides these and many other advan-
tages df rockfill dams, there are some problems - concerning the design and
construction of earth and rockfill dams. These.problems have been group-

ed by the ASCE Committee on Earth and Rockfill Dams (1967) as follows:

1. Strength and volume change characteristics of gravel and
rockfill materials under high cohfjning pressures.

. Compaction methods in coarse gravels and rockfills. = .~

. Control of compaction in coarse gravels and rockfills.

.Low-cost.admixtures.for improVing characteristics of soi}si

Slope protection of earth dams.

o o1 R W N

. Factbrs to cause s]iding of rockfill on‘foundation'contact
surfaces. R
7. Prediction of pore pressures in compacted cohesive soils.-
. 8. Dyn%mic bqhaviour»of embankments 1in earthquake regions.
9. Stress and deférmation measurements in embankments.

10. Cracking within embankments.



Among these problems, stresses deformations and cracking within

embankments during construction are of special importance in this study.

- According to Justo(1973) and also Thomas (1976), cracks which
frequently bccur in earthfill dams and in cofgé,of,rockff]1 dams during
and after construction can be classified into four groups; Cracks normal
to the axis usua]]y-appeaf in the crest of the dam as seen in Fig.]Q].A.
These are primarily due to non-uniform_settlement of the fill and may
occur as tension failures(B) near the embankment or (C) over a rock pro-
minence left in the foundation or as a shear failure (A-A) over a steep
abutment or adjacent to a construction road. The extent of these cracks
will depend upon the magnitude of non-uniform settlement of the dam and

the tension cracks can be sometimes the most serious.

The second types of cracks are the cracks which occur parallel
to the axis of the dam ( Fig.1.1.B) and is often apparent in the transi-
tion zones on either side of the core. ‘They usually result from differen-
tial setf]éménfrbetween the core and rockfill shells. Generally longitu-
dinal cracks will not be dangerous, so long as they are discovered .and -

properly backfilled.

Oblique cracking may also occur across the crest (Fig.1.1.C); it
usually be associated with unsymmetrical sites and will be normal to the
direction of maximum displacements. They are tension type cracks and
should be considered seriously. Horizontg} cfacking which is. the fourth
group can occur 16 the core due to saturation of it ahd unequa1.sett1ément ‘
of the core and shells. This type of cracks may be serious because they

don't usually appear on the surface.

Oh théibther hand, due to relative displacements of two zones ,

load may be transferred from one zone to another or from one location to

RN
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(A) Cracking normai to Dam axis
A=A Shear crack
B Tension cracks
L = Y Plan

(B) Cracking paraliei to Dam axis

(C) Cracking oblique to Dam axis

"Fig. 1.1 Cracking Patterns in Embankment Dams (Thomas,1976)



another in the embankment. Squier (1970) has described foﬁr modes of
Toad transfer occuring in dams such as shown in Fig.1.2. In mode A ,
load is transferred from the core to the shells as a result of greater
downward displacements of the core with respect to the shells. However,
in mode B, -transfer of load .from the she11s‘to the coré 6ccurs as a
result of greater downward displacement of the shells with respect  to

" the stiff core. While both of these load. transfers may occur ‘during
construction, the load transfer may‘a1$o be altered and immediate comp-
ressions méy occur-in the upstkeam rockfiT] with the reservoir filling.
As a consequence of these compressions the saturated upstream shell may
settle and move downward wifh respect to the core (Mode C).Load“tfansfer
mode D, as shown in Fig. 1.2, develops from differential settlements in
the core.ahd is most 1ikely to occur at an abrupt change in slope of the
embankment. The transfer of Toad to.the abutments. results in greater
compressions éhd displacements of the core near the abutment slopes thén

those that would occur because of overburden pressures alone.

It is apparent that the stresses and movements within embankments
- have significant effects on the behaviour of émbankments‘so the predic -
tion of theﬁe values prior to construction becomes the engineer's main
concern in the design of embankment dams. Therefore during the course
.of this study, the attention was focused on the behaviour of rockfill
embankments during construction, i.e the prediction of stresses and
movements within the embankments'so that it might be shown -Whether
cracking wou]d occur, or whether the é;Bankment wou]d be safe dur1ng
construction. For th1s purpose, the finite e]ement method of analysis
which is described in the following chapter was performed on Altinkaya

Dam which wés analyzed in this thesis. The real behaviour of soil such

as nonlinearity, stress-dependency and inelasticity was introduced into
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the analyses using the hyperbolic stress-strain parameters as described
in Chapter 3. The computer program LSBUILD which is capable of berform-
ing ana1yses of both homogeneous and zoned empankments with linear and
non]fnear material properties’was used in the analyses and the results
of two.types‘bf ana1yse$ which are nameTy theinon1ihear and build - up
analyses are " presented in Chapter 4. Moreover, the effect of deforma-
tion modulus parameters on the behaviorvof Altinkaya Dam was-investigat-
~ ed ahd for possible ranges for theseipérameters,the-resu]ts are bresgnt-

ed in Chapter 5.



CHAPTER 2
"METHOD OF ANALYSIS ‘

2.17. INTRODUCTION

Numbérsvof analytical methods such as infinite wedge analyses,
photo-elastic analyses of gelatin models and the finite difference method
have been used-in practice to analyze the stresses and displacements in
homogeneous embankments With the simp]e boundariesi As the problem of
analysis becomes complex including in homogeneity, complex geometry ,

. various loading conditions, and non]ineak‘soi1ﬁbehavior, ~the finite | .
-element methéd may be applicable due to its flexibility and generality.
Some of the previous finite element analyses of embankments are present-

" ed below:

1. Clough and Woodward (1967) and Finn (1967) have performeg

the‘ana1yses of homogeneous embankﬁents With”linear_ana 7.»
_ nonlinear mater1a1 properties. | |

2. KuThawy (1969) has performed the ana]yses of zoned and
_hgmogeneousAembankments with nonlinear. material properties.

3. Duncan and Wilson(1973) have performed the three dimensional
finite element analyses of dams. _

4. Walker and Duncan (1984) have analyzed thé Tateral bulging of

earth dams.



In the following sections, the basic concepts of finite element
method will be reviewed . In addition, types of analyses and procedures
used in finite element method will be explained in detail and the com-

puter_progﬁam LSBUILD will be described.

2.2. FINITE ELEMENT METHOD

A general definition of the finite element method is an analysis
method of a structural system which is represented as an assemblage of a .
finite number of nodal points. When this concept is applied to an elastic
continuum, the number of possible elements and coﬁnections among them be -
comes'infinite. There is thus a need‘for an idealization of the continuum
into a structural syétem with finite discrete elements. This approéch

and approximation have shown to be acceptable.

The solution of finite element method depends on the accurate
determination of the unknown nodal displacements. The basic equation
which yields their 501ution is the one used. in the stiffness matrix met-

hod of analysis.
{F}= [K}{d} | cee 2.7)

where {F} is the equivalent 1oad matrix which is:obtained by Tumping the
edge and element Toads at the nodes, {d} is the unknown nodal displacement
matrix, ahd [K] is the total stiffness matrix of the system. It is obtain-

ed by the superposition of theﬁind1Vidua1\Qlement stiffness matrices.

The finite element method have five major steps to perform to

obtain a solution for the given problem. They can be obtained as follow;

1. The continuum is divided by imaginary lines or surfaces into



/

-a number of elements. This requires the selection of the type
-and:size of the finite elements to generate the mesh of the
system.
2.. Generation of the stiffness matrix quantities and the force
matrix gquantities for the elements.
3r.Superposition of ~ the element stiffness and force matrices
to develop the stiffness and force matrices of the total
strucﬁura] system. A’
4.,beterm1nation of the unknown nodal displacements of thé prob¥ :
lem by the solution of the system of linear equations (Eq.2.1)
pbtained uéing the equilibrium conditions at the,nodes.
5..Computations of:a11 other required values such és stresses and

strains associated with the problem.

Usually the accuracy and effectiveness of the finite element
method will depend on the type and the number of elements used in the
‘mesh generation. The proper mesh depends on the geometry.and the nature

of the problem.

..In this study, a quadrilateral element consisting of two linear-
strain triangu]ar'finite elements is chosen. The strain'within this
element varies linearly whereas the straihs,op the boundaries of the
element are constant in order to secure. the confinuity of displacement
across element boundaries. It has been proven that this type of element
is more accurate and efficieﬁt‘for such problems involved in this studyA

than constant strain triangles (Kulhawy 1969).

Moreover, the plane strain condition which assumes the stresses
in a direction perpendicular to the x-y plane as nonzero is considered.

For this case, the modulus of elasticitiy and the poisson's ratio values



are modified and are introduced as follow,

E Ez | o n(2.2)
1-v

vig Y | ' N )

2.3. INCREMENTAL CONSTRUCTION PROCEDURE

The finite element analysis can be‘adopted'easily to take into
account of the incremental construction procedure. The method of incre-
.menta1 construction analysis was first applied in the ana1ysisuof tempe-
‘rature and creep effects in the construction of concrete gravity dams.
(King 1965), Raphael , Clough (1965) . 1In such analysis,it is necessary
that the finite element ideé]ization be arranged-in horizontal Tlayers
corresponding to the construction 1ifts. The analysis then inyvolves the

- evaluation of stresses and displacements in a succéésion»of’structures
corresponding to the various stages of construction to be éonsidered. For
example, in the first‘step only the lowest layer of elements would be con-
' Sidéred. The stiffness of these elements and the dead Weight forces will
be‘evaluated, and then.the stresses,strains and thé‘disp]acements.deve1op-
ed in fhis Towest layer due to its own weight ére.computed. By kepeating
this procedure for éach layer, the stresées, strains and -the displacements
developed throughout the embankment as a result of the new increments of
load induced by placement of each new layer are calculated, these stress,
strain and displacement are then added to those obtained for the preceding

increment.

The accuracy of the results that are obtained will depend, of

course, on the size of the increments considered, but experience has
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indicated that relatively coarse construction increments will yield good

results in the analysis of earth dams (Clough, Woodward 1967) .

2.4 NONLINEAR MATERIAL ANALYSIS

Two different procedures have been used for approximating the
non]inear behaviour of soils in the past. These are namely the steb-by-

. step (incremental) procedure and the iteration procedure.

In the iteration procedure, the initial values of E and v are
assumed and an analysis is performed. Then the stresses and étrains'cor-
“responding to the values of E and v obtained after the analysis are com-
pared to those assumed. Ifithey differ a new analysis is performed assum-
- ing new E and v'values. This procedure is repeated.unti1'the assumed E

and v va]ueskcorrespond with the calculated ones.

However, in the step-by-step (incremental) procedure as described
earlier, a change in Toading condition is apprbximated by a series of linear
increments which successfully simulates the construction sequence. After
each new Tift is app]ied. y . the total stress state .developed up to that
time is determined. The stiffnesses. of the elements must all be re-evalu-
afed on the basis of soil prbperties appropriate to the new'stress state
before the next incremental analysis may be carried out. Therefore, when
the incremental construction history is considered in the analysis , it
is a relatively simple matter o account also for the effects of nonlinear
material properties. In this study, the step-by-step procedure is used_in
the finite element analysis since any form of material nonlinearity can

also be considered in this procedure.



2.5 TYPES OF FINITE ELEMENT PROCEDURES

Due to the generality and flexibility of the finite element meth-
od , it is easy to follow different types of procedures in the analyses

of homogeneous and zoned embankments. These can be summarized as follow:

1. Gravity Turn-on Analysis: The construCtion'sequence is ig -
nored, gravity forces are applied throughout the embankment
. at the same time using constant values of modulus and the
poisson ratio. |
"~ 2. Build-up Analysis: The incremental construction procedure is
fb]]owéd byréimu1ating the building of dam in layers and con-
stant values of modulus and the poisson/ratfo are used.

3. The incremental construction procedure is followed but non-
linear values of modulus are used keeping the value of poisson-
ratio constant.

4, Nonlinear ‘Analysis: The incremental construction proceduré is
‘again followed using both the nonlinear va]ues;of modu1us and

the poisson ratio.

Kulhawy (1969) has shown that, although the results of these
analyses are somewhat different than each other, the values of.displace-
ments COmeted by using different,finite.elemeht prdcedures will be
approximately the same if the appropriate values qf modulus and poisson
ratio are introduced into the analysis ggd the stresses will also be
| approximately tﬁe same provided that the apprapriaté value of poisson

ratio is used.

During the course of this study, two types of analyses whi;h are
namely, the ndn]inear FEM'analysis and the build-up analysis have been
.conducted on Altinkaya Dam and the results have been compared to each

other.

12
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2.6 COMPUTER PROGRAM

The computer program LSBUILD which is given .in Appendix B has
been'déve]oped'by KuThawy using the general programming ‘concepts, the
solution techniques of Wilson, and the incrementa] ]oading concepts of
King which were subsequently modified by woodwafd. The main purpose of
this program is to.compute the stresses, strains and displacements devel-
- obed within hompgeneous or zoned embankments during construction. It uses
the finite é]ement technique as described earlier and assumés plane strain

and isotropic conditions.

The program LSBUILD which is capable of treating linear or non -
Tinear hyperbolic material properties consists of six subroutines. The
subroufine LAYOUT reads and prihts the input data, computes the initial
foundation stresses and the initial elastic properties for the elements.
The subrqutine LSSTIF develops the master stiffness matrix of the entire
structuré ca]]ing the subroutine LSQUAD for each quadrilateral element
to set .up the stiffness matrix of each element. It also modifies the
stiffness matrix for given boundary conditions. The subroutine LST8 is
called by LSQUAD for each quadrilateral element and sets up the stiff-
ness matrix for an eight degrees of freeqom»1inear strain trianéu]ar ele-
ment. It is called. twice, once for eachvof thé two triangles comprising
the quadrilateral element. The system of equations are solved by‘the
subroutine BANSOL for fhe unknown nodal point'disp1§cements using Gaussian
eTimination technique. Fina]iy, the sub;Butine LSRESUL computes and-prints
the stresses, strains and displacement in the structure at the ‘end Qf each
construction iﬁcrement and evaluates the nonlinear material properties of
each element for the next .increment. LSQUAD is also called by LSRESUL for

each quédri]atera] element for the stress and strain computations.
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2.7 SUMMARY

In this chapter, the basic concepts and the applicability of the
finite element technique to stress-deformation prob]ems has been summarized
briefly. In.particular,<the attention Was giQen to the analyses of embank-
‘ment dams and two types of analyses procedures'simulating the real construc-
tion sequence were discusséd. It cah be stated that the incremental analy-.
sis procedure can be used in the finite element analysis of embankments
conveniently as any form of material non]inearity can .be easily incorporat-

ed in this procedure.

The cbmputer program LSBUILD which has the capability of perform-
~ing both the analyses of homogeneousyand zoned embankments was also intro -
duced. This program uses the finite element technique considering the plane

strain condition, and follows the incremental construction procedure.
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CHAPTER 3
HYPERBOLIC STRESS-STRAIN PARAMETERS

3.1 INTRODUCTION

In soil engineering, due to the availability - of the powerfu]
'numefica] ana]ytfca] techniques such as the finite element method and
with the deve]opment of high-speed, large capacity computers, it becomes
feasib1e to perform analyses of stresses and deformations in earth and
rockfill embankments.: But, in order to perform these analyses reasonably,
it is necessary to be able to describe the real behavior of soiT, namely
nonlinearity, inelasticity and stress-dependency iniqqantitative‘térms and

to devé]op techniques for 1ncqrporating these into the analyses.

A simplified, practical hyperbolic stress-strain relationship for
soils (first used by Duncan and Chang (1970)) which is convenient for use
‘with the finite element metﬁod of ana]ysis,is described in this chapter.
They are obtained using the data available from the standard laboratory te;t,
and the soil characteristics caﬁ be represéﬁted‘reasohably.. The hyperbolic

- parameters determined for about 135 different soils are also summarized in

Appendix A (Duncan,dong, 1974).
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3.2 HYPERBOLIC STRESS-STRAIN RELATIONSHIPS

The incremental finite element analyses assume that the stress-
strain variation is not Tinear throughout the analyses. Therefore such
analyses could be done using hyperbolic re]aéionship between stresses ‘and
strains treating the stress-strain behavior of the soil as being linear in
each increment of the\analyses. Forvp1ane strain conditions ., ' assuming
that the Hooke's'Law is valid for the~stréss;strain re]ationship,itlcdﬂ]d
be written as : | -

Ny |- i r 4

on - (1-vt) Ve 0 : Asx
.
J A = N (1-v,) 0 {Ae b
y (1+\)t) (1-\)t) t t . / Y b-.(3.])
ATxy‘ i 0 0 (1—2vt)/2 LAYXYJ

where Acx, Aoy,.Arxy ¢ Increments of stresses during a step of the
analysis.

E.  : Tangent value of deformation modulus.

v, ¢ Tangent value of Poisson's ratio.
. As the incremental procedure has been chosen for the analysis,
the values of both E, énd“vtappeared in equation (3.1) are re-evaluated in
- each element corresponding to the computed stress values in that element
so that the behavior of soil such as nonlinearity, stress-dependency and
ine]asﬁicity could be incorporated in the analysis.
3.2.1 NONLINEAR STRESS-STRAIN RELATIONS

T~

Kondner (1963) and his colleagues have proposed the'stress#
strain curves represented by hyperbolas as shown in Fig.3.1. This hyperbo]a
can be easily expressed by the hyperbo]ic formula given below :

€ o 1 (3.2)
€

(1= 03) =

+

E; (01- 03) 3¢
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in which dl,os : Major, minor principal stress
e i Axiallstrain
(oi.cslﬂJ§.U1timate deviator stress
Ei : Initial tangent modulus

If the value of 1/E;is designated as a and the value of 1/loza) ult
as b and both of them are introduced into the equation (3.2), the hyper-

bolic equation will have the fo]]owing.form:

€

=g + be s (3.3)
(01~ 03) ' :

1
a = 1 3 b =

E. (01- Ua)ult

There are two major advantages of representing the stress-strain
relationship by a hyperbola a]though‘other types of curves may also be

used.

1. The parameters which appear in equation (3.2) have physical

significance. E; is the initial tangent modulus and (65'03)u1t

is the asymptotic value of stress difference which is always
greater than the compressive strength of soil.

2. If the hyperbolic equation is trans formed as’shown in Fig.(3.1),
it represents a linear relationship between .e/(ol;o3) and e .
Therefore, it is. easy to.use.thiiitransfofmed plot in determining

the best-fit hyperbola corresponding to the test datg.

When the test results are plotted on the transformed p1ot, the
points ﬁsua]ly deviate from the straight line. In practice, it is recom-
mended that a good match can be achieved by selecting the straight line
such a way that it passes through the points where 70% and 95% of the

strength are mobilized. (Duncan, Chang 1970).
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3.2.2 EFFECT OF CONFINING PRESSURE ON E; AND (01- 03)
ult

For all soils except fully satqrated soils tested under uncons@li- -

dated-undrained conditions, the values of E;and (o - o3) increase

ult
with increasing confining pressure since an. increase in confining pressure
will result in a steeper stress-strain curve and higher strength. This

reveals that Ei and g, =03 ) L are stress-dépendent.
ult

Janbu has suggested the following emprical equation for the varia-

tion of Ej with o, :

| E '=>K.Pa{ 93 )n | e (3.8)

in which paraméter K is the modulus number, n is the modulus exponent.
P, is the atmospheric pressure introduced into the equation in order to
make conversion from one syStem of units to another more convenient. Both
K and n are dimensionless numbers whereas -E and‘Pa are of the same unit.

Fig 3.2 shows the variation of Eq{with o3 .

On the other hand, the variation of ( o, = 0y )3, With o5 can

be expressed, as-shown in Fig 3.3, by relating ( o,- 03 )ult to the

compressive strength or the deviator>stress_at failure, ( o, - oy )f

and considering the Mohr-Coulomb strength equation to relate ( g, " 03)f
to. @3. The relationship between(o,- 03)u1t and (o, -o3)g can be given

as follows:

—

(6’1- 0'3)f = Rf,(m-_ Gs)ult. ..‘. (3.5)

where Bfis called failure ratio. Since(c1 _03)f is always smaller than
( oy - o, )ult, Rf is always smaller than 1 varying from 0.5 to 0.9 for
most soils.
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Fig. 3.3 Variation of Strength with Confining Pressure
(Duncan ,Wong ,1974)
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Furthermore, the relationship between ( g - 03)f and confining
pressure,‘o3 can also be expressed by the wellknown Mohr-Coulomb strength

equation as follows:

2c.Cos¢ + 203.Sin¢ ...(3.6)
‘1 - Sin¢

(1= 03) =

- where'c and ¢ are cohesion .intercept and the friction angle respectively.

3.2.3. RELATIONSHIP BETWEEN TANGENT DEFORMATION MODULUS AND
THE STRESSES

The tahgent deformétion modu]us.Et can be defined as the slope

of the o -¢ curve at any point. If the equation (3.3) is differentiated
with'respect to ¢ and the equations (3.4), (3.5), (3.6) are substituted

into the resulting equation,. the following equation can be derived for Et:

2.
R ~SQ1 - . A
e(1-Sing) (01 0%) CK.p ( o3 )" : ...(3.7)
2c.Cos¢ + 203.5in¢ ' |

That means if the parameters K,n, c, ¢'and Rf are known, the

value of Et can be computed~emplqy1ng‘equation,(3.7) |

3.2.4. INELASTIC MATERIAL BEHAVIOR

If a triaxial specimen is loaded and then unloaded at some stage
dur1ng a test, the stress- stra1n curve followed dur1ng unloading is steeper
than the curve followed during 1oad1ng If it is reloaded. after unloading,

then the stress-strain curve will be.steeper than the curve for primary load-

' ing and is quite similar in slope to the unloading curve as seen in Fig 3.4,

This implies that the soil behavior is. inelastic since the strains occured

during primary loading are partly recoverable on unloading.
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In the hyperbolic stress-strain relationships, the same value of
un]oadingéreloading modulus, E,. , is used for both cases. The equation

of E . related to o, can be written as

. ur
p
a

) n .
E_ =K .P(‘“) o ... (3.8)
ur’ a o
where K,,is.the unloading-reloading modulus number which is always greater
than the value of K (primary loading) by 20% for stiff soils and 300% for

soft soils (Duncan, Wong 1974).

3.2.5. NONLINEAR VOLUME CHANGE BEHAVIOR OF SOILS

The value of tangent Poisson's ratio, vy , may be determined by
simply analyzing the volume changes occured during a triaxial test. The
volumetric strain €, and the axial strain e, are usua11y.measured during
a triaxial test, thus usfng these values the radial deformation can be
expressed as : ' i

1 .
Er = T (EV- ga) | ., ‘... (3.9)

If the compressive strains are taken as positive, the value of
e, becomes positive, then the value of e, is negative while the value of
'ev is either positive or negative. As the plot of g, versus-e. is drawn
as shown in Fig.3.5, it is seen that the resulting curve can be easily

represented. by a’hyperbo1ic,equation as follows:
&y ' L. (3.10)

a d
. - de
1y \)1 by

If a ﬁransformation is ‘made to this equation the following equa-
tion is obtained

5 S | ... (3.11)
i T '

€
a



25

1+]
W
REAL
€q = —
V- d g
>
_Er
§
=]
(V)
- TRANSFORMED
L
w
1 —Er
\)i"d €,
I EG
Vi
Y >

Fig. 3.5 Hyperbolic Axial Strain-Radial Strain Curves
(Duncan ,Wong ,1974) ‘

BOGAZIC! UNIVERSITES] KUTUPHANES



26

in which v; is the initial Poisson's ratio at zero strain as seen in
Fig.3.5 and d is a parameter representing the change in the value of

Poisson's ratio with e_.
The variation of v; with o5 , as shown in Fig.3.6 has also been

given by Kulhawy (1969) and others as follows,

[ o3

\ ?,

where G is .the value of v; at o3 of one atmosphere and F is the reduction

v; = G - F.log;, eoo ( 3.12)

in v; for ten-fold increase in o5 .

Although for saturated. soils under undrained conditions there is
no volume change hence N 15 equal to one half for any value of 03,‘this

equation implies that v; -decreases with o3 for most of other soils.

3.2.6. RELATIQNSHIP BETWEEN v. AND THE STRESSES

The negative value of tangent Poisson's ratio, -V can be defined
as the slope of the curve representing the variation of e, with e as seen
in Fig 3.5. By simply differentiating eqUation.(3.]0)‘with respect to e
and substituting the values of ¥ Ei’(ci_cs)hlt’ ( o, og)g into the
equation, the value of vycan be written in terms of the stresses as fol-

lows (Duncan and Wong 1974)

G - F.Log 03
: o ‘ (3413
\)t= : 2.--('.)
1 - d(oy - g3) ' 1
- O3 \n Rf(c1— g3) (1 - Sing)
K.p AV .
L a Pa / 2c.Cosd + 203.5in¢
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3.3 EVALUATION OF HYPERBOLIC STRESS-STRAIN PARAMETERS
FROM LABORATORY TEST RESULTS

' The hyperbolic stress-strain parameters.can be evé]uated using
the data from either drained or unconsolidated-undrained triaxial tests.
The steps involved in the procedure for evaluating these parameters are

presented in the following sections.

3.3.17 SELECTING DATA

The selection of data being appropriate to.the problem ié of great
importance in evaluating the hyperbolic stress-strain parameters. In other
- words, the testing and soil conditions in the laboratory tests should con-
form to those in the prob1em.be1ng ané]yzed. Therefore, in the case of fi]]
materials, the tests must be conducted using specimens cdhpacted to the same
density and water content as in the field whf]e the laboratory tests must be
'performed bn undisturbed specimens in’thé case of natural soils. The drain-
age conditibns and the confining pressures applied during.the tests shou]d

also correspond to those of interest{in the problem.

| A]though'most of the time, the data points do not exhibit smooth varia-
tions of stress and strain due to differences in the length of time, it is

- essential to draw smooth curves through the data .points such as seen in’ -
Fig 3.7, usihg good judgement. to make reasonable interpretations of all of
the test data. Fufthermore s inconsistent._data deviating from the remain-

ing data should also be eliminated.

3.3.2 EVALUATION OF c AND ¢ FOR COHESIVE SOILS

The parameters ¢ and ¢< which are namely the cohesion intercept and

friction angle can be determined by two different methods. In the first
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method, the Mohr's circles are drawnas shown in Fig.3.8 and the values

of c and ¢ are determined by drawing the failure envelope and measuring

the intercept and the slope angle.

The second method for evaluating the va]des of c and ¢ is to plot
the values. of 1/2 (ol- 03) at failure ageinst the values of 1/2 (°1+ 03)
at failure, as shown in Fig'3.9, which is‘also known as Modified Mohr
‘ enveTope. The advantage of this method is that it is simpler to fit best
straight line through a series of points instead of drawing the best
straight envelope for a series of circles which do.not have a common tan-
gent. On the other hand, it has a disadvantage since.c and ¢ values can

not.be determined directly but using the following equatiohs,

c = a/Cosd S e (318)
¢ = sin ' (tan¥) ... (3.15)
where o = Intercept of Modified Mohr Envelope

¥ = The slope angle of Modified Mohr Envelope

3.3.3. EVALUATION bF.¢° and A¢. -FOR COHESIONLESS SOILS

The Mohr envelopes. drawn for determining the value of ¢ are not
most1y straight lines but curved to some extent. In case of cohesionless
56115, since'the‘curvature of the envelope .is considerably large, it be-
comes difficult to select a single value of ¢ which is representative of
the full range of the pressures. Especia11ziin'1arge\rockf111 dams, the
value of ¢ is diffefent in the bottom near the centre of. the dam than near
the eurface of the sTopes because of the different confining pressdre condi-

tions.

In order to get rid of such difficulties,.the values of ¢ for the

material which vary with confining pressure is used. The value of ¢ can
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then be determined from each triaxial test, as shown in Fig 3.10, as-
suming the envelope for that circle passes through the origin'of stress,

by employing the following formula

¢ = Sin"!

'01_ g3 | . -
'7?57755", | ... (3.16)

In addition, ¢ can also be evaluated by drawing separate envelopes
for each circle passing through the origin. 'Hence it is. found thét the
values of ¢ decrease being proportional to the logarithm.of oy as seen
in Fig 3.11. Thus the values of ¢ can be computed as follows (Duncan

and Wong, 1974)

3

.. (3.
(1) = ¢0.. Aq)]_,oglo _&\, ( ] ]7)
Pyl
in which ¢ = Value of 4 for o = Pa
Ap = Reduction in ¢ for ten -fold increase in ¢

Thisvequation can be used for evaluating the values of ¢ appropriate
for any confining~pressufe within the range of pressures.encompassed by

the test results.

3.3.4 EVALUATION OF K, n AND Re

There are two steps involved in evaluating the modulus number K
and the modulus exponéﬁt'n. The first step is to determine the values of
. Ei fof each ~ test . conducted by using different confining pressure val-

—

ues. Then the second step is to plot these va]uesagaihst“ag~qn Togarith-

mic scales for determining the values of K and n.

Since most real stress-strain curves are only approximately hyper-
bolic, some consideration must be given to the-method of fitting a hyper-
bolic curve to the experimental data. As explained previously, Duncan

and Chang (1970) have found that the best fit is usually achieved by



34

Awmmmavmﬁo&ﬁgmxmv 1D3a29DH 179YS WDQ 27720040 UO 8983 ]DIXDIAL-A) 404 adojoaug ayoy (r's *big

Isd
0051

.

ssag

rewIoN

oozt - 008 007 0

r 0

-1 007

-1 ooe

- 0021

- $s31)§ JEIYS

.

1Sd



.

angle

Friction

Contining Pressure , 03'%

Fig. 3.11 Variation of Friction Angle with Confining Pressure For
Oroville. Dam Shell Material (Duncan,Wong,1974)

Friction angle at 1 ATMS. , ¢, = 55.6
Difference in angle per log cycle, Ad =105

52 -

48 —

L4 p—

40 |-

36

0.5 1 5 10 50 100

35



36

matching the hyperbola to the experimental curve at the points where

70% and 95% of the strength are mobilized.

'The curves of OrOVi11e Dam shell material given by Duncan and Wong
(1974)have been taken as an example hére in order to show how to evaluate
the values. of K and n. As shown in.Fig3.12, the péihts corresponding to
~70% and 95% of the strength are indicated by a%rbws for each of the>three
stress-étrain curves. Once the hyperbo]a is matched to the data at 70%
and 95% points, thé transformed stress-strain plot can be easily drawn
using only these two points as seen in Fig 3.13. Through each pair of
points on this diagram a straight line is drawn corresponding to the hy-

perbola, then the values. of E;and (o -o3) are found to be reciprocals.

ult.
of the intercepts and the slopes of these lines as described earlier.

After obtaning the values of (o - o3 )ult and taking the values of (qicg)f

from Fig 3.12,the values of Rf can be computéd according to equation ﬂ3.5).
The values of K and n can be determinéd‘by plotting the values of ti/ P,
against the values of °3/Pa on logarithmic scales as i11ustratéd in Fig. .
3.14. The straight.line shown in this figuré can be expressed by equation

(3.18) which is the same as equation(3.4).

E, o " ‘ | ... (3.18)
I ' .

In this.equation K is the value of (Ej/P,) at the point where o
is‘equé1 to Pyi.eoy/Py equalstto unity and n is the slope of the.straight
line in Fig 3.14. The values of n can also be determined ndmerica]]y by

‘using the fo]]dWing equation

~ ALog(Ei/Pa) . : ... (3.19)

n =
ALog(o3/P)
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3.3.5 EVALUATION OF Kur

Referring to the section 3.2.4, the value of Kye is usually
determined assuming that the value of n for qn]oading-fe]oading is same
as the value of n for primary 1loading. Therefore, the value of Kurmay
be evaluated using data from a single un]oadiqg curve, if. the va1ue of n
has been determined. The best straight line is fitted to the unloading
curve and the value of E,. 1S evaluated. Once the value of Eur is -:com -

puted, thg value of K _can be eaéi]y computed using equation (3.20)

Eur : : ... (3.20)

ur ’ \Il

3.3.6 EVALUATION OF G,F AND d

There are two steps involved in eva1ﬁating the values of the
Poisson's ratio parameters .G, F and d. .In the first step,the valués of
viand d for each test are.determined. -Then as a second. step, the values
of viare'p1otted against the logarithm of'o3aﬁd the values of G and F are

evaluated.

As in the case of evaluating the modulus paraheters,'the hyper-
bolas afe fitted to €.~ €, Curves at the points where 70% and 95% of
strength are mobilized and only these poihts are used for evaluating the
parameters G, F and d. The values o? e. can be determinéd employing equa-
tion (3.9) provided that the values of e and ecare known. Then these val-

ues are plotted in a transformed e.vs.-ey /e, diagram as shown in Fig 3.15..

- In this diagram the values of v,which are the Poisson's ratios at
zero strain are dintercepts of the straight lines while the values of d are

the slopes of these lines.For practical purposes,a single value of d is
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obtained by takjng the average va]ué of these three.

After determining the values of v; they are plotted against the
Togarithm of ¢3/Pa , as shown in Fig 3.16. In this plot, the straight

Tine can be expressed by the following equation

[
v. = G - F.Log\ 93
1

. (3.21)
Py ,

As seen in this plot , the value of G is the intercept of vi at
the point where o3 is equal to atmospheric pressure and F is the decrease

in v, for ten-fold increase in o3.

3.4 FACTORS AFFECTING THE HYPERBOLIC STRESS~DEFORMATION
PARAMETERS .

Duncan and Wong (1974) have been studied the most important fac -
tors affecting the hyperbolic stress-strain characteristics of soils, They
have foundvthat relative density, gradation, partical shape and mineral type
are of great importance in determining the parameters of soils under drain-
ed conditions. Especié]]y in cohesionless soils an increase in relative
density will result in increased strength (higher value of ¢), increased
stiffress (higher value of K) and higher values of G and d. Moreover, it
Vhas been.a1so shown that poorly graded soils generally have higher values
of K,G and F than well- graded soils while ¢, 4¢ , n and Rfdo not appear to

be affected by gradat1on

T

On the other hand the most 1mportant factors affect1ng the -par -
ameter va]ues obta1ned under unconsolidated-undrained test conditions have
been found to be soil.structure, relative density and water content. These
determine the pore pressures which develop during undrained loading ,. and

they therefore control the stress-strain and strength behavior.
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The structure of compacted soils is determined by compaction

procedure and the compaction water content in relation to optimum. There-

- fore,it is essential to compact the soil to the same density and water con-

tent as in the field.

The variations of the parameters with the s0i1 properties and test

conditions can also be seen in table A.1 and A.2 presented in Appendix A.

3.5 SUMMARY

There are qine hyperbolic stress-strain parameters representing
three important characteristics of the behavior of soils name]y:\ inelasti-

city;stress—dependency and nonlinearity and they are summarized in Table 3.1.

These parameters can be easiiy evaluated from the results of well-
known triaxial compression tests. The values of\parametefs determined for
about 135 different soils have been given by Duncan and Wong (1974), and they
are presented in Appendix A. This information ;an‘help us in predicting
the parameter values when there is not sufficient data available from tri-
axial compression tests or evaluating the reliability of'parameters derived

from Taboratory test results.

Although it has been proven that these parameters are very useful
in predfcting the étresses and movements in soil masses, there are some

Timjtations in using them:

1. The relationships are quite sﬁ?tab]e for analysis of stresses.
; and movements prior to failure. In other words, "they are use--

ful for predicting movements in stable soil masses.
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2. The hyperbolic relationships do not include volume changes
- due to changes in shear stress. Therefore, they may be Timit-

ed in accuracy with which they can be used to predict.deforma-
tions in the dilatant soils such as dense sands uﬁder Tow con-
fining préssures.

3. The values of parameters_depend on relative density, water

+ content, the range of pressures used in testing and drainage
conditions. Therefore,the laboratory test conditions should

correspond to the field conditions."



TABLE 3.7 Summary of the Hyperbolic Parameters

Parameter | Name Function
K's K, | Modulus number '
‘ Relate Ei and Eur-to O3
n Modulus exponent
c Cohesion intercept
Relate (g;- aq)fxto g3
¢ Friction angle - R =
Re | Failure ratio\ Relates (o3~ cs)ultto (o,- 03)f
.G Poisson's ratio parameter | Value of v, at g3= P_
F Poisson's ratio parameter | Decrease in v; for ten-fold
‘ increase in o;
d ‘Poisson's ratio parameter | Rate of change of Ve
B with strain

—
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CHAPTER U
FINITE ELEMENT ANALYSES OF ALTINKAYA DAM

4.1 INTRODUCTION

Engineers concerned with the design and construction of earth and
rockfill dams have been interested in detenmining'the stresses and defor-
mations which develop in the dam during construction. Therefore, it is
required to predict the stress distribution within the embankment prior
to construction. In this chapter, attentioh is given to the prediction
of stresses and movements occured in A1£1nkaya Dam during construction,
which is one of the highest rockfill dams being constructed in Turkey .,
This Was done by employing the finiteelement method of aﬁa]ysfs describ-
ed}previous1y,using the computer program LSBUILD. Two types of analyses
wefe performed on the embankment; the nonﬁnearFEM analysis withnonlinear
hyperbolic stress-strain parameters of the-embankment materials and the
build-up analysis with constant values of modulus and poisson's ratio of
the materials. The accuracy and reliability of these’ana1yses were later
discussed. In addition, the %actor of sé?éty against’]oca] féi]ure was
computed from the values of stress levels obtained from the aﬁa]yses. The
possible instrﬁment locations for measuring the stresses and deformations

were also tried to be estimated using the results of the analyses.
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4.2 DESCRIPTION OF ALTINKAYA DAM

Altinkaya Dam which is the main unit of the Lower Kizilirmak
Project is being constructed (1985) by the State Hydraulic Works of
Turkey (DSI) for producing electricity. and’ f]ood control , Derbent Dam

which is the second unit of the project will a]so be constructed for irri-

gation purposes.

A]t1nkaya_Dam is Tocated on the K1z111rmak river in approximately
27 km southwest of Bafra, as illustrated in Fig 4.1. It is a rockfill
dam of which crest length is about 2030 ft (619m) while the base width at
the original ground surface level is about 1850 ft as shown on the embank-
ment plan (Fig 4.2) and its heightis about 614 ff (187 m) at the axis of

the embankment.

The dam body consists 0f20.82 million cubic yards (15,92 million m3)
of soil and rock. Some of the embankment material is hauled form the borrow
areas near the construction site,while the material excavated from the cut-

off trench and spiliway unit s also used.as fill material .

As seen in the typical design secfion of the dam (Fig'é.s), the ma-
jok zones are the impervious clay core, fine and coarse filters, inner and
outer rockfills. A small zone of riprap is a1sp placed on outer rockfill
as a protection layer. The a]luvja]l deposit uhder the impervious zone of
dam was excavated down to the bedrock so that a cut-off trench could. .be .-
provided. A thin layer of concrete was :also poured just to. have.a smooth
base upon Which the impervious core was placed. On fhe other-hand, the
shell and a part of the filter zones were placed over the alluvial deposit,

- The bedrock was also found to be hard enough after condqcting,number of field |

tests so foundation deformations seen to be negligible.
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4.3  FINITE ELEMENT IDEALIZATION OF ALTINKAYA DAM

The finite element idealization of Altinkaya Dam is illustrated
in Fig 4.5. As seen in this figure, the discretization of the medium was
undertaken by using 246 quadrilateral elements wjth a total of 283 nodal
points. The analyses were performed using 11 layers and one cyde of itera-
tion per layer, to insure the degree of correspondence between the comput-~
‘ed values of stress and the Va1ues.of the tangent modulus and the tangent
poisson's ratio for each e]ement. The nodal points throwh the bottom of
the embankment were of constrained deformations aseuming the foundation

‘(bedrock) of the embankment to be rigid in the analyses.

Clough ano Woodward (1967) have shown that the foundation deforma-
tions can have a significant effect on both the disp]acenents and the
stresses developed 1in earth embankments so the finite element ana1ysisshou1d
include a portion of the foundation zone in the structural idealization.
Therefore, the alluvial deposits.underlying the upstream and downstream
shell zones Were included in the analyses.. On the other hand, the main
embankment contains a small portion of the upstream cofferdam. Buf'this
was not taken. into consideration in the analyses as the effect of coffer-

dam deformations was appeared to be negligible.

4.4 PROPERTIES OF THE MATERIALS IN ALTINKAYA DAM

The major zones of the embankment are the she]], alluvial deposit,
filters (transition) and impervious core as seen in Fig 4.6. The gradation
curves for these\materia1s'obtained from the State Hydnau]ic.WOrks of Turkey

(DSI) are shown in Fig 4.7 and\the material properties are presented in

Table 4.1.
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TABLE 4.7 Material Properties of Altinkaya Dam ,(Data From State Hydraulic Works of Turkey,DSI)

‘Grain Size , Stresg -No.
SolL. | sorL pescrrprIoN m) "L PT | Yamax | Yopr | Ya % | Pr | Sy zamee | of c ¢
D60 | D30 | pro | | & | ef) | (1 | (ped) G| & | s - (ts£)

CL Clay. Core ) 0‘. 045 | 0.003 - v41.9 22.7 110 19..7 105 0.53 - 80.6 10.932-3.72 3 1.26 15.5
SP-GP | Fine Filter 8.5 1.1 0.3 - - 140 5.3 | 133 - 81.5 - - - - -
SP-GP | Conarse Filter 16.0 3.0 0.4 - - 148 - 4.1 | 142 - 86.2 - - - - -
GN-GP | Inner Rockfill 100.0 | 30.0 | 3.0 | -\ | - 129 - - 0.30 | - - - - - -
D60 = Grain size of 60% passing wL' "= Liquid limit ?&ma.x= Max. dry unit weight e, = ’fnitial void ratio ¢ = Friction éngle
D30 = Grain size of 30% .passing PI = Plasticity index Y4 A =.Dry unit weight Sr = Degree of saturation |

D10 = Grain size of 10% passing "opt= Optim{m{ water content Dr = Relativ‘.e density ¢ = Cohesion intercept

Qc
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- The shell material is a kind of rock composed of tuff and bfeccia
on the upstream face , and massivevtuf%j breccia and Timestone on the down-
stream face of the embankment. Although there are two zones of rockfill
namely: inner rockfill and outer rockfill, they‘differ from each other>
only in'gradation in other words the properties of outer rockfill is quite
similar to that of inner rockfill. In addition, ihere was not so much data
available for the outer rockfill, therefore, the inner and outer rock -

fills were taken to be the same material for all practical ﬁurposes.

The fine filter and coarse filter materials are basically obtain-
ed from the alluvial material excavéted from the river bed and théy can
be classified as éilty sandy gravel or sandy gravel (GP) according to the
Unified Soil Classification System. These filter materials could-also be
ltaken'in the ana]ysis_as the same material even though they differ in grada- '

tion.

It should also be noted that the filter materials are somewhat
finer than the alluvial soil, though they are basically the same material.
In fact, the alluvial soil has been found to be poorly graded soil as re-

QUired for a filter material.

The impervious - core material, on the other hand, which is hauled
from the borrow pits near the construction sité, can be classified as sandy

clay or lean clay (CL) according to the Unified Soil Classification System.

Although it has been desired to deter@jne'the hygérbolic stress -
sfrain parameters of‘the materials of-Altinkaya Dam from fhe results of
triaxial tests. conducted under appropriate drainage conditions, it became
impossible ‘as laboratory data regarding the embankment materia]é were in-
avai1ab1e.except,the triaxial test data for impervious core material. The

data from the UU triaxial tests on the core material was the Mohr envelope
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and it was used for determining the cohesion intercept (c) and the fric-
tion angle (¢) of core material (Fig 4.8). The rest of the parameters of
embankment materials for use in the finite element analysis of Altinkaya

Dam were chosen from Table A.1 and A.2 considering the material properties.

The values of hyperbo]ic.stress-strain parameters used 1n'the
analysis are summarized in Tabie 4.2, 1t is interesting. to note that the
pafaﬁeter values for alluvial deposit have been.chosen so that the va1ue
of K’is gfeater than that of fi1ter; This is because of the fact that the
poorly graded soils have greater ya]ues of K than the well-graded soils
as explained previously. Furthermore, the parameter values for she]],
alluvial deposit and filter zones were chosen from the tab]e for soils
tested under drained conditiohs,(Tab]e A.T) whereas the parameter va1ués‘
for impervious core material were chosen from the table for soils tesfed

- under uncohsondated-undrained conditions (Téb]e A.2).

4.5  NONLINEAR FINITE ELEMENT ANALYSIS OF ALTINKAYA DAM

The behaviour of Altinkaya Dam during construction were investigat-
ed using thé computer program LSBUILD‘and performing two different finite
element analyses, namely: the non1inear finite element ana1ysisAand the
build-up analysis. The'fesu]ts of these analyses were a]so\compared to |
each othef fbr investigating the effect of different types of analyses oh

the stresses and movements of the embankment. |

N

4.5.1 SETTLEMENTS (VERTICAL DISPLACEMENTS) IN ALTINKAYA‘DAM

After having performed the nonlinear finite element analysis of
Altinkaya Dam during construction , the sett]emeht'contours have been drawn

as shown in Fig 4.9. As there was-no device installed for measuring the



TABLE 4.2 Hyperbolic Stress-Strain Parameters Used in the Nonlinear FEM Analysts of .

Altinkaya Dam
.
e SOIL . : &
ZONE CROUP K 'n D o F () ¢ . Rg
Shell (Rockfill) GW-1 540 0.43 6.4 0.31 6.10 0 .50 0.64
Alluvial deposit GP-13 2500 0.21 14.6 0.35 0.17 0 58 - 0.75
Filter GP-7 1500 0.34 . { 1s5.5 0.40 0.15 0 51 0.54
Clay core CL-13E 410 0.15 .7.6 0.32 |.0.11 1.26 15.5 0.87

L9



Settlement contours are in F'T. , Settlement is positive

Fig. 4.9 Contours of Settlement in Altinkaya Dam (Nonlinear Analysis)
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deformationsrof dam body during construction, these results can be used

to determine the behavior of Altinkaya Dain..

| These contours show that the maximum settlement which is less
than 7 ft. occurs in the impervious core at oné‘third of . the embankment
height from the bottom’close.to the center line. -It:is interesting to
note that the soft core settles with respect to the. adjacent coarse zones
resulting a 1oadAtran§fer from the core tb the-adjaéent»coarse zones.
Moreover, it can be said that the settlement in the.upstream shell is
greéter than in the downstream shell. This is because thé.upstream face
.of the impervious core 1svf1atter than the downétream. A s{mi1ar'aspect
can also be.seen in this figure that the upstream filter zone settlesmore

than the downstream one.

"On the other hand, the settlement of impervious core seems to be
decreased since it is partially’ restrained by the filter zones, which is

/
clearly seen on the upstream face of impervious core. In addition, both

of the shells settle with respect to the filter zones indicating that there .

exists a. stress concentration in the filter zones.

The maximum settlements in the alluvial deposits are about 0.5
_Feet and they take place at the tontggt areas between shells and alluvial
deposits. Therefore, it may be stated that both the settlements of imper-

vious .core and alluvial deposits result in the settlement of shells.

4.5.2 HORIZONTAL DISPLACEMéNTS IN ALTINKAYA DAM

The contours of horizonta] displacements obtained from the non-
linear finite element analysis of Altinkaya Dam are shown in Fig.4.10. As
this figure indicates, the amount of maximum horizontal displacement ismore

than 1 ft occuring in downstream direction at the contact surface between
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~the upstream filter zone and the impervious core, as would be expected.
In fact, the major horizontal movement in the embankment also seems to

occur in the downstream direction.

In the upstream shell, the movement of thch maximum is about
0.5 ft is in the upstream direction while the upstfeém filter zone moves
towards the centerline of the embankmenﬁ. This.is, of course, due to the
. fact that the soft core settles more than the adjacent zones and a part
of upstream shell and the filter zone move into the~core b1qck. Thisiis
- also-the reason why the upper elevations of upstréam shell moves slightly

in a downstream direction.

Further, the downstream shell moves in a downstream direction'
and the amount of displacement in this zone varies 0.2 ft to 0.6 ft.
However, there exists a small zone at the contact surface between down-
stream filter zone and core block in which the horizontal displacement is

in upstream direction caused by core settlement.

4.5.3  STRESSES IN ALTINKAYA DAM

The finite element analysis also provides values of stresses de-
veloped within the embankment during construction and it is very useful in

predicting what types of phenomena. .will occur in the embankment.

The contours of major priﬁcipa] stress,;oi,afe‘shown in Fig.4.11 1n
Altinkaya Dam. It can be easily seeﬁ that there are load transfers from the
.soft core to the filter zones causing stress concentfationS‘ﬁ1the filter zones.
This is again due to the settlement of core block with respect to the coarse
zones as explained previously. The amount of maximum stress in transition
zones reaches approximately 2.3vH . However, in the core block, a stress re-

duction is observed and the value of olis approximately equal to the half
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of the overburden pressure. A stress reduction as much as this has been

measured in Gepatsch Dam in Austria (Schober, 1967).

The contours of minor principal stress, Uy é; illustrated in
Fig 4.12, are similar to the contours of o.. As seen-in this figure,there
exists a stress reductibn in the core block while ;he transition zones are
overstressed . It is a}so interesting to note that tensile stresses.wﬁ@h_'

-might cause cracking don't exist throughout the embankment.

The contours of maximum shéar stress, t , ére indicated in Fig
4.13. They are very similar to that of major principal stresses and shows
that the shear stresses are small in the shells and core bloék than the |
transition zones. The maximum value of © (>20 TSF) takes blace in both

of the transition zones in which stress concentrations exist.

The values of mobilized strength which can be also used for predict-
ing whether Toad. transfers occur, are also shown in Fig 4.14. Furthermore,
the mobi]ized strength defined as the ratio of mobilized deviator stress
to the dgviator stress at faiiure, provides information about the develop-

ment of local failure in the embankment.

In Fig 4.14, the value of maximum mobilized strength is slighty
greater than 80% which suggests that the factor of safety against Tlocal
faf]ure is about 1.25. The maximum mobilized strength occurs in the core
near downStream transitibn zone where the minor principal stress, og, is
considerably low. The settlement of core b]oqg\with respect to adjacent
filter zones. results in a load transfer from the core to fhe adjacent
zones, as stated previosly. Tﬁis becomes clear.since the mabilized strength
is dncreased in the filter zones, particularly in the upstream filter, and
its value varies between 60% and 70% . As the critical failure surface for

an overall stab11ityAana1ysis will pass through the center of the contours
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Contours are in TSF.

- Fig. 4.13 Contours of Maximum Shear Stress in Altwnkaya Dam (Nonlinear Analysis)
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of maximuym mobilized strength, it can be stated that the most critical
failure gurface for Altinkaya Dam will pass through the areas shbwn,in
‘Fig 4.14. It is obvious that the factor of safety aga1nst Tocal failure
will a]ways be Tess than that of overall shear failure since the mob111z-

ed strength values at all the points a]ong.the critical failure surface

are not as Tow as.80%.

4.6 BUILD-UP ANALYSIS OF ALTINKAYA DAM

The build-up analysis of Altinkaya Dam has also been conducted for
compapision“purposes.Sin;e a build-up analysis assumes constant va1hes of
elasticity modulus and:poisson‘sratio following the construction sequence,it
became necessary to determine the appropriate values of these parameters
representing each zone. .The best way of doing this was to take the average
values of tangent modulus and poisson's ratio of each element in each zone
obtained from fhe nonlinear analysis of the embankment. Thus, the build-
up analysis wés performed using the same mesh shown in Fig 4.5 and assign-
ing these constant values of'modulus and poisson's ratio as presgnted in

Table 4.3.

Zone ' ' E \
] (tsf)
Shell 612 | 0.300
Filter 2895 | 0.255

Alluvial Deposit [ 1381 0.424

Impervious Core 199 0.328

TABLE 4.3 Values of E and v used in the build-up analysis of
Altinkaya Dam
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4.7 COMPARISON OF THE RESULTS OF THE NONLINEAR AND BUILD-UP
ANALYSES OF ALTINKAYA DAM

- The results of build-up analysis of Altinkaya Dam are presented
as- the contoured displacements and stresses so as to make the comparison

conveniently, as illustrated in Fig 4.15 through 4.19.

Fig 4.15 shows the settlement conﬁburs obtained from build-up |
analysis. As this figure is compared to fhat of nonlinear analysis, it is
apparent that the settlement contaarsof these ana]yses'are'a1most identical
but the settlement values calculated from build-up analysis seem to be undr

estimated being the maximum. of about 5.2 ft.

Horizontal displacement contouks obtained from the build-up |
analysis are illustrated in Fig 4.16.'.A1thoughAthese contours are also
simi]ar to those of the nonlinear analysis, there afe §ma11 differences'
between them. For example, while a small de;rease in horizontal displa-
cements is observed on the upstream face of the impervious core, there
existsa slight ﬁncrease on the downstream face. Moreoveé, the horizontal
displacements in the shells seem é;.be s]ight1y increased as compared to

the horizontal displacements calculated using nonlinear analysis.

| The build-up analysis solution for the major principal stresses
is éhown ih Fig 4.17. Aé seen in this figure, the major principa] stresses
are approximéte]y the'same.as obtained from the nonlinear analysis.
However, as shown in Fig 4.18, the‘minor principal stress values are found
to be slightly greater than those of the nonlinear ana]ysisl “In addition,
the maximum shear stress values seem to be almost the same in the embank-

-\
ment except a small decrease in the filter zones near the bottom of the

" embankment.
\\ B

i




Settlement contours are in FT., Settlement is po?itive
_ DT L

Fig. 4.15 Contours of Settlement in Altinkaya Dam (Build-up Analysis)
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Horizontal displacement coniours are in FT., Downstream is positive (—)

Fig. 4.16 Contours of Horizontal Displacement in Altinkaya Dam (Build-up Analysis)

'
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Consequently, it can be stated that the differences in the
results of two analyses seem to occur in the areas where a change in o3
takes p]ace in build-up analysis. However, it is 1ntéresting to note
that the.bui1d-up analysis can also predict the stresses and movements

in embankments reasonably provided that the éppropkiate values of E and

v are introduced into the analysis..

4.8 RECOMMENDATIONS FOR POSSIBLE INSTRUMENT LOCATIONS

'Instruments for measuring movements and pore pressures are need-
ed to install in earth and rockfill dams. The main purpose of instruments
is to furnish reliable information that the pore pressures and movements
which actually develop in a given dam do not exceed appreciably to va]ﬁes
assumed by the designer. A]sd, the measurements provide very useful infor-

mation fdr the dams which will be designed, in the future.

- The results of ffnite element analysis are also helpful in inter-
preating the measurements and determining the possible instrument 1ocations
prior to construction. In the construction of Altinkaya Dam ,’the piezometers
were installed for meésuring the pore water pressures developed during and
after construction whereas no device was installed for measuring movements
and stresses. As the results of FEM analyses of Altinkaya Dam show, the
mdst.critiéa] zones are the filters and the core. Therefore, if these anal-
yses had been performed prior to construction and it‘had been decided to
equip the dam with the instruments, the pqssib}e\vertical‘sett1ement device
~ locations would have been the qdre block, particularly near the'centre of
the core block along the crest, and/or the fi]fer zones. The horizontal
disp]acemenf measuring devices would have been located into the embénk-

- ment at an elevation of about 250 ft since at these elevations the hori-

zontal displacements are found to occur in great magnitudes. Moreover, the

/
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the stress meters would also have been installed in filter zones in which

stress concentrations seem to exist and in the core block in order .to
measure the stress reduction.

/
4.9 SUMMARY AND CONCLUSIONS

The studies presented in this éhapter have revealed that the

behaviour of Altinkaya Dam during construction can be predicted using‘
the finite element method of analysis. Even though it is désirab]e to
use the nontinear parameter values determined under appropriate laboratory
conditions, the parameter values have been chosen from Table A.1 aﬁd A.2

corresponding to the soil properties due to lack of appropriate laboratory
' data. If the laboratory test results were available, the results of the
finite element analyses would of course be more iccdrate. But, :since
there was no device installed for measuring the stresses and movements 1in
the embankment, these results are thought to be inva]uab]e in guessing the
behavior of the embankment. Results indicate maximum settlement developed
in the embankment is less than 7 ft while the maximum horizontal displace-
ment is more than 1 ft in the downstream hiregtion. Even more, the stress
concentrations‘exist in the filter zones and a stress reduction seems to
océur in the core. It is also interesting to note that no tensile stress-
es would be expected to occur in the dam body;’ On the other hand, the

embankment is found to bé safe against local failure having a factor of

safety of 1.25.

—
-~ -

The comparison of the results of the nonlinear and build-up anal-
yses has also shown that the behavior of the embankment could also be es-
tihated using build-up analysis if the appropriate values of modulus and

poisson's ratio parameters are introduced into the analysis.
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| CHAPTER -5
PARAMETRIC STUDY FOR STRESSES AND DEFORMATIONS
OF ‘
~ ALTINKAYA DAM

5.1 INTRODUCTION

In the previous chapter, the finite element analyses of Altinkaya
- Dam during construction have been performed and the results have been dis-
cussed in detail. The values of parameters regarding the material proper-

ties. are of special importance in the nonlinear analyses of embankments as

explained in Chapter 3 therefore, it has been intended to conduct a para-

metric study for these parameters.

The studies presented in this chapter were performed so as to.
determine particularly the effect of modulus parameters K and n on the
behaviof of Altinkaya Dam during construction, since.no comprehensive da-
ta was available regard{ng.the material properties of”the'gmbankment. In
order to do this, the non11near@ana]yses of\A1tinkaya\Dam were conducted
with range of values of core and shell material parametérs taken from
Appendix A and the results Qere discussed in detail indicating théeffects
of range'of these parameters . The ranges for the reasonable values of mod-

ulus parameters of core and shell to avoid large displacements were also

determined and presented at the end of this chapter.
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5.2 THE VALUES OF PARAMETERS USED IN THE ANALYSES

A series of'nonlinear finite element éna]yses of Altinkaya Dam
were performed_in order to examine thé effect of nonlinear parameters on
the stresses and displacements of the embankmenil In these ana]yses,atteh-
tion was given to the parameters of core and she]T materia]é,.and partic-
ularly the effect of modulus parameters K and n were investigated. For -
this purpose, the parameters of filter and aliuvial deposits were faken
as constant with that of nonlinear ana]ysis.presenfed in Chapter 4 while
the different parameters of core and shell material were chosen from Table

A.1 and A.2, and these values are summarized in Table 5.1.

As seen in Table 5.1, three different groups of parémeters were
chosen for the core material corresponding to the material properties pre-
sented in Table 4.2. It is interesting to note that the values of K for
| core material vary 280 to 760 while the values of n vary 0.60 to-0.14 res-
pectively as shown in Fig.5.1. Furthermore;if should also be pointed out
here that for cohesive soils tested under undrained unconsolidated condi-
tions, the values of n are large for low values of K. On the other hand ,
three different groups of nonlinear parametersvwere chosen for the shell
~material. The va]ueérof K for shell var& 210 to 540, and the values of n
vary 0.51 to 0.37 as illustrated in Fig 5.2."They slightly differ each ot-

her in grain size , water content and dry density.

5.3 THE ANALYSES PERFORMED ~

Using the non]inear\paraméfers presented in Table 5.1 two groups
of nonlinear ana1y$es of Altinkaya Dam were performed. Ip the first group,
. keeping the parameters of shell constant, the analyses were conducted using
three different core material parameters and this was repeated for two dif-

ferent she11~materiai parameters as seen in Table 5.2.




TABLE 5.1 Hyperbolic Stress-Strain Parameters for Various Core and Shell Ma

5.

AR

terials

ZONE ggcl){}p . K n D G F ¢ e £ ¢ R,
CL-11D 280 0.60 5.8 0.31 0.10 1.26 15.5 0.93
Core CL-13E 410 0.15 7.6 0.32 0.11 1.26 15.5 0.87
CL-5B 760 | -0.14 3.1 0.31 | 0.09 1.26 | 15.5 0.97
GW-2 210 0.51 4.5 0.25 0.09 0 44 0.64
Shell GP-3 450 0.37 4.8 0.34 0.16 0 52 0.61
Gw-l‘ 540 . 0.43 6.4 0.31 0.10" 0 50 0.64

28



"core
1.0

0.9

0.8

0.7

0.6 CL-HDl

0.5

\
\
N

0.1
| \

\
|
-0.1 A
CL-3B
-0.2 A
2 3 4 5 67839 2 3 4 5

100 1000

Fig. 5.1 Variation of Modulus Number,K, with Modulus Exponent,n,
' For Core Material of Altinkaya Dam




M shelt
0.8

0.5

0.3 ' . GP-3
0.2 /
0.1
0
2 3 4 5 6 7 8 5
100 . : 1000
KShell

Fig. 5.2 Variation of Modulus Number,K, with Modulus Exponent,n, For Shell Material of Altinkaya Dam

¥8' -



.85

~In additjon, utilizing the intermediate values of K and n. taken from.Fig
5.1 together with the poisson's ratio parameters of core CL-13E which
have yielded reasonable settlement values, three other ana]yses were per-

formed to establish the effect of K and n c]ear]y

In the second group of ana1yses,.however,'the analyses were
performed using three different shell material parameters while keeping
core material parameters constant. Again this was repeated for_ihreerdiff
ferent core material parameters as shown in Table 5.3. Further three in-
termediate values of K and n were also taken from Fig 5.2 and they were
used in the analyses together with the poisson's ratio parameters 6f shell
GW-1 which were used in the analyses presented in Chapter 4 and have yield-
ed acceptable values of stresses and displacements. As it is evident, the
purpose of the second group of analyses is to determine the effect of K

“and n of she]l material on the behavior of the embankment.

5.4 .EFFECT OF CORE MATERIAL

The reéu]ts obtained from the first group of analyses have been
summarized in Table 5.2. As far as the settlement is concerned, in case
of stiff cores as compared to shell (Run 1 to 3), the settlement is found
to be the Tlargest for the most stiff core material (CL-5B), however, the
minimum seft]ement is obtained for the core material CL- 13E which 1snned1um
stiff among these three core materials. Similar ‘trend can also be seen
for the . horizontal displacements.: On the ather hand, in case of shell
G-1 (Run 7 to 9) which is more stiff than the shell GH-2, maximum sett-
lement also seems to occur for the most stiff core material and the mini-
© mum sett]ement is again obtained for the the core material CL-13E which
" is more softer than the shell. If the settlement values are plottedagainst

the values of K for both shells as shown inFig's 5. 3 to 5.4 it can be 'seen

|




TABLE 5.2 Maximun Displacements and Stress Concentrations for Constant Shell Case

" Mgdulus . ’
ZONE . - Parameters Maximum Displacements Maximum Stress Concentrations

Run P Settlement | Location Hpr;i.zontal Location ‘01 Location o Location Mobilized Location
Shell No. | CPre. k= n (£t) (Node No.) %;:I)’ (Node No.) | (tsf) | (Ele.No.) | (tsf) | (Ele.No.) Stl(”g’)‘gth (Ele.No.)

1 CL-11D e 280 " 0.60 8.40 116. 2.08 114 =86.7 12 ~20.9 12 85 110-133

2 CL-13E 410 0.15 7.16 116 157 114 85.9 12 20.8 12 81 110-133

3 CL-5B 760 | -0.14 11.39 116 3.22 114 103.5 12 24.8 12 94 110-133

GH-2 4 340 | 0.31 7.14 116 1.57 114 85.7 12 20.7 12 81 110-133

5 550 0.01 6.95 '116 1.47 114 83.1 12 20.6 12 83 110-133

6 67/5 -0.07 . _7.18 116 - 1.46 114 83.1 12 19.9 : 12 87 110-133

7 CL-11D 280 0.60' 8.19 116 1.65 114 84.7 12 20.3 | ) 12 86 110-133

8 CL-13E 410 0.15 6.96 116 1.23 114 ' 79.5 12 19.2 12 80 110-133

9 CL-5B 760 -0.14 1'O.5_1 . 116 - 2.33 114 92.7 12 22.0 12 93 110-133

ot 10 340 0.31 6,94 " 116 1.24 114 79.3 12 19.1. 12 80 110-133

11 550 0.01 6.'6§ ) 116 _ 1.13 114 - 78.7 12 19.1 12 83 . 110-133

12 N 675 -0.07 6.43 116 1.06 114 78.0 - 12 19.0 12 ’ 8;1 110-133
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thatgthe minimum settlement values may be obtained for the valyes of K
between 280 and 76Q. Therefore, taking the.intefmediate values of K and
corresponding values of n, three analyses were also performed for each
shell. When the results of these analyses (Run 4-6 and Run 10-12) are :
compared to each other, it can be stated thét;»for the shell GH~1 which

- is more stiff than GW-2, the settlements appear to decrease graduallywith’
ipcreasing the stiffness of the core, however the settlements 'seem . to
decrease for the medium stiff core (Run 5) in case of shell GW-2' which
is too soft. This indicates that though the.change iﬁ settlement is not
so significant, the settlement tends to decrease if the .core material is
nqt too stiff as compared to the shell material, in fact,. the core is more
softer than the shell. The same thing‘may.be seen aé wef], jf the results

of Run 1-3 and Run 7-9 are compared to each other.

As far as the stresses are concerned, however, it may be said
.that the stresses don't seem to vary a great deal as compared to. the
disp1acemenfs. For example, when the results of Run f and Run 8 are con-
sidered, the maximum settlement decreases by about 15% while the reductiaon
in maximum principal stress'is about 5% and the minimum principal stress:is
decreased by 4%. In addition, it may be pointed out fhat the mobilized
étrength values ;in case of the most stiff core (Run 3 and.Run 9) are found
to be about 94% yielding a factor of safety against local failure of about
1.06, which implies, for case of too. stiff core,local failure may occur.

—

5.5 EFFECT OF SHELL MATERIAL

The second group of\ana1yses_are summarized in Table 5.3, which
have been conducted to establish the effect of shell material. The varia-
" tion of K with the maximum settlement for the core. CL-11D could be foliow-

ed in this table and as well in Fig 5.5. The maximum settlement decreases




TABLE 5.3 Maximm Displacements and Stress Concentrations for Constant Core Case
. Modulus
ZONE- Paraméters Maximum Displacements ‘ Maximum Stress Concenj:rations'
Run ! . Settlement' Location Ho?izontal ’Location o1 | Location o2 Lacation Mobilized Location
Core No. | Shell K 1. n ¢£t) (Node No.) d’é{i (Node No.) | (tsf) | (Ele.No.)| (tsf) | (Ele.No.) St(;‘;“gth. (Ele.No.)
13 GW-2 210 } 0.51 8.40 -116 2.08 114 : 56.7 12 20.9 12 85 110-133
CL-11D 14 - GP-3 | 450 | 0.37 - ' 8.21 116 1.63 114 86.5 12 20.8 12 86 110-133
}5 GW-1 540 | 0.43 8.19 116 1.65 114 84.7 iZ 20.3 12 86 110-133
16 GW-2 210 | 0.51 7.16 116 1.57 114 85.9 12 20.8 ) 12 81 110-133
17 - GP-3 450 ] 0.37 7.01 116 1.22 114 81.3 12 '19;7 12 80 110-133
18 GW-1 %40 0.43 6.96 116 1.23 1i4 79.5 12 19.2 12 80 110-133
CL-ISE 19 350 0.37 7,09 - 116 1.31 114 83.3 12 20.1 12 81 110-133
20 5001 0.39 6.99 116 1.27 114 80.6 12 19,5 12 80 110-133
21 , 600 | 0,52 6.89 116 1.17 114 77.3 12 18.6 12 80 110-133
22 GW-2 ~210 Q.Sl 1i:39_ 116 3.22 ‘114 103.5 12 24.8 12 94 110-133
23 GP-3 450 | 0,37 10.66- 116 2.35 114 94.9 12‘ 22.6 12 83 . 110-133
24 GH-1 540 | 0.43 10.51 116" 2.33 114 / 92.7 12 22.0 12 93 '110-133
cL-st 25 350 { 0,37 10,89. 116 2,56 114 .98.1 12 23.4‘ 12 94 g - 110-133
26 " 500 .0.39 10.59 116 2.43 114 94.3 12 22,5 12 93 110-133
27 600 | 0,52 . 10.36 116 2.21 114 89.9 12 21.5 12 93 110-133

06



by an amount. of 0.21 FT while the K values for shel] vary 210 to 540, |
and for the core CL-58,as seen in Fig 5.7, the change in the maximum
settlement is about 0.88 FT, which may not seem to be important. In
other words, the maximum settlement values are not influenced so much

by the change of she]T material parameters.. Névefthe]ess, in order to
show the effects of modulus parameters'on the behavior of the dam clear-
ly, three analyses wére also cbnducted for each different core materfa]
using the intermediate values of K and n. Although a.coﬁsiderab]echange
in settlement does not happen even the values of K vary 350 to 600 and
the vaiues of n vary 0.37 to 0.52, it is obvious that the maximumAsett-
Tement decreases‘if the shell is of high values of K, or stiffness (Run
19-21 and Run 25-27). The similar trend is also seen for the horizontéT

displacements.

rFurthermore, the stresses may hot seem to be influenced by the
change of shell materia1'parameters considerably as seen in Table 5.3.
But it should be noted here that the maximum principal stress equals to
103.5 TSF which is about 3vyh and occurs in‘case,of the most stiff core
together with the most soft shell (Run 22), and the stresses tend to

decrease with increasing stiffness of the shell relative to the core.

Moreover, it is also observed that the maximum displacement and

fhe stress values appear to happen at the same locations throughou% the

analyses as shown in Fig 5.8.

. —_

Consequently, it may be deduced from the results of these analyses .

that the maximum disp]acementé change with change of core material parame-

ters significantly , however the shell material parameters don't appear to

be as effective as the core material .
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5.6  REASONABLE VALUES OF K and n FOR ALTINKAYA DAM

Aftér having performed. these ana]yses;it is interesting to
review the_resu1ts for the estimated reasonable values of modulus para-
meters K and n for the core and shell materié]s of Altinkaya Dam. As the
values of stresses are not so much influenced by the change in the.values
of K and n, the reasonable values of these parameters are to be determined

taking the maximum displacement occured within the embankment. into cohsi—

deration.

As an engineer, it is always desirable to. have the vertical and
horizontal displacements developed in an embankmenﬁ‘as small as poSsib]e.
By conducting a series of analyses prior to construction, however, it is
possible to determine the ranges of K aﬁd n in which they yield minimum
displacement values. Hencé, the soil properties such as water content ,
Qrain size, dfy density etc.'corresponding these values of K and n could

be. easily estimated duringﬁthe design stage.

In this problem, considering the results of the analyses conduct-
ed the values of K for the core materfa] may be approximately in the range
of 350 to.650 while the corresponding n values vary approximately in the
range‘of 0.30 to -0.05. On the other hand, as concluded previously, the
shell material should be more stiff than the core material. Therefore ,
the values of K for shell material may be approximately varying from 500

‘to 700 or more, and the corresponding values of n are in the range of 0.39

.
—~

to '0.52 as’ presented -in Table 5.3. 4

Although these rangeé are determined being based on the maximum

displacements, it should be noticed that the stress values corresponding

" to these displacements are small as well.
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As explained in Chapter 3, the values of K for cohesive soils
are considerably influenced by dry density, water content and void ratio.
If these analyses had been conducted prior to construction, it would haQe
been‘possib1e to obtain the reasonable values of K and n proposed for core
material by simply modifying the water content or dry density and void
ratio to be used in the construction of Altinkaya Dam. However, it is
worthwhile to state here,that the water content and void ratio might be
decreased slightly,hence the dry density.might be 1ncreasea fdr the core
material to have a more stiff core fhan as it is. But this might}require

extra passes during compaction of fill and result in additional cost.

On the other hand, Kulhawy (1969) has proposed the curve showing
the variation of K in granular soils (Fig 5.9) depending on the uniformity
coefficient, re]ativé density and initial void ratio, and it can be used
for estimating the values of K for shell material. In this problem, eo
is equal to. 0.30 and uniformity coefficient U(Dgo/ 016.) equals to 33.3
fof the shell. Entering the curve with e, of 0l30, the,Qalue of KU/D,. is
obtained as 3.7x104, then, for K of 700,the relative density is found to
be 0.63 which is too low. That means the uniformity coefficient might be
increased i.e the grain size distribution for shell might be modified.so
aS to have small displacements. In addition, the results 1ndi¢ates that

it is essential to form a stiff shell for A1t1nkaya‘Dam.

5.7 SUMMARY

In this chapter, a parametric study has been conducted in prder
to establish the effects of material parameters, particularly the effects

of modulus parameters of core and shell materials on the behavior of Altin-

_ kaya Dam during construction.




Fig. 5.9 Variation of Modulus Number,K, in Granular Soils

Under Drained Conditions

(Kulhawy ,1969)

5X10§ L 1 1 1 1 1] [] L 1
1 ¥ - Cobble L
T A=~ GW L.
- ©-G6P i
(%) B-sw
5 OH-SP
1x10 \ =
g o_\ C
J IO & 3
7 \ B
5x10' - \ K
- \ -
. \
\ a [
K.U . \ I
D \ v
. o\
\
tx10
i \ C
1 \ N T2N L
4 A
S x10 ~ \@ R
- \ '
\ ©
. 1;)\A 10/ -
\
E D b\ © X
o PS8
@s@;
1x10° 4 i
SX‘O’. ) T T T T T T T Wl T
0 0.2 0.4 0.6 OfB 1.0 _ 1.2
Initial Void Ratio , e
K z Modulus Factor (Range=z 65-3780)
U = Unitormity Coefficient D, /D, (Range = 1.1~ 136.)
D = Relative Density (Range= 0.38-1.00)

98




As the results of two groups of analyses indicate, the maximum
displacement values are considerably affected by the parameters of core
material, however, the effects of shé]] material paramefers do not seem
to be as effective as the core parameters. On the other hand, the sett-
lement values seem to decrease with increasing the stiffness of the shell

and the core should be soft as compared to the shell in Altinkaya Dam.

The ranges of the values of K and n for both fhe core and shell
were also determined and it might be suggested the water content and void-
ratio.of the core might need to be decreased so as to.increase' the dry
density to have smaller displacements . The_grain size distribution of
shell, on the other hand, might also be modified in order to have more

stiff shell relative the core for Altinkaya Dam.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

The construction of earth and rockfill dams has become feasible
due to the continuing developments in earth-moving equipments and also in
geotechnical engineering throughout the world.  This is because the const-
rﬁction of earth and rockfill dams is Teast expensive in certain dam sites
where the rockfill and impervious material is easily available. However,
theré exist some prob]emsvconcern;ng the desigh and construction of such
dams. In particular, the‘prediction of stresses and déformations which

develop during construction within the embankment is one of the main con-

cerns of the designers, and it is the topic-of this study.

- If the analysis of stresses.and deformations should be meaningful
and realistic, it fs essential that the rea],soi]‘bghavior such as . non. -
1inearity,‘ine1asticty.and stféss-dependency, and the construction history
need to be represented in the analysis in a reasonable way, therefore the
analysis is an exceedingly complex probliem. \ﬁoWeVer, this problem can be
attacked by using the.finite element method which is explained. in Chapter 2.
. This method is a powerful techﬁique by which complex geometry of the embank-
ment and nonlinear soil behavior can be easily involved in the analysis.

The computer program LSBUILD given in Appendix B is capable. of conducting

the analyses of both earth and rockfill dams with either 1inear ornonlinear
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material properties. Further, this program assumes plane strain condi-

tion and follows the incremental construction procedure.

The hyperbolic stress-strain parameters as described in Chapter 3
.can be used for representing the real soil.behévior within the embankment.
They can be obtained from the results of conventional friaxfa] compression
tests and the tables summarizing the parameters of about 135 different
soils (Duncan and Wong, 1974) are given 1in Appendix A. These results .
may be used if there is no sufficieht test data available. However,they
~are limited either in"accuracy or in validity, and mostly depend on water
content, relative density and range of pressures applied during the tests.
The laboratory test conditions should conform to the field conditionsvas

well.

Using the computer program LSBUILD, the nonlinear and buitd-up
analyses of Altinkaya Dam which is one of the highest rockfill dams under
construction in Turkey have:been performed, as presented in Chapter 4.
Since no comprehehsive test data was available regarding the material
properties; the hyperbolic stress-strain parameters required for ~ the
nonlinear finite element analysis of Altinkaya Dam have been estimated
based oh.the resu1ts of tests on similar materié]s. It is evident that
the results of the analyses .would be more accurate if the laboratory test
_ results Weke available. However, the results of the analyses performed
durihg.the course of this study may supply very valuable 1nformatioh on
the behavior of the embankment during construction sincé-no device had
been installed for measuring the stresses and&deformétions within the em-

bankment.

As the results of the nonlinear analysis indicate, the maximum

settlement developed during construction is slightly less than 7 ft.
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whereas the maximum horizontal displacement is found to be more than 1ft
in the core in the downstream direction. Furthermore, the stress concent-
rations seem to occur in the filter zones while a stress reduction is
observed in the core. It can also be noticed that the settlement of the
core with respect to the adjacent coarse zones induces a load transfer
from the core to the adjacent zones. Even more -interesting thing is that
no.tensi1e‘5tresses would be e*pected to occur in the embankment, which
might cause serious cracking. On the other hahd, the factor of safety
against Tlocal failure which is the recprocal of the maximum mobilized

strengthvis found to be 1.25 for Altinkaya Dam.

The build-up analysis of Altinkaya Dam has been performed using
cbnstant values of modulus and poisson ratio as well. The comparision of
these two analyses has shown that the results are almost the same ex-
cept small differences in stresses and deformations in the zones where
a change in o3 takes place. Consequently, it can be stated that the
behavior of the embankment during construction could also be predicted
by means of build-up analysis reasonably provided that the appropriate

values of modulus and poisson's ratio are introduced into the analysis.

As presented in Chapter 5, the effects of material parameters,
espec1a11y the effects of modulus parameters of core and shell materials
on the behavior of A1t1nkaya Dam during construction have also been in -
vestigated. Results of two types of analyses performed .reveal that the
maximum disp]acemente are affected by the pe;emeters of core material
significantly whereas the shell material parameters do not epeear to be
so effective. Besides these, the settlement values are found to decrease

with increasing the stiffness of the shell. It is also shown,in order to

minimize the settlements,the core should be more softer than the shell
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for Altinkaya Dam.

The optimum ranges of the values of K and n, for both the core
ﬁnd shell of Altinkaya Dam are also presented in Chaptgr 5. In order to
meet these values of K and n , it might be éuggésted to Qecrease the
water content and void rgtio of the core to séme extent so fhat the dry
density increases.and smaller disp]acements are experienced. In éddition,
the grain size distribution of shell mﬁght also be adjusted so as to have

more stiff shell relative tq the core material for the embankment.

\/
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TABLE A.1 Stress-Strain and Strength Parameters for Soils Tested under Drained Conditions(
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Table A.2 . Stress-Strain andStrength Parameters for Soils Tested\I Under Unconsolidated-Undrained Conditions( Duncan ,‘Wong 1974)
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mtota  SIncY SILT (ARCH DM SuELL) CCRPS CF ENGINEERS.TIASA OIST. (1972) 0.CT0 0.045 0.013 19 1 STI.2aSHO_ 1J8.8 13.8 10e.0 t1.8 53 25 - &0 & 242 3t 249 23t =83
e wL-ls  SANCY SILT (dIRCH Zam SHeLLY CCAPS CF ENGINEERS.TIASA DIST. (1972) 0.573 J.083 3613 19 1 ST0.AASHG  108.8 13.6 104.0 13.6 82 hid 1.5 = 6.0 3 19 n 210 hald -82
L-IC SAROY SILE (4iRCe OAR SHELL) . €ORPS CF EWGINEERSSTINSA OIST. 119723 G.C70 C.045  G.013 19 1 STO.AASHO 108.8 13.6 104.0 16.s T haad . 1.3 = 4.0 3 -S54 27 100 o84 .77
Ct-11 siury cuar un.uu-luA oamy CASAGEAMIE ET EL (1963) 0.023 _0.01 = 40 20 STD.AASKG  110.C_ 18.0 108.7 18.7 s1 e 1.0 = 12.3 3 =33 29 280 =80 =87
:"-l cL-13 SILTY CLAY (ARRAWITLA OAM) CASAGRAMOE ET €L (19832 G.023 0.0l - 40 20 STO.AASMO 110.0 18.8 107.0 19.5 ‘89 .’ 1.0 = 6.2° - 1.20 1s 3 48 «58
L CL=2A  LEAN CLAY {*LAWCE 0aw) COPPS CF ENGINEERS.LOUSVILLE OIST. (19801 0.023 Q.31 -~ 40 23 STD.AASHO  110.5 18.4 107.1 19.1 7 hd T 209 2 .93 e LT3 -0. .73
43 €L-23 LELA CLIY (vrHuct 1am) CORPS CF ENGINEEASLOUSVILLE N1ST. (19803 0,023 3.0t =~ 43 23  STS.3ASHO  110.5  16.4 104,08 21.2 L3 o !L_J_L'i 3 2562 ] 10 =03 .52
Q- LEAN CLAY {MUNMACE Jam} i CORPS CF ENGINEERS.LOUSVILLE DIST-{1960) 0.315  0.0064 = 4% 22 STO.AASHO 108.8 18.0 102.0 21.7 ” b 7= 2.9 2 1.00 [ 36 0. «57
I cr-sa . BUTISAUNG SILTY CLav KULKANY,OUNCAN AND SEED (1749) 0.06 Q.003 -~ 35 16 N0.AASHO 118.9 13.5 10%.4 1l.S sz had 1.0 = 30 2 -92 1n 6350 -.68 «90 «29 «20 2.2
;L Cl=%9 PLYTS4Ux, SILIY CLAY KUt A DUNCAN AN SEFD 198690 0.06 0.33 =~ 38 18 w00.AASHD  118.9 13.5 109.1 .u.: n had 1.0 ~ 8.0 3 1.50 [ ¥4 740 =.14 -93 31 L J.1
W ocese PUTTSAUG SILIY Crav EULMAwY.OUNCAN ANT SEED (1969} .34 Q.003 - 33 16  MO0.4ASHO 118.9 13.5 109.0 1s.3 Lt T 1.0 = 6.0 z 1.30 . 430 .10 -9 .28 «08 5.8
€. cL-5¢ - PLTTSBUAG 3ILTY CLAY AU NANY.OUNCAN AND SEED 11989) 0.04 Q.003 - 35 16 MO0.AASHG 118.9 13.5 112.7 11.5 63 had 1.0, 6.0 3 1.80 26 2400 —74 92 «30 ols 6.2
LU CL-se  SITTISALEG SMLTY u;v AULMELY, CUNCAN ANO SEED (1949} 3.ce _ 0.CI - 3516 WCD.AaShG 119.9 13.5 114.7 14.5 8% I o= 1.0~ 3.0 2 1.99 13 2000 =.30 =97 =23 .16 10-1
-fl Cl-sk  PITISAUXG SILTY CLav RULHAWY,OUNCAN AND SEED (1949) .06 . 0,003 - 35 16 MO0.2ASHO 113.9 13.5 108.3 8.7% 43 had l_-: - 8.0 3 1.30 32 8900 ~1.10 -9 .22 <07 19.7
' ‘l CL-st  PITISALEG SILTY CLAY KULPAWY,OUNCAN ANO SEED (19690 ' 8.34 . G.003 = 35 16 .MOD.ASKO 11849 133 119.3 1.7 - ” had : 13 - 4.0, 3 3.30 1] 5000 ~.28 .95 .29 «02 12,4
St Clema | Sanny CLAY (3[ACKH YAM COWE) €0aPs CF ENGINEEAS.TULSA DIST. (1972} 9,085 0.01 = 29 15 STS.1ASHO  110.3  16.5 105.0  12.5 37 i 1.3 = i-oi 3 TS 29 320 -.21 )
S CiL~ed  SANCY CLAY {4IRCH JAw CORE} B CLRPS CF ENGINEENS.TULSA DIST. (1972) 0.045 0.01 - 29 13 STC.AASMO 110.3 16.3 105.0 14.5 L hand o3 = 0~°§ 3 «50 25 190 «02 «81
..‘l Q-7 SANGY CLAY (SULNZRVILLE DAM) CCAPS CF ENGINEERS.FORT wORTH :\ixst. (s~ Q.08 0.303 - 43 30 $70.0a5H0 137.5 17.2 107.9 1T.2 7 Bl I —y L] 1.00 2 T 23 «A7
W crers  SancY CLAY ISCAESYILLE Oasy COGES CF ENGINEERS.FORT wIRTH OIST. (1381} .36 0.033 -~ 6330 STO.ALSHO 197.5_ 17.2 102,2 7.0 78 o 3= 8.0l 4 1.00 1 88 =.08 2As
o cr-re’ sancr cLav 1SImEAVILLE vane €aAPS CF EMGINEERS.FORT WaRTH OIST. (19613 0.6 0.003 - 43 30  STD.AaSKO 107.5 17.2 102.s 20.0 ss e 5= e . o3 3 a7 .18 .33
R T tleas  sanoy CLAY (SOMERVILLE mans €ORPS C EXGINEERS,FORT WIRTH OIST. (19611 9.5 0.0058 - 28 16 . STO.AASHO 113.3 16.5 108.3 14 1 o — 5= &0 . .37 25 320 .29 .85
St cl-sa  sancy cLay isceEsvitLe aamy CCAPY CF ENGINEERS.FORT wORTM OIST. (1961} 3.0%2  c.c383 -~ T 49 32 STD.AASHA 95,7 23.3 98.3  23.2 39 ha _ 5 =~ 6.0 3 1.50 [3 200 +29 .89
(.’* CL-ay SANNY CLAY (SIMEFVILLE Dan) CORPS CF ENGINEERS.FORYT wORTH, OIST. (1981} 0.032 C.0J85 =~ 49 32 STO.AASHO 95,7 23.3 *1.7 3.3 k24 T .. i la$ = b-ﬂ‘i 3 1.26 3 100. Y ) Ty
"‘ ., Cl-ac SARCY CLAY (SGNESVILLE OAND cné-s.cr ENGINEERSFORT wiRTH OIST. {19a1) 0.052 2.0688 - 49 32  ST0.AASHO 95.7 23.3 90.8 28.7 [14 Lol - 60 3 B4 t %3 o 90
Ml\n SANIY CLAY (SCNESVILLE JAwy 2 aPS CF ENGINEERS. FORT wORTH OIST. (1961} Fa0"5  .J06 - 29 16 STI.AASHO 110.7 15.0 111.3 1s.1 88 e »5 = 8.0 . 84 22 180 .34 TN
n CL-mg‘ SANOY CLAY (SIMEFVILLE QM) LSPPS CF EMGINEERS.FORT wORTH OIST. (19a1) Q.d35 0.006 =~ 29 16  STO.2ASMO  110.7 15.0 104.35 13.0 74 hadd 3= i-u“ L] <53 22 290 c 27 N
‘f.‘ : CL=l1A  SANCY CLAY (SGNEAVILLE Jam} COSPS CF ENGINEERS.FOAT WOATH OIST. (19811 0.Cs  0.002° = 25 12 SYD.AASHO 107.5 16.8 100.3 3.3 58 et 3= 60 - o8 28 ee0 “o38 .24
-Mu SANOY CLAY (SCNCRVILLE Jan) CIRPS OF ENGINEERS.FORT WORTM NIST. (1961) U.0A  0.002 =~ 25_ 12 STJ.AASH) 107.5 16.5 106.5 13.3 86 L o5 = 5.0 3 1.50 23 s00 .18 .68
P i
. I
|
- |
. . - K



S PABLE A.2 Continued

o GRAIN STXE, Ww COMPACY TN
) . . NAX.DRY OST. ORY 1, INIT. RELATIVE  DECREE PARTIOLE .
: ' . - - " 040 D30 016 L TYPE  UNIT wT. W/C .  w/C vOID DENSITY or’ RATING SHAPE STRESS MANGE  NURSER c FRICTION x N RE
$OIL cecup SOIL OESCRIPTION - AERERENCES tPcFy trery uTio SATIRAT 10N (TSF)  OF TESTS (36131 ANGLE
. g R . e . - . FSeagnay
€. CL=LIC  SANCY CLAU (SCRERVILLE.OsHY: - ©.cores u;:!mktas.mf:vmm 0IST. tisel) 0.06 . G.c02 - 25 12 ST0.aasM0 107.3 1s.2 10Z.s 1e.3 T . 5 - 8.0 - o7A 6 23 «32 .5t
€L CL=11D  SANGT CLAY {SISERVILLE:DAN) ' " cones OF ENGINEERS,FORT. YORTH DIST. {19613 0.0 0,002 - - 23 12 STO.AASHI  107.5 16.3 106.7 W7 ss . S = 6.0 . . .91 18 280 40 9
Ch o CA=31F _ SANCY CLAY {SIMERVILLE Daws ‘-mlv{g:'gnc‘u:s‘ns;rmt wORYH O1ST. (19s1) 0,26 0,002 = 25 12 STO.AASHY 107.8 (5.2 101.5 {s.3 12 L] 2l = ‘e.o s 260 29 220 =23 190
€L CL-124  SAMOY CLAY (SCNERYILLE'OANS © -:;nlr-s'w:y; ENGIREERS,FORY. WORTH OIST. f19s1) 0.045 0,0055 0.0C1 38 25  STD.AASHO 106.1 17.2 105.0 18.é . f1) . oS = 6.0 ~ t.30 ] 140 «20 o34
€L CL=12C  SANDY CLAV (soxa"u.s-»aﬁ'):. . ) mns ‘CF ENGINEERSFOUT- WOATH OIST. (19410 0.085 0.0055 0.00L 38 25 SI0LAASHO 106.1 17.2 10l.y 17.1 ‘ 78 hod 3 = 8.0 . t.co 13 120 -09 +a3
;;L CL=120 _ SAMCY CLAY (SONEAVILLE Oamy - conds t; ENGINEERS,FORT SORTH 01ST, {1981) 0,063 0,005 _0.3C1 __38 25 STD.AASHO _106.1 17.2 103.3 19,7 89 L 5= 6.0 . 480 2 &7 .33 .82
€L CL=12E  SANOY CLAY {SOMEAVILLE -DaM1’ - TOAPS TF ENGINEERS.FORT WORTN DIST. (19611 0.065 0.003%5 0.0C1 38 25  STD.AASHO 106.1 17.2 1345 13,9 ki - <3 = 6.0 ~ "1.50 2 950 —.l3 .90
€L CL-12F  SAXOY CLAY (SGMERVILLE n.nu_ : wn CF ENGINEERS JFORT ‘WOATH O1ST. (19412 0.065 0.0055 0.001 38 25  STDLAASHO 106.1 17.2 1063 16.9 [ 1] 4 o5~ 4.0 . 1.50 L3 AT0 0. K1
QL Cl-138 _ SANCY CLAY (SCecavilif Oun) ) -vm”s OF ENGINEERS,FORT WIATH OIST. 1191} 0.046 _ 0.0048 ~ 38 23  ST0.AASKO_ 104.9 17.4 9%.7  20.3 ~ [0 *e 3= 6,0 3 287 o he] Yy .38
€L CL-138  SANDY CLAY {SCREAVILLE DAW) CORPS CF ENGINEERSFORT WORTH OIST. (1seld B.068 J.0045 = 36 23 STOLAASHO 104.9 ' 17.4 1349 1&.8 k¢ L] oS = 6.0 - 1.30 23’ "o -e19 86
TEL CL-13C  SANCY CLAY ISOMERVILLE oan3 - TORPS CFIEMGINEEAS.FORT WORTH DIST. {1%61) Q.06 0,005 ~ 36 23 STO.AASHO 104.9 17.4 1812 174 T b o5~ 8.0/ . ‘1.20 12 270 «08 -87
€L CL=-130 SANCY CLAY (S:’nvu.’i.é'.u-ﬁv SR CORPS CF_ENGINEERS,FORT WORTM 0fST. (1961} 0.046 0.008% = 36 23  STD.AASHO  104.9 17.5 1033 16.2 (Y L4 .5 - a.0 3 1.40 29 1100 ~.36 <83
€L CL-1JE  SANCY CLAY (SONEAVILLE Dang * S LORPS DF-EMGINEERS,FORT WORTH OIST. (1%81) Co04s 0,008 - 36 23 ST0.AASHO 104.9 17.6 104.6 17.5 " . oS = 4.0 3 1.40 13 Al0 .13 -ar
€L CL~14  LEAM CLAY SCLINTON Dan) = « . UXDRES OF ENGIMEERS XAMSAS CITY DIST. (1986} - - - 46 27 STO.AASHO 103.0 212 8.0 200 2 - 1.0 - $.0° 3 T 2 E14 -3 =
) €L CL-16C _ LEAN CLAY 1CLIATON Da¥d CURPS CF ENGINEERS.XANSAS CITY OIST. {1988) - - - 3718 STO.aaswa_ 1080 20.2_ %7 22.3 st . 1.0 -~ 3.0 z .97 1 110 o33 -39
CL ' CL-174  LEAW CLAY (CLINTON 040 - ~ « COAPS CF ENGINEERS.XANSAS CITY DIST. (19¢al) - - - 43 26  STDAASMO 101.0 20.1 9.1 22.7 0 .o 2.0 = 4.0 3 1.10 2 100 27 .89
€L CL=LT8  LEAM CLAY CLINTON DMt CORPS CF ENGINEERS(KANSAS CITY OIST. [194e) - -, - 43 26 STO.AASHO 101.0 20.1 981 By - 1”0 bad 2.0 - 4.0 3 99 1 160 54 «97
CL___CL-17C  LEAW CLAY (CLINTON Dawd CORPS OF ENGIMEEAS XANSAS CITY DIST. 11948} - - = A3 24 STD.AASMO_ 101.0 20.1 98.9  22.T~ 20 L 2.0 = 6.0’ ] 1.10 3 130 48 .91
€L CL-19a  LEAN CLAY (CLINTON Cond : CORPS CF ENGIMEEAS.XAMSAS CITY OIST. {1964} - - - 42 26 STD.AASHO 102.0 19.9 %e.8 22.7 .3 Lo 2.0 = 6.0 3 <78 2 s3 o4l .23
€L CL=28A  SANOY CLAY (CHATFTELD Damy CORPS CF ENGINEERS,OMAMA OIST.I19%481 - 0.0t - - 43 26  STO.AASHO 104.0 19.3 976 n.s_l %0 . 0 - 10.0. 2 1.20 L] 240 0. K1}
CL___CL-258  SANOY CLAY (CRATEIELY "AF) CORPS OF SNGINEERY OMAMA OIST.11968) ) 0.9 9,087 -~ 36 18 STp.aaska 113.0 15.1 foF.e Je.f- K 8 . 6.8 = 10.0 2 =95 [ 160 9. 293 )
€L CL=28  SANOY CLAY. (PACCTOR DM_;! ) CORPS CF ENGINEERS.FORT WORTM DIST. (L1981} 0.033 0.002 - 31 20 STO.AASHG 115.0 l4.s 116.8 12,2 ° 72 Lo 1.5 = 40 z 1.60 ¥4 150 o186 79
€ CL-29a  SILIY cuv’(:nvo'a‘u-"l . CASACRANGE €T AL [1962) 9.037 0.008 - 34 19 MARVARD 11622 15.2 110.9 13.0 o7 . 1.2 = 1423, ] 2.00 20 440 .17 «8%
CL__ CL-298  SILTY CLAY tICINVEW came . CASAGRANOE ET AL (1962) 22437 _9.5c8 - 34 19  MamvARQ 162 _13.2 1153 19,1 kad hd 1,3 = 1a.3 A 2.50 20 A40 238 .88
€L Ci=30a  SILIY Cl".l.‘lhyﬂ" cany CASACRANOE ET AL (19823 0.037 0.008 - 34 19  HARVARD 1125 167 111.8 162 [ 23 . 1.0 - A.Ji . 1.00 1s 110 -4 o
@ -3 s_xui cLay "'('uq!un oan)y CASAGRAMOE ET AL [1942) 0.037 0.008 - 3% 19 uarvang 112.53 ‘16.7 112.2 u:o [1] . 18- el ‘s 1.40 11 o7 Jt 7
L C0-200  SILTY CLAV (CAMYOM CaW} ; _CASAGRANOE ET &1 zan) 9.037_0.008 = 34 19 HAAVARD 112.3 18,7 110.3 17.3 18 - | Y . A.Lf 3 1,99 L] 37, .37 6%
CL CL-338  SILTY CLAY (CANYON CAN} : CASAGRANGE ET AL (L9843 0.037 0c.008 - 3 19 nhvno 108.5 185.3 106.3 18.2 73 had 4l = 13.5 -~ 2.20 3 n 1.08 KT
N C=t FAT CLAY (CLINTON OAR) CORPS OF ENGINEERS.KANSAS CITY OIST. (Ll9sa) - - - 40 38 STD.AASHG 98,0 28.5 90.8 _' 90 Lod 1.0 - J-OE 2 b1 - ” ’ 21 89
CW__ O=38 __ FAY CLAY (WCNRCE 0AN} : CORPS CF EMGINEEAS,LOUSVILLE OIST. {[980) 9.0087 ~ - 61 36 STO.AASHD  95.5  26.5 #e.3 311 3 L] 2= 2.9 2 .37 ) 2 0. .85
€ ©F38  FAT CLAY {NCMNACE DAN} CORPS OF ENGINEERS,LOUSVILLE DIST. {19603 0.0087 - - ~ 6L 36 . STO.AASKG 95.3  26.3 W24 Ueb oo s - o7~ 2.9 3 51 1 (14 -02 79 |
[ T < FAT CLAY (ACNROE DAR) ) CORPS COF EMGINEERS.LOUSVILLE DIST. (1940) 0.318 - - 8% A4S STC.AASHO - 100.0 22.7 %A 20-{ * - Lol = 2.9 2 o3 t ] .14 77
SW__ _Cr-sa BAT CLAY {CrATEIELO OAM) SORPY CE_ENGINEERS  Omans O1ST, {1968} 040099 = - 56 36 STD.AASMO_95.0_ 24.4_ 9C.3 ﬂ-.b [.L3 . 6,0 = 10,0 3 1,20 [+] 18 72 .91
C8  C=58  FAT CLAY (CRATFIELD DAN) - CORPS OF ENGIREERS,ONAMA DIST.11%48) 040099 ~ - S4 36 STOWAASHO  95.0  20.4 90.7 204 76 Load 8.0 = 10.0 3 1.50 2 52 8 -89 [




APPENDIX B

USER'S MANUAL FOR PROGRAM LSBUILD

1... Control Cards (6

a) Card 1 (1246)
2-72 HED

b) Card 2 (6I4)
1-4 NUMELT

1-4 ‘NUMNPT

9-12 NFEL

13-16 NFNP

17-20 NUMCEL

21-24 NUMCNP

c) Card 3 (714)

1-4

NUMBC

'INPUT DATA INFORMATION

cdrds required)
Title card for program identification

Total number of elements in the complete
structure (Maximum = 275)

Total number nodal points in the .complete
structure (Maximum = 300)

Number of elements in the foundation portion
(< NUMELT) '

Number of nodal points in the foundation portion
(< NUMNPT) | ' \
Number of elements in the cofferdam portion
(Maximum =100)

Number of nodal points in the cofferdam portion
(Maximum = 100)

b

Number of nodal points in the structure with a
constrained deformation (fixed in x, fixed in y,
fixed in x and y (Maximum =100)

1N



5-8
9-12

13-16

17-20

21-24

25-28

d) Card

1-10
11-20

e) Card
1-10

11-20
21-30
31-40
41-50
51-60
61-70

NZONES
NLAY

NUMIT

NONLIN

NWATER

NPUNCH

Number of different material types (Maximum =10)

Number of constpuction layers desired

(Maximum =25) ] o

Number of solution cycles per construction layer

(e.g. - for 1 cycle of iteration per Tayer,NUMIT=2)
Code for Tinear or nonlinear material properties

(0 for all linear material, 1 for some or all nonlinear
materials) |

Code for additional loads (e.g.-water forces) to be
placed on the structure after the usual construction

- sequence is completed (0 for no added loads, 1 if are

4 (2F10.0)

AKO
REDMOD

5 (7F10.0)

FNL

TL

CRL -
CTR
CRR

TR

FNR

to be added) ‘
Code for punching out stresses etc., after last layer
(0=no, 1= yes) '

Initial earth pressure-coefficient in the foundation
Factor used in simulating construction sequences.
(0.00001 yields good results)

(See following figure for details) _

X coordinate of foundation surface to the left of the
embankment ' o
X coordinate of embankment toe to the left

X coordinate of embankment crest to the Teft

X coordinate of embankment centerline

X coorditane of embankment crest to the right

X coordinate of embankment toe to the right

X coordinate of foundation surface to the right‘of

the embankment o

T~

112
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f) Card 6 (7F10.0)
Same as Card 5 for the Y coordinates

' CRL  CTR CRR
1 . X .
| :
[ .
FNL TL /i TR FNR

If the X-coordinates of the following are equal:
FNL = TL and FNR= TR

then the embankment is considered to be on a rigid foundation.

If only the half-section of a symmetrica1‘embankment is being analyzed,
the full section geometry must still be read in above.
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2. Material Property Cards (See description following input procedure)

~a) Units conversion card (F10.0)
1-10 CONS - Units conversion constant

b) Weight and elastic constant cards (14, 6F10.4)
(number of cards required = NZONES)

1-4 N - Material type number
5-14 GAM - Unit weight
15-24  COEF 3_ rangent modulus constants
25-34  EXP
35-44 DD 1
45-54 GG - Tangent Poisson ratio constants
55-64  FF J |

c)Strength cards (14, 4F10.4) (Number of cards required = NZONES)

1-4 N - Material type number
5-14 CC - Cohesion.
15-24- PHI - Angle of internal friction (degrees)
25-34 RF - Failure ratio |
35-44 CODE - Code for linear or nonlinear material properties

(0 for linear, 1 for nonlinear).
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" CONS equals a unit. constant to convert the units that one desires to
use into atmospheres, assuming that one uyses the modulus and Poisson
ratio constants as presented in the main text.

Therefore, one of the following units combinations should be used:

GAM - ton/ft3 - kip/ft3 - 1b/ft3 (etc.)
cC - ton/ft® - kip/ft® - 1b/ft
CONS - 1.058 - 2.116 - 2116.2:

Since the output fields have been made small, it is best to use ton
or kip units. For all of these cases, it is assumed that all dimen-
sions are in feet.

When assigning numbers to the different material types in the embankment
foundation system, note that the output contains the principal stress-
es /yh. Therefore the program has been set up to evaluate vh using
the .following values:

for a rigid foundation , v(Dam) = v(Shell) = ¥(1)
for a flexible foundation, ¥(Foundation) = Y(1)
and Y(Dam) = Y(Shell) = Y(2)

The numbering of the material type should conforﬁ'to the above.

If NONLIN = 0 on control card 1c (all materials are linear elastic), use
the following for each material type:

COEF = modulus of elasticity RF =1.0
- GG = Poisson's ratio.
EXP DD = FF = CODE = 0.0

If NONLIN

1 on control card 1c (one or more materials are nonlinear),
the tangent modulus (E{) and the tangent Poisson ratio (vt)
are automatically calculated after each construction layer
according to the following hyperbolic relationships:

-2
. . . 2
B, = E, |1-copE* {91= 03] - | 4 v = v./(1-DD* )
t 1 [ (q%f Ga)fh t i a

RN
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where:

E. )EXP

j CONS  COEF (03/C0NS
Ve

1 GG - FF log (o3/CONS)
(01-03)ﬂ1= hyperbq]ic strength = (o - 0,) o/RF

The evaluation of these parameters is discussed in the main text.

If the material is nonlinear, CODEz1 , but if the material is linear,
evaluate the constants the same way as is done above for NONLIN =0..
If vt'becomes greater than'0.49,‘it is automatically reset to 0.49.

If NONLIN =1, the initial vaules of E, and v, in a foundation zone

are calculated by assuming that 01:Yh and o3 = AKO g, - The
initial values of E: and vtin an embankment zone are calculated

by assuming that<r = vh and o .= 03(v /1- v ) Iteration is re- .

quired to assure that the value of v used to ca]cu]ate o,is equal

3
to the value of Vi calculated in the equat1ons above. This 1is done

automatically.

3. Nodal Point Cards (I4, 2F8.2) _
(Use as many cards as necessary to define the structure.)

1-4 MM - Nodal point number
- 5-12 ORD (MM,1) - X coordinate of nodal point ( to right)
13-20 ORD (MM,2) =~ Y coordinate of nodal point ( up)

If nodal point cards are omitted, the program generates the omitted infor-
mation by incrementing MM by one and by calculating ORD (MM , 1 and 2)
at equal intervals along a straight line between the two defined no-
dal poinds. The.first andlast nodal points must. a]ways be given.
(e.g., MM=1 and MM=NUMNPT)

Nodal points must be in numerical sequence from left to right in the fini -
te element mesh and must increase from the foundation up in layers.
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t

4, Constrained Boundary Cards (1814)
(Use .as.many cards as required to define NUMBC nodal points.)

1-4 NBC - Number of constrained nodal point
5-8 NFIX - Code to define type of fixity at this nodal point
(NFIX = O for X and Y fixity.)
(NFIX = 1 for X fixity)
(NFIX = 2 for Y fixity)
Continuye across the card for the constrained nodal points at repeatingeight
~ column intervals as above for a maximum of nine alternating values of
NBC and NFIX per card.

Omitted nodal points are considered as freely moving nodal points.. .

5. Element Cards (6I4) v
. (Use as many cards as necessary to define the structure)

1-4 N - Element number
5-8  NPN(N,1)
9-12  NPN(N,2)
13-16  NPN(N,3)
17-20  NPN(N,4)
21-24  NPN(N,5)

Number of nodal point I for this element
Number of nodal point J for this element
Number of nodal point K for this element
Number of nodal point L for this.element
Material type of this element

If element cards are omitted, the program generates the omitted infor-
mation by incrementing the previous N and NPN (N,1 through 4) by '
“one while retaining the same NPN (N,5). Cards must always be suppli-

ed for the first and last elements. (e.g., N=l anva=NUMELT)

Elements must be numbered consecutively, proceeding counterc]ockwiée
around the quadrilateral elements. Nodal point numbers within "an
element must be <:39. : — “

In the finite element mesh, elements are numbered consecutively from
left to right in horizontal strips, starting at the bottom of the

mesh and-proceed1ng_quard. -
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Triangular shaped elements may be used as Tong as a fourth nodal
point is placed in the center of the "slope side" of these elements.
Care must be exercijsed that the diagonal from nodal pdint J to nodal
point L is not on a sifaight line including either I or K. Numbering
must be done in the following way. '

—

K K

I J L I

Construction Layer Cards (5I4, F8.2)
(One cards is required for each -layer totalling NLAY cards)

-4 LN - Number of construction layer, increasing upward
, from the bottom. ' '
5-8 NOMEL(LN,1)- Smallest element number of the newly placed
' ~elements in this layer
9-12 NOMEL(LN,2)- Largest element numbek of the newly placed
' . elements in this layer
13-16  NOMNP(LN,1)- Smallest nodal point number-of the newly
placed nodal points in this layer
17-20 NOMNP(LN,2)- Largest nodal point number of the new]y‘
placed nodal points in this layer '
21-28 HEIGHT - Surface elevation of this layer

If a foundation is included in the mesh, it must have LN=1. Therefore
the first constructed layer = 2.

If NWATER=1, an additional layer card must be added to simulate added
loads placed after the embankment is completed. In this case, columns
5 through 28 on the LN=NLAY card (last card) will be identical to those
on the LN=NLAY-1 card (Tast layer of the constructed embankment).

. Cofferdam Element and Nodal Point Cards ~

a) Cofferdan element cards (1814)
(Use as many cards as required to define NUMCEL elements.)
1-4 NCEL - Number of cofferdam element:

5-8 NCEL - Number of 'cofferdam element
etc.
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Continue across the card for all of the input cofferdam elements
at repeating four column intervals for a maximum of 18 values
per card.

b) Cofferdam nodal point cards (1814) _
same as 7 a using NCNP for a total of NUMCNP nodal points.

If NUMCEL = 0, these cards are omitted.

. Force Cards (14, 2F8.2)
- (Use as many cards as necessary to define the added loads.)

“1-4 MM - Nodal point number where force is applied
5-14 FX = X component of force applied at MM (+ to right)
15-24 FY - Y component of force applied at MM (+ up)

If NWATER = 0, these cards are omitted. |

If NWATER = 1, these cards must be supplied, in numerical. sequence, and
the first and last cards must always be supplied, even if there are no *
forces applied at these points. '

If cards, are omitted, MM is incremented by 1 and FX and FY are set equal
to 0. ‘

Care must be exercised to be sure that a force is not applied at a nodal
point which is fixed in the direction of the applied force.

9. Cofferdam Existing Property Cards
a. Stress cards (170, 5F10.3)
b) ‘Elastic property cards (110, 5F10.3)
c) Strain cards (I10,5F10.3)

These cards (a,b,c) are punched out properly from the auxi1iary program.

(FEMINT)
d) Displacement cards (I10, 4F10.3)
1-10  NCNP " - Cofferdam nodal point number

11-20  ORD (N,1) - X ordinate of nodal point ~_
21-30  ORD (N,2) - Y ordinate of nodal point

31-40 DISP (N,1)- X displacement of nodal Eoint
41-50  DISP (N,2)- Y displacement of nodal point



" When the finite element meshes for the cofferdam and the cofferdam -
embankment systems are different, be sure that the-nodal points are
in the same locations. If this procedure is followed, only the nodal
pdint numbers will have to be changed on the punched output from the
cofferdam analysis before it is used as input in the ke-numbered coffer-

dam-embankment system.

120
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PROGRAN LSBUILD  74/176 OPT=0yROUND~ A/ S/ K/=Dy=DS  FTN 5,14577 85/1Y
~LONG /=0Ty ARG ==COHNON/~FIXEDs CS= USER/=FIXEDyDB==TB/=SB/=SL/ ER/=1D/~PKD/~STyPL=500
54I=LSByL=ERs

PROGRAMX LSBUILD (INPUT+OUTPUT.TAPELy TAPEZ2yTAPEAyTAPE?+TAPES)
CHeb et AR Rk iR AR kR AR AR ARk R kAR R kbR kSRR SRk d kRS # s
C FEM NON=LINEAR EMBANKMENT ANALYSIS = FeHe KULHAHY 4 1968=~59
R I I I L I T T N T T
COMMON /ZINIT/ HED(12) 9y NUMELTyNUMNP Ty NFEL yNFNP 9 NPUNCH
COMKON /NPEL/ NPN(27545)s0RD(300D+2)9XCP(275),YCP(275)
COMNON /CDAM/ NUMCEL yNUNCNP9yNCEL(LO0)9NCNP(100)
COMMON /NPBC/ NUMBCyNBCULUOD) +NFIX(100) sNWATERIFX(300)4FY(300)
COMMON /BANS/ MBANDJNUMBLKB(160)9A(160,80)
COMMON /LIFT/ NLAY LNy NOMEL(2592) 9 NOMNP(2592) s HEIGHT(25) yNUKITHIT
. COMHNON /GEOM/ FNL(2)9TL(2)yCRLI2)sCTR(2)+CRR(2)3TR(2)yFNR{2)
COMMON /HMAT1/ NONLIN BULK(275)+SHEAR(275)4P0IS(275)9GAM(10)REDNKDD
COMMON /KAT2/ CONS+COEF(LG)+EXP(LI0)sDD(10)9GG(IV)sFF(1D)4NZDNES
COMKON /MAT3/ CC(lO)sPHI(lO),RF(10)9DEV1(10)oDFVZ(lO)yCQDE(lO),AKU
L L I I I I I I I I TN
c READ AND PRINT INPUT DATA = SET UP INITIAL CONDITIONS ‘
R L I I I I A T I T I T TTeyrTIL,
C .
100 CALL LAYOUT
[o
Chrt b dbhbdh dh bk ke kR kb d Kbk bk b kAR AR Rk PR R R kR R R R kR
. C * ANALYZE FOR EACH CONSTRUCTION LAYER
P e e et e PR ey P T T P TRy
! DO 400 LN=1le4NLAY
PRINT 100Q, HEDvLNs(NOKEL(LNoN);N-1,Z),(NOHNP(LN,H),H-l,Z)s
1 HEIGHT (LN)
Do 400 IT=14NUMIT
CALL SECOND (TIMEL)
IF (LM «GTe 1 +ORs NFEL «EQe 0) GO TO 200
PRINT 1005
GO TO 3090

DEVELOP STIFFNESS MATRIXs SOLVE EQUATIONSs EVALUATE RESULTS

cCoo

200 CALL LSSTIF
- CALL BANSOL
CALL LSRFSUL
Cc
300 CALL SECOND (TIMER)
TIHE=TIKEZ2~TIHEL
400 PRINT 10104 LNoITyTINME
o L N L L T T L S T YT
1000 FORKAT (1H6 //7 12A6 /// 20H LAYER NOeo = +14 //
1 20H ADDED ELEMXENTS = 431496H THRU 414 7/
2 20H ADDED NODAL POINTS= $14y6H THRU v14 /7
3 20H SURFACE ELEVATION = 4F10e3 )
1005 FORMAT (49H~FOUNDATION ZONE, SEE PREVIOUS PAGES FOR STRESSES )
1010 FORKAT (7H=LAYER=3I1345Xy11H ITERATION-11215Xv15H TIKE{(SECONDS) =y
1 F943)
R LI L T Ty o
CALL EXIT
END



ROUTINE LAYOUT

=LONG/~0T yARG=~COMKON/~F1XEDy CS= USER/~FIXED,DB==TB/=5B/~5L/ ER/=1D/= PND/-ST,

59I=LSByL=FRe

T4/17¢6
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OPT=0yROUND= A/ S/ K/=Dy=DS FTN 5414577 85711

"SUBROUTINE LAYOUT )
I I I I

JINIT/ HED(12) s NUMELToNUHKNP T9 NFEL sNFNPy NPUNCH

COMKON
COMHON
COMMON
CONHON
COMKON
COMMON
COMHON
COMMON
COMMON
COMMON

DIMENS

EQUIVA

1 .
e L Shahidssibiinbbthintntanamatt b AL LA R TS E I AL DL I LIttt

/NPEL

/ NPN(275,5)+0RD(30042)sXCP(275),YCP(275) *

/COAN/ NUMCEL yNUKCNPsNCEL (100)sNCNP(100)

/NPBC
/BANS
/LIFT

/ NUHBC,NBC(IOO),NFIX(IOO),NHATER:FX(300),FY(300)
/ MBANDs NUMBLK yB(160)3A{16D,80)
/ NLAY3LNyNOMEL(2592 )9 NOMNP(2592) s HEIGHT(25) 9 NUKITsIT

/GEQOH/ FNL(2)sTL(2)4yCRL(2)9CTR(2)+CRR(2)yTR{2)9FNR(2)

/HAT1

/MBATZ2

/MAT3
ION
LENCE

/ NONLIN+BULK(275)+SHEAR(275),P0OIS(275)9GAM(L0)yREDNDOD

/ CONS,COEF(L0)9EXP(20)9DD(10)+GG(10)sFF(10)4NZONES

/ CC(LO) yPHI(L0)}4RF(20)yDEVI(10)4DEV2(10)+CODE(10)+AKO
STRESS(27533) s STRAIN(27543)4DISP(300,42)
(STRESS(1s1)3A(80513))s(STRAIN(Ls1)sA(160425)),
(DISP(1,1)4A(BN438)) '

C READ AND PRINT CONTROL DATA
CHERER KR MRRE AR FERF SRR BB RR AR KRR AR R F R RR SRR R KRR bR R R AR kb b AR bbb by

READ
READ
READ
" READ
READ
PRINT
PRINT
PRINT
PRINT
PRINT
1
IF (NF

10NCy
1005,
1005,
1010,
1010,
2000,
2005,
2010,
2015,
2020,

EL +EQ

HED

NUMELT s NUNNPTy NFEL s NFNP9 NUMCEL s NUXCNP
NU%BC;NZONES,NLAY,NUHITsNDNLIN»NHATER,NPUNCH
AKQOsREDKQD

(FNL(N)y TL(N}sCRLIN) sCTRIN)9sCRRUN) s TRIN) sFNRIN)sN=1,2)
HED

NUMELT yNUHNP Ty NFEL9NFNPy NUMCEL 9 NUNCNP

NUMBCy NZONES9NLAYyNUMITy NONLIN9NWATER s NPUNCH
AKOyREDMOD
TL(l)yTL(2)1CRL(1)sCRL(Z)vCTR(1)9CTR(Z)9CRR(1)$CRR(2),
TR(1)sTR(2)

« N) PRINT 2021

IF (NFEL +GTe 0) PRINT 2G22y FNL(1)sFNL(2)sFNR{1)yFNR(2)
Crrbrrrn kbbb kb b hbbrddbhsbnxkhdgbbhd rs bbb hrhe bk kbbb h kbbb rhhbirds
c READ AND PRINT MATERIAL PROPERTY DATA '
C Chkddd kb kiockhokkkkhkkkkr kb kkbdhhhhdk kb kb ks i bbbk bbb bk hkhbh kb kb h kb s

READ
READ
READ
PRINT
PRINT
PRINT
PRINT
PRINT

1010,
1016y
1021,
2025,
2030

1015,
2035

1020,

CONS
(GAh(N)gCDEF(N),EXP(N)'DD(NlaGG(N)vFF(N)’N'lyNZONES)
(CCIN) 9PHI(N)sRF(N)}y CODE (N)sN=14yNZONES)

CONS

(NsyGAK(N)y COEF(N)sEXP(N) sDDIN)sGG(N) yFF(N) sN=1 sNZONES)

(NsCCUN) yPHI(N)yRF(N)yCODE(N)yN=1yNZONES)

Chatnrdhdhdr bbbk ko ddhhdhhndhhkb kb hh kb ba bbb bbbk bk Ak n b thbbbbho bt

C READ AND PRINT NODAL POINT ARRAY
Ty Yy L T Y TR TR Ry 2L

LL=D
100 READ

1025,

MHy(ARD(MR M)y K=1,42)

DX=(ORD{MHy1)=ORD(LL 1))/ (HN=-LL)
DY=(DRD(HHy2)=0RO(LLy2))/{MH=LL)

110 LL=LL+

1

IF (MK=LL)
120 ORD(LL+1)=0RD(LL=1451)¢DX
ORD(LL 92 )=0RD(LL=142)+DY

GO TO

110

140413045120

130 IF (NUMNPT=HMN) 140,150,100

L=500
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ROUTINE LAYOUT 74/176 OPT=0yROUND= A/ S/ M/=Dy=DS . FTN 5.1+577 85711

140 PRINT 5000y, MH

CALL EXIT

150 PRINT 2040

180
Cexkk
C
Ckkk

200
210
220

230

250
Chkkn
C
Cekts

CTRF=TL(2)+((TR(2)=TL(2))*(CTR(1)=TL(1))/(TR(LI=TLLL)})

DO 16C N=1,NUMNPT .

IF (ORD(Ny1l) 4LEe CTR(1)) XDIM=(CTR(1)=ORD(Ny1))/(CTR(1L)=TL(1))
IF (ORD{Nsl) «GTs CTR(1)) XDIN-(DRD(N.I)-CTR(I))I(TR(l)-CTR(l))
YOIM=(ORD{Ny2)~CTRF)/(CTR(2)=CTRF)

160 PRINT 1020y Ny(ORD(NsM)yM=192)9XDINyYDIK

READ 10059 (NBC(K)yNFIX(K)9K=1yaNUMBC)

PRINT 2045

DO 180 K=1,NUMBC

IF (NFIX(K) «EQ, 0) PRINT 2050,NBC(K)

IF (NFIX(K) oEQs 1) PRINT 2055,NBC(K)

IF (NFIX(K) «EQs 2) PRINT 206D4NBCIK)

CONTINUE
T Ty
READ AND PRINT ELENENT ARRAYs COMPUTE PT. FOR STRESSES
T Ty P P A TP P P e
NN =0

READ 1005y Ny (NPN{NyM)}sH=1y5)

NN=NN+1

IF (N +LE. NN} GO TO 230

DD 220 K=144

NPN({NNyK)=NPN(NN=LsK)+1

NPN(NN35)=NPN(NN=L5)

IF (N «GTe NN) GO TO 210

IF (NUMELT .GT. NN) GO TO 200

PRINT 2065 i

DD 250 N=1,NUMELT

J=NPN(Ny 2)

L=NPN{Ny4)

XCP{N)=045%{0RD(J91)+0RD(L 1))

YCP{N) =0 45%(0RD(J92)+0RD(L +2))

IF (XCP(N) oLEe CTR(1)) XDIM=({CTR(1)=XCP(N))/(CTRI{L)=TL(1)})
IF (XCP(N) 4GTe CTR(1)) XDIM«(XCP(N)=CTR(L))I/{(TR(L)I=CTR(L1})
YOIK={YCP(N)=~CTRF)/(CTR(2)~=CTRF)

PRINT 20703 Ny (NPN(NoM)yM=145)9XCP(N)3YCP(N)sXDIMyYDIH
e L Lt L I L T Ty T T
READ AND PRINT CONSTRUCTION SEQUENCE INFORMATION
D T T L LT L E Ty P P L Y
READ 1030y ((NOMEL(LNyN)gNmly2)9(NOMNP(LNsN)sN=142),
1 HEJGHT (LN) oL N=1yNLAY) .

PRINT 2075 . '
PRINT 2080, (LN’(NOHEL(LN,N)yN-le) (NOMNP(LNy M) yH=1492),
1 HEIGHT(LN)vLN-I,NLAY)
—

IF (NUMCEL «EQe 0) GO TO 350

PRINT 2082

READ 10054 (NCEL(N) sN=1,NUMCEL)

PRINT 1005y (NCEL(N) ¢yN=14NUNCEL)

PRINT 2083

READ 10053 (NCNP(N) yN=14NUNCNP)

PRINT 10054 (NCNP(N) sN=LyNUMCNP)
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ROUTINE LAYOUT 74/176 DOPT=DyROUND= A/ S/ M/=Dy=DS'. FTN 5414577 85711

359

IF (NHATER +EQe OJ GO TO 5090
PRINT 2085
DD 400 NN=L14NUKNPT

- FX(NN) =040

400

410
420

FY(NN) =040

NN =0

READ 10259 HM4FX(KH)sFY(HH)
NN =NN+1

PRINT 10259 NNsFX(NN)+FY(NN)
IF (MH +GTe NN) GO TO 420

IF (NUBNPT «GTs NN} GO TO 410

c##fﬁtt#*#######t#*t*#t##tt##’t#####t#*##t##tt#tt#t#t‘#ttt#t#t##t###tt##

C

DETERMINE BAND WIDTH OF STIFFNESS MATRIXs ABORT IF TOD LARGE

T I NN T T

500

510

MBAND=N

DO 510 N=14NUMKELT
TI=MAXD(NPN{Ny1) sNPN(N32) s NPNINy3) sNPN(Ns4})
JInHINOCNPN(Ny1) yNPN(N92) s NPN(Ny3) 9NPN(N14))
KK=2%(II=JJ+1)

IF (KK «GTe MBAND) MBAND=KK

IF (HBAND +LEs 80) GO TO 510

PRINT 50054 N

GO TO 999

CONT INUE

Chrkdhdhdhhr khdh bk dkd kb ke ko F kb nbhdd bk hphnbhhihtebthahrdeddbbdhhpdkhs

c

INITIALIZE VALUES IN FOUNDATION AND IN EMBANKMENT

LI T I L L I I T I L T e T T I LY

550

560

570

580

600

620

640

PRINT 2090

DO 550 N=1,NUMELT

DO 550 H=l,3
STRESS(NyM)=0,0
STRAIN{NsH)=0,0

DD 560 N=1,NUHKNPT

DO 560 HM=1l,2

DISP(NsM)=040

IF (NFEL oEQe. 0) GO TO 580
DO 570 N=14NFEL
STRESS{N+2)=GAM(1)*(HEIGHT(1)=YCP(N))
STRESS(Ns1)=STRESS(Ny2)*AKO

IF (NUMCEL oEQe O0) GO TO 600

READ 10359 (NsXCP(N)s YCP(N)»(STRESS(NyM)sM=1,43)yJ=14NUKCEL)

READ 1035y (NsXCPUN)sYCP(N)s(STRAIN(NsM)sKuly3),J=1yNUKCEL)

READ 10355 (NyXCP(N)9YCP(N) sBULKIN) ¢SHEARIN)yPOISIN)yJ=1,NUMCEL)
READ 1040y (Ny(ORD{NyM)sH=192)y (DISP(NsM)gH=L1y2)yJ=14NUFCNP)

IF (NONLIN +EQe 1) GO TO 640

DO 620 N=1,NUHELT

MTYPE=NPN(Ny5)

POIS(N)=GGINTYPE)

EXOD=COEF(NTYPE) N —_—
SHEAR(N)-EMOD/(Z.O*(1.0+PUIS(N)))
BULK(N)=SHEAR(N) /{1e0=2.N%POIS(N))

DO 650 N=1,NZONES
PHI{(N)=PHI(N)}/57,29577951
CONST=2,0/(RF(N)}*(1s0=SIN(PHI(N))))



ROUTINE LAYOU

650

T 74/176 OPT=0,ROUND= A/ S/ K/=Dy=DS FTN 5414577 85711

DEVL(N)=CONST®CC(N)*=COS(PHI(N))
DEV2(N)=CONST#SIN(PHI(N))

IF (NONLIN +EQ0e 0) GO TO 740 )

DO 690 LN=)1,NLAY

IF (LN oFQe NLAY +ANDe NHATER oEO. 1) 6o TO 690

" IF (LN +GTe 1) GO TO 660

- 660
670

680
690

695
696

700
710

IF (NFEL +GTe 0) GO TO 690
NFEL1=NDMEL(LN91)

NFEL2=NOMEL(LN,2)

DO 680 N=NFEL1sNFEL2

HTYPE=NPN(Ny 5)

HT =HEI GHT (LN )=YCP(N)

IF (N «GTe NFELL +ANDs N oLTe NFEL2) GO TO 680
J=NPN(Ny2) ,
K=NPN(Ny3)

L=NPN(Ny4)

IE (N oEQy NFELL) HT=HT=045%(DRD(Ky2)=DRD(L2))
IF (ORD(Ky2) «EQs ORD(L,2)) GO TO 680

IF (N oEQ¢ NFEL2) HT=HT=0¢5%(0RD(Ky2)=DRD(J92))
STRESS (N2 )=HT*GAM (MTYPE)*0¢5

CONT INUE

PDIS1=GG (1)

DO 730 N=1yNUHELT

DD 695 H=1,NUMCEL

IF (N +EQes NCEL(M)) GO TO 73v

CONTINUE

MTYPE=NPN(Ny5)

IF (N «LE, NFEL) 60 TO 710

IF (PDISL +GTe 0e490) POIS1=0e490

STRESS {Ny1)=STRESS(Ns2)1*PUISL/(140~P0O1IS51)
DEVSTR=STRESS(Ny2)~STRESS(Nyl} :
DEVFH=DEVL(RTYPE)+DEY2(MTYPE)*STRESS (Ns1)
EI=COEF(MTYPE)*¥CONS*({STRESS(Ny1)/CONS)**EXP(MTYPE))
EPS=DEVSTR/(E1*(1le0=(DEVSTR/DEVFH}))

~ POTSI=GG(MTYPE)=FF(MTYPE)*®ALOGLO(STRESS(Ny1)/CONS)

720

725

730
740

750
1

POIST=POISI/({L1e0O=DD{(MTYPE)*EPS) *$2,0)

IF (POIST oGTe 02490) POIST=04490

IF (N J+LEe NFEL) GO TO 720 .

IF (ABS(POIS1~POIST) oLT. 0,00001) GO TO 720
POIS1=POTS1+{POIST~POIS1)/10.0 \

GO - TO 700

POIS(N)=PBIST

STRESS(Nyl)=0,0

STRESS(Ny2)=0,0

EMOD=EI*((1, O-(CODE(HTYPE)*DEVSTRIDEVFH))#42.0)

SHEAR(N) =EMOD/ (2.0%( 14 0+POIS(N))) - .

BULK(N)= SHEAR(N)/(I.O-Z.O*POIS(N)) ~
CONTINUE

DO 750 N=1,NUMELT

ENOD=20*SHEARIN)*(1.0+P0IS(N})

PRINT 2095"N!XCP(N)'YCP(N)QEHODvBULK(N)'SHEAR(N),POIS(N)'
(STRESS(NyH) 1K=1,43)

IF (NUMCEL oEQe N) GO TO 769

PRINT 3000

125 -



ROUTINE LAYOUT

PRINT
PRINT
PRINT
REWIND
HRITE
 WRITE
WRITE
RE TURN
Codkokd dok ok
1000 FORMAT
1005 FORNMAT
1010 FORMAT
1015 FORMAT
1016 FORMAT
1020 FORMAT
1021 FORKAT
1025 FORHAT
1030 FORMAT
1035 FORMAT
1040 FORKAT
2000 FORMAT
2005 FORMAT

760

N

2010 FORMAT

oUnd WK

2015 FORNAT

-

2020 FORMAT

wn -

2021 FORMAT

2022 FORMAT
1

2025 FORMAT
1

2030 FORMAT

1
2035 FORHAT
2040 FORMAT
1
2045 FORMAT
2050 FORMAT
2055 FURMAT
2060 FORMAT
2065 FORMAT
1
2
2070 FORMAT
2075 FORMAT
1

74)176

OPT=0,ROUND= A/ S/ M/=Dy=DS FTN 5.14577 85/11

1035, (N,XCP(N);YCP(N)1(STRAIN(NoM)vH-1,3)gN'loNUHELTI
3005 )
1040y
4
(4)
(4)
(4)

(Ny (ORD(NsM)sM=192) 9 (DISP(NyH) 9 M=12)yN=1yNUMNPT)

((STRESS{NyH) sB=193) 9 N=1y NUHELT)
((STRAIN(NoM) sM=193)9NalyNUMELT)
(¢ DISe (Naq)oﬁ'lyz)QNilyNUHhPT)

#t*t*##r*####t#t##*#tt*t###t*###*##########t#ttt##*’#####ttt
(12A6)
(1814)
(7FLlUD)
(1446Fl0Ds4)
(6F10e4)
(1444F1Dg4)
(4F10e4)
(I1492F8e2)
(4144F8.2)
(I10,5F10.3)
(I10y4F1044)
(146 /777 L2A6)

{21H=TOTAL NO, ELEMENTS =914 / 21H TOTAL NO. NODES =y14 /
21H FOUNDATION ELENENTS=9]4 / 21H FOUNDATION NODES =914 /
21H COFFERDAM ELEMENTS =,14 / 21H COFFERDAK NODES =414 )

(27HCNC. RESTRAINED NODES = 314/
27H NO. DIFFERENT MATERIALS = 414 /
27H ND« CONSTRUCTION LAYERS = 414 ./
27H NO. ITERATIONS PER LAYER = 414 //

49H NONLINEAR CODE (O=LINEARy 1=NONLINEAR)====mc=m=== 414 /
49H CODE FOR PRESENCE OF WATER FORCES (0=NDsl=YES)== 414 /
49H CODE FOR PUNCHING FINAL STRESSES (0=NDyl=YES)=== 414 )
({32HCEARTH PRESSURE COEFe IN FNDNe = o¢Fb6e3 /

32H MODULUS REOUCTION FACTOR = 3F9e6 /)
(23HOEMBANKMENT COORDINATES / 5Xs9H TCE LEFT10X,

11H CREST LEFT»9X»11H CENTERLINE»9Xys12H CREST RIGHTy9X,
10H TOE RIGHT / 5Xs1HX39Xy1HYs9Xs1HXs9Xs1HY »9Xs1HX 39Xy 1HY,
9X92HX 99Xy 1HY s IX9LHX99Xs IHY / 10FLCa3 /)

(31H FOUNDATION ASSUMED TO BE RIGID /)

(23H FOUNDATION COORDINATES / 7Xy5H LEFTs15Xs6H RIGHT /
5Xs1HX39X9IHY 99X 9 LHX+s9X91HY / 4F106e3 /)

(23H=-HATERIAL PROPERTY DATA///L7H UNITS CONSTANT = ,FB.4
/1)

(21Xy8H MODULUS 913Xy14H POISSON RATIO ¢/

39H MATL UNIT MT CONSTANT EXPONENT Dy9X9LHG99IXs1HF /)
(48H=-MATL c PHI FAILoRATIOD NONLIN(1=YES) /)
(19H1L NODAL POINT ARRAY //

44H NP X=0RD Y=0ORD X=0RD/W Y=~ORD/H /)

( 39HLNODAL POINTS WITH GEOMETRIC RESTRAINTS //)

(12H NDDAL POINTy I4 “313H CAN NOT-MOVF)

(12H NODAL POINTs 14 »33H CAN MOVE ONLY IN THE Y=DIRECTION)
(12H NODAL POINTs 14 933H CAN NOVE ONLY IN THE X=DIRECTION}
(50HL ELEMENT ARRAY + PT, WHERE STRESSES ARE EVALUATED ///

50H ELE 1 J K L NaTL X=0RD Y-0RD »
20H  X=ORD/W Y-ORDIH 17} '
(61594F1043)

{32H1 CONSTRUCTION LAYER INFORMATION // 6H LAYER,
48H INCLUSIVE ELEMENTS [INCLUSIVE NODES. ELEVATION /)

126



ROUTINE LAYOUT

2080
2082
2083
2085

2090

2095
3000

3035

5000
5005

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

FORMAT
FORMAT
FORHAT

FORKAT
FORNAT

74/176 OPT=0yROUND= A/ S/ K/=Dy=DS . FTN 5,1+577 85711

(15911091733129169F1443)

(19H=-COFFERDAM ELEMENTS /7/)

(23H~COFFERDAM NODAL POINTS //)

{20H1 NODAL POINT FORCES//20H NP X~FORCE Y=FORCE //)
(28H1 INITIAL VALUES IN ELEMENTS ///

45H ELE X=0RD Y=0RD ELAS MOD BULK HOD»

50H SHEAR MDD  POISSON SIG=X SIG=Y TAU=XY /7)
(I542F104393F10e144F1043)

{35H1 INITIAL COFFERDAM ELEMENT STRAINS /// 10H ELE,
S0H X=0RD Y=0RD EPS=X - EPS=Y GAK=XY //)
(45H1 INITIAL COFFERDAM NODAL POINT DISPLACEMENTS ///

50H NePo X=0RD Y=0RD X=DISP Y=DISP //)

(17H NePe ERROR s N = 514)
(32H BAND WIDTH TOO LARGE AT ELEMENT 414}

Cobhthkbhdhh b hhb kbbb hdk kb ki kb ke hh ke kb kA khh kb b kb ks ke hrhpkidy

999

sTop
END
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ROUTINE LSSTIF 74/176 OPT=0,ROUND= A/ S/ H/-D,—DS FTN 514577 85/11
=LONG/=0Ty»ARG=~COMNON/~FIXEDy CS= USER/=FIXEDyDB==TB/=~SB/=SL/ ER/=ID/=PAD/=5T,PL=500
i 59I=LSByL=ER,

SUBROUTINE LSSTIF
C#*ttt#v#t*##tt##*tt‘#t##‘##t#####t###*‘t##t*#t#tttttt*t#ttt#ttt‘#tt#ott

COMMON /INIT/ HED(12)sNUNELTyNUMNP T NFELyNFNPyNPUNCH

COMMON /NPEL/ NPN{27595) yORD{300+2)yXCP(275)YCP(275)

COMMON /CDAK/ NUMCEL yNUNCNPyNCEL (100)yNCNP(10D)

COMMON /NPBC/ NUMBCyNBC(100) sNFIX(100) sNHATERyFX(300),FY(300)

COMHON /BANS/ MBAND,NUMBLKB(160)3A(160,80) -

COMMON /LIFT/ NLAY,LNyNOMEL (2542 )3NOMNP(2592) yHETGHT (25) yNUNIT,1T

COMMON /MAT1/ NONLINyBULK(275)SHEAR(275)9P0IS(275)9GAM(10) REDNOD

COMMON /LST1/ I5J5KsS(10910)9ST(3510)9C(393)9P(1C)4NP(4)4VOL
CRkbhbhb ket kb A hk kR h R AR Ad AR R b e s d b b hh ek Ad b a bbb kdtebhtnhddodshh
C INITIALIZE BLOCK CONSTANTS AND STIFFNESS ARRAY
C##*#‘###*##t####*#t‘*#*t#*###‘t##*‘###‘#######*‘###‘##“‘###4#!####‘#‘#

REWIND 2

NB=40

ND=2#NB

ND2=2%ND

NUMBLK =0

DO 210 N=1yND2
BIN)}=J4D
DO 210 H=14MBAND’

210 A(NsH)=0,0
Ctt####i#t*###*##*#ttt########t###*#t##t*#t##t#t###t#tttt###t#t#*##t####
¢ FORM STIFFNESS NATRIX IN BLOCKS
c*t#t#*t##*###*t##tvttt###tt*###*t#*tttt*##t###t*#t##t*tt###ttt##t#tt#*t

300 NUMBLK=NUKBLK+1

NH=N8# (NUMBLK+1)
N =NH=NB '
NNL=NK=NB+1
KSHIFT=24NNL =2

NUMEL=NOMEL(LNy2) - :

IF (NUMCEL oNEe 0) NUMEL=MAXO(NOMEL (LNy2)sNCEL{NUHCEL))

DO 540 N=1yNUMEL

KHIN=MINO(NPN(Ns1) yNPN(Ns2) g NPN{Ny3) sNPN(Ns4))

IF (KKIN oLTe NNL oORe KMIN oGTs NM)} GO TO 540

CALL LSQUAD(N)
Ckkphhhhkhkbbhtbhkpds bk kbbb hphihprs by bk hpbt ke hpbptdbhdbtbbpbsbdhrbgdy
C le ADD ELEMENT STIFFNESS TO TOTAL STIFFNESS
Chrbkkprdsdhkppr ki bhkp kbbb kb hkghkpdhbrphhthhbkhkhkpr bbb btokbkphkb kb iihgky

DO 440 I=1y4

DD 440 Ke=l,2

II=2%NPN(N9I ) =2+K=KSHIFT

KK 22 %] =2 +K

B(II)=B(II)+P(KK)} .

DD 440 J=1,4 : ™

DO 440 L=1,y2°

JU=2ENPN(N9J)=2+L=11+1=KSHIFT

LLw2%)=2+

IF (JJ oLEs 0) GO TO 430

IF (ND oGE. JJ) GO TO 420

PRINT 1000y MBANDsN

CALL EXIT

420 ACII19JdJd)=A(II,JdJ)+S(KKyLL)



430 CONTINUE

440 CONTINUE

540 CONTINUE
A T I T T T Py Y Y Ie e
c 2. ADD CONCENTRATED FORCES WITHIN EACH BLOCK (IF PRESENT)

R e e bt L L L L LE LT
IF (LN oNEs NLAY oORe NWATER o4EQe 0) GO TO 600
00 500 N=NNL,NH
Km2#N=KSHIFT
B(K)=B(K)+FY(N)

500 B{K~1)=B(K~1)+FX(N)}
ctt#*#*##tt###tt*t#t*####t####‘##*#t#tt#t###tt#t###tt####t#t#tt####ttt#*
c 3, MODIFY STIFFNESS. EQUATIONS FOR BOUNDARY CONSTRAINTS
L T T I L T T T eIy

600 NUMNP=NOMNP(LN+2) !

IF (NUMCNP (NEs 0) NUMNP=HMAXD(NOKNP (LNy2)9yNCNP(NUMCNP))
D0 650 M=1,NUMBC
IF (NBC(M) 4,LTs NNL) GO TO 650
IF (NBC(M) «GTe NH «ORe NBC(M) +GTe NUMNP) GO TO 700
N=2%NBC(M)~1~KSHIFT
IF (NFIX(M) +EQe O +ORe NFIX(M) +EQe 1) GO TO 620
610 IF (NFIX(H) oEQs O #O0Re NFIX(M) +EQs 2} N=N+1
620 DO 640 HMK=24MBAND
- KK=N~MH+1
IF (KK oLE¢ 0) GO TO 630
A(KKsHH") =040
630 KK=N+HM=1
IF (ND2 «LTs KK) GO TO 640
A(Ns Nl =040
640 CONTINUE
A(Ny1)=1,0
BIN)=0e0

650 CONTINUE ’ ,

I I T T o e
c 4¢ WRITE BLOCK ON TAPEsMOVE UP LOWER BLOCKsCHECK FOR LAST BLOCK
I I I I I I T I I TNy,

700 WRITE (2) (B(N)g(A(NsH)1h-19HBAND)’N-15ND)

DO 710 N=1,4ND
K=N+ND
B(N)=B(K)
B({K)=(e0 .
D0 710 M=1,MBAND \
A(NyH) =A(KysN)
710 A(KyM}=0,40
IF (NH oLTe NUPNP) G0 TO 300
RETURN
Ctt###‘**4########ttt#ttt#tttt*#*##t*##t#t#t#‘#t##tt*t##*#*######t##t###
1000 FORMAT (13H BAND WIDTH = 5149200 EXCEEDED AT ELEMENT 4I4)
L R T e T I T T T P T e S g R L
END
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ROUTINE LSSTIF 74/176 OPT=0y,ROUND= A/ S/ K/=Dy=DS FTN 5014577 85711



ROUTINE LSQuAD 74/176  OPT=0,ROUND= A/ S/ H/-Di-DS FTN 5414577 85/11
=LONG/=0T yARG=~COHBHON/~FIXEDyCS= USER/=FIXEDyDB==TB/=SB/=5L/ ER/=ID/=PMD/=STyPL=500

591=.5BsL=ER,

SUBROUTINE LSQUAD(N)

C##**t##############*####*####*4###‘#‘###t#t‘####t’####t#‘####'t*##‘###*

COMHON /INIT/ HED(12) 9 NUMELTsNUMNP Ty NFEL ¢yNFNP ¢ NPUNCH

- COMMON /NPEL/ NPN{27595)9y0RD(3004+2)yXCP(275)5YCP(275)

COMMON /CDAM/ NUMCEL sNUMCNPyNCEL (100)9NCNP(1DD)
COMMON /LIFT/ NLAY LNy NOMEL(2592) 3 NOMNP(2592) yHEIGHT(25) sNUKITH1IT

- COMMON /MAT1/ NONLINsBULK(275)sSHEAR(275)+POTIS(275)9GAMI1U)YREDNOD

COMKON /LST1/ Y9JeKeS(10920)4ST(3510)5C(393)gP(1N)sNP(4)eVOL
DATA C(193)3C(293)9C(391)9C(392)/0e30030a9047/

C###*###*##t#####4###tt##tt###0####*#*t#####t#####ttt######t#t###t#####t

c

INITIALIZE AND FORM STRESS~STRAIN MATRIX

R I T

100

120
130
150

DO 100 II=1,10
P(I1)=0.0

00 100 JJ=1,10

S{IIy4JJ4)=0e0

VOL=Q0,0

IF (N oLEe NOMEL(LNy2) o+0ORe NUMCEL «EQe O0) GO TO 130
DO 120 M=1,NUNCEL

IF (N +EQe NCEL{M))Y GO TO 130

CONT INUE

RE TURN

FMODET=1,0 . . '

IF (NLAY +EQs 1 oORe NOMEL(LN9s2) +EQe NFEL) GO TO 150
NTYPE=NPN(Ny5) .o :
Cl1y)l)=FMODET* (BULK(N)+SHEAR(N))
C(192)-FHUDET‘(BULK(N)-SHEAR(N))

Cl291)}=C(1ls2)

C(2+2)=C(1y1)

C{(343)=sFHODET*SHEAR(N)

R Ll Tl N T L Lt

c

FORM 10#10 QUADe STIFFNESSy REDUCE TO 8%8, CALCULATE GRAVITY LOADS

Chdkbp bk phdbdgdhhpbd bbb hhkrbbhdkrdrhhhhhbkrphbbbbbhhdr kbbb sbbdbs

200

300

400

I=NPN{Ny1)

JaNPN(Ny2)

KaNPN( Ny 4)

CALL LSTB8(14347)

I=NPN({Ny3)

J=NPN(Ny4)

KeNPN{(Ny2) !

CALL LSTB(55753)

IF (VOL «GTe 0e0) GO TO 200

PRINT 1000y N

CALL EXIT .

DO 30C K=1l42 d

IH=10=K )

ID=IH+1 ) ’ —
DD 300 I=lsIH

S(IDs1)=SLIDsI)/S(ID+ID)

DO 300 J=1,yIH
S(JeI)=S(Jsl)=S{JyIDI%S{IDsI) .
IF (N oLTe NOMEL(LNs1l) «ORe N oGTe NOMEL(LNy2)) RETURN
IF (N oLEs NFEL) RETURN

DO 400 I=xly4

P(2¥]) =P (2%] )=GAM(MTYPE)®VOL /440

130
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ROUTINE LSQUAD 74/176 OPT=0yROUND= A/ S/ M/=Ds=DS FTN 5414577 85/11

RE TURN _

A I I I I I I I L I T T T T T T T LTI

1000 FORMAT (34H ZERD OR NEGATIVE AREA. AT ELEMENT +14)

R I I I I I I I I I I T T e T T T T T,
END ‘ ‘
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ROUTINE LSTS8 74/176 0PT=04ROUND= A/ 5/ M/=Dy=DS FTN 5414577 85/11
wLONG/~0T y ARG=~COMNON/=FIXEDy CS= USER/=FIXEDyDB==TB/=SB/=SL/ ER/=1D/= PHD/=5TyPL=500
1591=LSByL=ERe

’

SUBROUTINE LSTB8(NLlsN2sN3)
T T T L LT N g S O A A AP Y
' COMMON /NPEL/ NPN{27595)90RD(3002) 9 XCP(275)sYCP(275)
COMHON /LSTL/ 13JsKeS(10910)sST(3510)9C(393)9P(10)sNP(4),yVOL
DIRENSION BA(342)9sU(344)yV(394)9UV(394,42)
EQUIVALENCE (UY(1lelol)sU(Ledl))s(UVIlysle2)sV(iel)})
T T L LT T o O T I S P,
C ° DEFINE TRIANGULAR ELEMENT NODAL POINTS, GEOHETRY, AND AREA
T T LT e e A A S e O A A A PN
NP {1)=N1 ‘ '
NP (2)=N2
NP (3)=N3 .
NP (4)}=9
BA(Ly1)=0RD( Jy2)=0RD (Ky2)
BA(291)=0RD(Ky2)=~0ORD(142)
BA(3+1)=0RD(142)~0RD(Js2)
BA(1+2)=0RD(Ky1)~0ORD(Jy1)
BA{242)=0RD(I41)=DRD(Ksl)
BA(342)=0RD(Js1)=0RD(I1)
AREA=({ORD(JyL)*BA(251)+0RD(I+1)*BACLLI1)+ORD(Ky1)*BA(391))/240
IF (AREA (LEes 040) GO TO 400 '
VOL=VOL+AREA
CHdrRd i s i Kok R R R kR kR AR R A AR AR R R Rk AR AR R AR A
C SET UP TERMS FOR STRESS~STRAIN AND STRAIN=DISPLACEMENT MATRICES
CHAEFHBERRREFERHERELELEEDEEEFEERROLELBEEREERREEREE L RRRR AL E R R R A £ 00
AREA48=48, 0% AREA
Cl1l=C(1ly1)/AREA48
Cl2=C(1y2) /AREA4SB
C13=C(1y3)/AREA4S8
C22=C(242) JAREA4S
C23=C(293)/AREA4S8
C33=C(3y3)/AREA4S

DO 200 M=1l,2 :

UV(LlslsH)= BA(1,4M)

UV(2919M)= BA(Ls M)

UV(391l9d)= BA(L1yN)

UVI{1ls29H)= BA(24H)

UV(2s238)= BA(29H)=2+0%BA(3yN)
UV(33298)==BA(2+H)

UV{ls3sM)= BA(3,4)
UV(2939M4)m=BA(34H)

UV (393 9M)= BA(33H)=2s0%BA(2yH)
UV{lsa9H)= Dol

UV(2949M)= BA(3,M)#%4,0

200 UV(3944M)= BA(29M) 24,0 :
ct#####t*t**##*###*#t##ttt#t###mtt#tt####t#!!!tt#v####tttt#t#t#t*#####*#

c DEVELOP CENTER NePs STRAIN=DISP¢ MATRIX AND TRIANGLE STIFFNESS
L e TN e
AREAB=8, 0#AREA
DD 300 I=ly4
II=NP(I)
c

ST(LsI1) =ST(LyII) +((U(241)+U(3,1))/AREAB)
ST(291I+1)=STL2y 141D+ ((V(2+1)4V(391))/AREAB)
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ROUTINE LST8 74/176 OPT=04ROUND= A/ S/ K/=Dy=DS . FYN 541+577 85/11

ST(3+11) =ST(3411) +({(V(2y1)+V(3y1))/AREAS)
STU391X¢1)=ST(39I1+1)+((U(251)4¢U(391))/AREAS)

SUHU=U(L,I)+U(2,1)+U(3»1)
SUML=SUAU+U(1,1)
SUHZ=S5UKU+U( 2, 1)
SUM3=SUXU+U(3,1)
SUNV=V (L 1)4V(251)+V(3s])
SVHL=SUMV+V(1, 1)
SVH2=5UNV+V(241)
SYH3=SURV+V(3,41)

DO 300 J=1ly4

JI=NP( J)

UQU=U(1y J)#SUHL + U(24J)*SUNM2
VQU=V(1y J)*SUKL + V(25J)*SUK2
VOVaV(L1y J)*SVHL + V(24J)*SVYH2
UQV=U(1y J)*SVR1 + U(2yJ)%*SVYK2

U3,y J)*SUN3
Y(3,J)*%5UK3
V(39 J)*SVYK3
U(3y J)#SVNI

s

SUTI 94 )=S(II 34 ) + CLI*UQU + C13*(VQU+UQV) + C33¢VQV
S(TI+19JJ+1)=S(I1I+1yJJ+1) + C224VOV + C23#(VOU+UQV) + C33#%UQU
© . SUIL 9JJ+1)=S(II 4 JJ+1) + C234VQV + CL3%UQU + Cl2%VQU + C334UQV
300 S(JJ+1,I1 )aS(1I  4JJ+1)
CruRbr AR kh kg bk h R kp ks R h kR Rk RE R bk Rk A bk bk k kb bR bk b h kb k kg kb bbb ki
400 PETURN -
END
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ROUTINE BANSOL 74/176 DPT=0yROUND= A/ S/ M/=Dy=DS FTN 5414577 " 8%/1i
'-LDNGI-OT,ARG--COHHON/-FIXED,CS- USER/=FIXEDsDB=~TB/~SB/=SL/ ER/=ID/=PHD/~STyPL50L
'S’I'LSByL'ERo

SUBROUTINE BANSOL )
CRebdhdbdb bk bt dh b Rk hd AR kR kR kA ke R R E F R R b AR R b Rk Rk g

CONMON /BANS/ MBANDy NUMBLKyB(1l6C)sA(160,80)

CRARRE R b dkkh R Rk kEd b kR SRR R kAR ARk r R R AR R R R ARt kbbb bbb db kg
. C © INITIALIZE

Chbbtsdbdbht kb hhhhhiie FRERAR R R AR ROt SRR RS R b AR R AR R AR AR kAR kAR Rh Kk

’ NN=8Q

NL =NN+1

NH=NN+NN f

REWIND 1

REHWIND 2

N3 =() :

G0 TO 120
cuuu*nﬂnuuuuuntnuuunnunutuunnuununnunu
C ‘le SHIFT BLOCK OF EQUATIONS AND READ NEXT BLOCK INTO CORE .
CHRERRhdhdhk kb hb bk kb A ARG KR RN AR AR R Rk Ak AR RS AR AR b S RF R AR AR RN AR bk bk

100 NB=NB+1

DO 110 N=14NN

NE=NN+N

B(N} =B (NM)

B(NM)=N, 0

DO 110 M=14MBAND

A(NyHN) =A (NM,y M)

110 A(NMyH)=0,0

IF (NUMBLK oEQs NB) GO TO 2006
120 READ (2) (B(N}s(A(NsK)y¥=13MBAND) ¢N=NLyNH)

IF (NB +EQe 0) GO TO 100
C#**####*#####*####t#*‘t#*#####t#####t####i#*t#t##*##########tt#*t##‘#*#
c 2s REDUCE BLOCK OF EQUATIONS s THEN WRITE THEM ON TAPE 1
C##*####‘**t*#*#t*tt###‘*t*‘##*####t#####*‘######***#*###tﬁ###t######t*#

200 DO 23C N=1,NN ’

IF (A(Ns1) 4EQs 0.0) GO TO 237

BIN)=B(N)/A(Ny1)

DD 220 L=2,MBAND

C=A(NyL)/A(Ns1)

I=N+l=l

J=0

DO 21C K=L,MBAND

d=J+1 !

210 A(I5J)=A(l4J)=C*A(NyK) ‘
B(I)=B(I)=A(NsL)*B(N)
A(N,L)=C

220 CONTINUE

230 CONTINUE

c

IF (NUMBLK «EQ. NB) GO TO 300

HRITE (1) (B(N)o(A(NsH)9H'2oMBAND):N-19NN)

GO TO 100
C##i#!‘###t##‘#t‘#*#tttt##t####t##t##t0##01##0#0###t####t#t#t####t###t##
c BACK=SUBSTITUTION

,C*‘********#*‘*f**“‘*##*#**‘*“‘*“"‘*"“*#"“““"“"‘*“*‘*‘*0“
300 DO 320G K=14NN
N=NN+1=¥4
DO 331G K=2,MBAND



‘ROUTINE BANSOL 74/176 -0OPT=DyROUND= A/ S/ H/-D"DS»

310

320

/

LeN+K=1

B(N) =B (N)=A(NsK)*B(L)
NM=N+NN

BINM)=B(N)

A(NMsNB) =B (N)

NB=NB~1

IF (NB +EQ, 0) GO TO 400
BACKSPACE 1

READ (1) (B(N)s(A(NyM)sM=2,HBAND) sN=14NN)
BACKSPACE 1 ‘
G0 TO 300

135

FTN 5.1+577 85/11

Cokbhp kg ke hd kg Rk hp kR kg Rk kb p PRk kb h P bR AR n kg bk n b b h ik bk

c

ORDER UNKNOHNS IN B ARRAY

Chhbdb bbb db bk dhpkkhbphehdhrbhhrhphebp bbbkt bk rrbkbbb bbbk drksirg

400

410

CRextd kb erdbhihtakp b hd bbbkt bbb hd b pa bt bass

K=0

DO 410 NB=1,NUMBLK
DO 410 N=1,NN
NM=N+NN

KeK+1

8(K)=A(NMsyNB)
RETURN

END

SRR RbERR kR ERRRR kR AR
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-ROUTINE LSRESUL 74/176 VOPT-01RDUND- A/ S/ M/=Dy=DS FTN 5414577 85/11
=LONG /=0T 9ARG==COHNON/=FIXEDys CS= USER/=FIXEDyDB==TB/~SB/=SL/ ER/=1D/=~ PND/=5TyPL=500

1591I=LSBsL=ERs

SUBROUTINE LSRESUL

R I I I T I I I T T T T T L T T T e VY P T I T

CONKON /INIT/ HED(12)yNUNELTyNUKNP T4 NFEL ¢+NFNPyNPUNCH

COMHOM /NPEL/ NPN(275,5)0RD(3004+2)4XCP(275),YCP(275)

COMMON /CDAM/ NUHCEL ¢NUKCNPyNCEL{100)sNCNP(L00)

COMKON /BANS/ MBANDy NUMBLKsB(160)9A(160,80) .

COHHON /LIFT/ NLAY sLNyNOKEL(2592)9 NOMNP(25492)9HEIGHT(25) yNURITHIT
COMHON /GEOM/ FNL(2)9TL(2)4CRL(2)3CTR(2)sCRRI2),TR{2)4FNR(2)
COMMON /MATY/ NONLINyBULK(275)9SHEAR(275)4POIS(275)+GAM{10)4REDNOD
COMMON /MAT2/ CONS+COEF(10)+EXP(10),DD(20)+GGULO)sFF(LO)9yNZONES
COMMON /MAT3/7 CC(10)4PHI(L10)4RF{10)yDEV1I(LO) DEV2(10),CODE(10)4AKD
COMHMON /L5T1/ IinKsS(lOvln))ST(3’10)9C(3’3)vP(10)1NP(4)9VUL

DIMENSION SIG(3)yEPS(3)5Q(5)s00(4)
DIMENS ION SIGIT(27593) 4EPSIT(275+3)4DISPIT(300,2)
DIMENSION STRESS(27593)ySTRAIN{27543)5D1I5P(300,2)

EQUIVALENCE (STRESS(141),A(80913)),(STRAIN(L+1)9A(160425])),
(DISP(1y41)4A(80,438))

1
R L I T I I I I I I e T L T T T T TyTTIL Y

c

INITIALIZE

C###tt######*t##t#*#*#tv*#tt#4###44&#‘t##t##t##t#t#t#‘#t#tttt#ttttt#t##t

100

200

250

280

REWIND 4

READ (4) - ((STRESS(NyM)sM=lys3)9N=lyNUMELT)
READ (4) ((STRAIN{NyM)sH=193)sN=lyNUSELT)
READ (4) (( DISP (N,H)vH‘loZ)oN-lyNUdNPT)
IF (IT «GTe 1) GO TO 300

DO 100 N=1,NUHELT

D0 100 HM=1,3

SIGIT(NyM)=04D

EPSIT(Ny M) =040 »

SIGIT(Ny M) =STRESS(NyK)
EPSIT(NgyM)=STRAIN(Ny M)

DO 200 N=1,NUHNPT

DO 200 H=1,2

DISPIT(Nyh)=0,0

DISPIT(NsH)=DISP (NsM)

CTRF=TL(2) ((TR(Z)=TL{2) }#(CTRILI=TL L)}/ (TRIL)=TLIL)))
EXBHT=CTR{2)~CTRF

SLL=(CRL(2)=TL(2))/(CRL{1)=TL(1))
SLR=(CRR(2)=TR(2))/(TR(1)=CRR(1))

IF (FNL(1) +EQe TL(Ll) 4ANDe FNR(1) (EQs TR(1l}) GO TD 250
GAMF=GAM(1)

GAMD=GAM(2)

EMOD=COEF(2)

G0 TO 280

GANF=( .0

GAMD=GAN (1)

EHOD=COEF(1)

DIMEN=ENOD/( GAMD*EMBHT*EMBHT)

M I I I I T L T T I T e sy T e

c

CALCULATE THE DISPLACEMENTSy CORRECTING THOSE IN THE NEW LAYER

I I I I I I T T

300

NUKNP=NOMNP(LN42)
IF (NUMCNP oNEs 0) NUMNP=MAXO(NOMNP(LNy2)9NCNP(NUNRCNP))
00 340 N=1,NUMNP )
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310

315

320
325

330

340

IF (IT «LTe. NUMIT) GO TO 310

XN=N

XXN=N/50 :

IF (XXN oEQs (XN/5040) "¢ORe N oEQs 1) PRINT 1000

FHODET=1.1 :

IF (NLAY oEQe 1 oORe NOMNP(LNs2) oEQe NFNP) GO TO 315

IF (N «GEe NOHNP(LNs1l) «ANDe N oLEe NOMNP(LNs2)) FHKODET=REDMOD
DX=B (2*N=1)*FHODET . .

DY =B (2*N)*FHODET .

IF (NLAY +EQe 1 oO0Re N oLEe NFNP) GO TO 330

IF (NUMCNP ,Eue 0) GO TO 325

00 320 M=1,NUNCNP

IF (N «EQ¢ NCNP(K)) GO TO 330

CONTINUE

DX=0.0 .

DY =040

DISP(Ns1)=DISP(N,s1)+DX

DISP(N+2)=DISP(Ns2)+DY

IfF (IT «EQe NUMIT) DISP(NsL)=DISPIT(N,1)+DX

IF (IT +EQs NUMIT) DISP(N,2)=DISPIT(N,2)+DY
TO=SQRT(DISP (NsL) %2 +DISP(Ny2)%42)

IF (IT «LTe NUHIT) GO TO 340

IF (DRD(Ny1l) oLEe CTR(1)) DIX=100eD*DISP(Ns1)/{CTR(1)=TL(1))
IF (ORD(Nyl) oGTe CTR{1)) DIX=10GU*DISP(Ns1l)/(TR{1L)=CTR(1))
DIY=100,0*%DISP(Ny2)/ENMBHT . '
DIX=DISP(N41)*DIKEN

DJY=DISP (N2 )#DIMEN

PRINT 1005, N)DXoDY;(DISP(NsH) H-lyz)oTDoDIX’DIY DJXsDJY9N
CONTINUE

Codrpddpmh bbbk bbb b b xdd kb bk bbbk ke kb bR Rk kbbb bbb h kb hb ks dnt e ¢ by

c

CALCULATE THE STRESSES AND STRAINS,y PRINT STRAINS

ct#t#t#t#t#i##*t######t#*#*v#*###**t##tt*#4####t###t#t#tttttt!##ttt##t#!

390

395

AREATT=AREATE=AREATN=D 40
NUHMEL=NOMEL(LNy2)

DO 450 N=1,NUNEL

IF (IT oLTe NUNIT) GO TO 390

YN=N :

YYN=N/50 ,

IF (YYN +EQs (YN/50,0) 4ORe N «EQs 1) PRINT 1010
NTYPE=NPN{N,5) :

FMODET =140 :

IF (NLAY ¢EQ¢ 1 +OR, NOKELILNs2) oEQe NFEL) GO TO 395
IF (N oGEe NOMEL(LNs1) ¢ANDs N oLEs NOMEL(LNy2)) FNODET=REDMOD
DD 400 1I=1,3

SIG(I) =040

" EPS{I)=0.0

400

D0 400 J=1,10
ST(14Jd)=0s0

CALL LSQUAD(N)

AREATT=AREATT+vVOL .

EMOD®2 4 D¥BULKIN)*(1eN+PDIS(N)}*(1,0~2,0%PDIS(N))
AREATE =AREATE+VOL*ENOD

AP FATN=AREATN+VOL*POIS(N)

DO 410 I=xly4

I1=2%*]
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410

420

. 430

440

441

442

445

450

Crons
c
CHers

455

SUL 74/176 OPT=0yROUND= A/ S/ M/=Dy=DS" - FTN 5414577 85711

JJm2%NPN(Ns1)
P(II=1)=B(JJ=~1)
P{II)=B(JJ)

00 420 I=9,10
P(I}=0e0

KKkwI=1

D0 420 K=1,KK

P(I)=P (I)=S{IsK)*P(K)

DO 430 I=1,3

D0 430 K=1,10

EPS({I)=EPS(I)+ST(I+K)*P(K):

D0 440 I=1,3

DO 440 K=1,3

SIG(I)=SIG(I)+C{IsK)*EPS(K)

IF (NLAY oEQ¢ 1 +ORse NOMEL(LNs2) «EQe NFEL) GO TO 442

IF (N o+LTe NOMEL(LNsl) eORe N «GTs NOHMEL(LNs2)) GO TO 442
DD 441 1I=1,3 :

NUKREF=NONEL (LNy1)+1

FLHT=HEIGHT(LN)}=YCP{NUYREF)

SIG(2) == (ELHT*GAH(MTYPE))
SIG(1)=SIG(2)*POISINI/(140~POIS(N))

SIG(3)=0.0

DO 445 I=1,3 :

IF (FMODET +EQ. REDMOD) EPS(I)=0,0

IF (IT o«LTe NUMIT) STRESS(NsI)=STRESS(NsI)=SIG(I)*0e5

IF (IT +EQe NUMIT) STRESS(NsI}=SIGIT (NysI)=SIG(T)

IF (IT oLTe NUNIT) STRAIN(NsI)=STRAIN(Ny1)=~EPS{I)*10040%FHODET
IF (IT +EQe¢ NUMIT)  STRAIN({Ns1)=EPSIT (NsI)=EPS(I)*100Ue0%FHODET
CONT INUE °

E=(STRAIN(Ny2)+STRAIN(Ns1))/2.0
F= (STRAIN(Ny2)=STRAIN(Ns1)}/240
G=SQRT{(STRAIN(NS3)/2.0)%%2+F%%2)
Q0 (1)=E+G
QQ(2)=E=~G
QQ(3)a2,0%G
IF (IT 4LTe NUHIT) GO TO 450
PRINT 1015y NsENOD, BULK(N),SHEAR(N):PDIS(N),(STRAIN(N MleK=1,3),
1 (QQ(L)yL=193)9N
CONTINMNUE
EMODAV=AREATE/AREATT - i\
POISAV=AREATN/AREATT
IF (IT «EQs NUMIT) PRINT 1020y EKODAV,POISAV
RRh kb kR kAR Ak Rk ke R A R R b kb bk Rk kP Rk R R bk bRk
CALCULATE PRINCIPAL STRESSES AND PRINT, CALCULATE NEW E AND NU
R R AR RS AR R R SRR SR R RNk kR bRk bR ke R A4
DO 470 N=1,NUKEL
IF (IT «LTe NUMXIT) GO TO 455
IN =N
ZIN=N/ 55
IF (ZZN +EQs (2ZN/5040) oORe N oEQe 1)} PRINT 1025
CCCC={ STRESS(N92)+STRESS(Ny1)) /2.0
D= (STRESS(N32)=STRESS{(Nys1)) /2.9 '
Q(3)=SART(STRESS (Ns3)%%2 + D*%2)
Q{1)=CCCC+Q(3)
Q(2)=CCCC~-u(3)

—~
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Q(4)=040
IF (STRESS(Ns3) +EQs 0e0 «ANDe D +EQ¢ 0.0) GO TO 456
0(4)’90n0/3g14159265‘ATAN2(-STRESS(N13)QD)

456 HTYPE=NPN(Ny5)
DEVSTR=Q(1)=Q(2) .
DEYFH=DEVL(MTYPE)+DEV2(NTYPE)#Q(2)
IF (DEVFH «GTe Ce0) GO TO 457
STRLFV=DEVLEV=N,0

- G0 TO 458

457 DEVLEV=DEVSTR/DEVFH

STRLEV=DEVLEV/RF (MTYPE)

458 IF (IT oLT. NUNIT) GO TO 463
IF (Q(2) oEQs 0,0) Q(5)=999.999
IF (Q(2) oNEe 0,0) 0(5)=a(1}/Q(2}
YHT=GHF=0,0
IF (YCPIN) oGEs FNL(2)) YHT=YCP(N)=TL(2)
IF (YCP(N) «LTe FNL(2)) GHF=GAMF#(TL(2)=YCP(N))
IF (XCP(N) «GTe TL(L)) GH=GHF+GAMD*((XCP(N)=TL(1))#SLL=YHT)
IF (XCP{N) ¢GTo CRL{1)) GH=GHF+GAKD*(CTR(2)=TL(2)=YHT)
IE (XCP(N) +GTe CRRI1)) GH=GHF+GAMD*((TR{1)=XCP (N))*SLR=YHT)
IF (XCP(N) oGTe TR(1)) GH=GHF
G1=0(1)/GH
G2=0(2)/GH
63=0(3)/GH
PRINT 1030y Ny (STRESS(NyM)sH=133)y(Q(L)sL=1y5)9STRLEVyGLyG25G3sN

463 IF (N «LEe NOMEL{LNjy2) «ORe NUHCEL +EQes 0) GO TO 460
DO 459 M=1l,NUMCEL.
IF (N «EQe NCEL(M)) GO TO 460
459 CONTINUE
- GD TO 470 .
460 IF (NONLIN (EQes O} ' GO TO 470
IF (Q{2) «LEs 0,0) GO TO 462
461 IF {STRLEV ¢LTe 1le0 oANDe SHEAR(N) 4GTe 0e0) GO TO 465
462 SHEAR(N)=0.,0
. GD TO 470
465 TINIT-CUNS*COEF(HTYPE)*((O(Z)ICONS)**EXP(HTYPE))
EROD=E INIT*( (LsO=~DEVLEV#CODE(MTYPE)) #%2,0)
POISI=aGG(MTYPE)=FF(MTYPE)*ALOGLO(Q(2)/CONS)
EPSAX=DEVSTR/(EINIT*(1L,0~DEVLEV))
POIS(N)=PDISI/((Ll.0=DD(MTYPEI®EPSAX) *%2,0)
IF (POIS(N) o«GTe 0e490) POIS(N)=D4490
SHEAR(N) =EMOD/(240%( L. 0+POIS(N)))
BULKI{N)=SHEARIN) /(1e0=2,0%P0OIS(N))
470 CONTINUE
CHr bk ko ok bk #unnntuunuunuununnnnununuuunnn
IF (IT «LTe NUHMIT) GO TO 600
NFEL=NOKEL (LNy.2)
NFNP=NOMNP (LN,y2)
600 REWIND 4
S WRITE (4) ((STRESS(NyM)sM=193)9N=ly NUMELT)
HRITE (4) ((STRAIN{NyN) sHmL93) g Nuly NUNELT)
"HRITE (4) '(( DISP (NyM)yHM=1y2)4N=ly NUANPT) '
IF (LN oNEe« NLAY o4ORe IT oNEe NUMIT oORe NPUNCH oNE- 1) RETURN
WRITE (741035) (NyXCPIN)sYCP(N) g (STRESS(NyK)gM=1y3)gN=1yNUKELT)
WRITE (751035) (NyXCPIN)sYCP(N)s (STRAIN{NyK) yH®w1l4y3)9N=1yNUMELT)

~
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WRITE(851035)(NyXCPIN) sYCP(N)yBULK(N)ySHEAR(N) 9POIS(N) yN=1 yNUNELT)
WRITE (8+1040) (Ny(DRD(NsH)yM=142) 9 (DISP(NsM)sM=1y2)9N=1yNUMNPT)

RETURN '

Chértbdbhhkhhbts b hsdsdbdnbshbibhhbbsd bt bhbhtbkbbbrbbrrbbhdsrddihbkitnsny

1000 FORMAT (54H1 NP DELTA=X DELTA=-Y X=DISP Y=DISP TOTAL,
1 48H X=DISP/W Y-=DISP/H XDIMEN YDIHEN NP /1)

1005 FORMAT (I447F10e492F1l2e8514)

1010 FORMAT (50HLELE ELAS MOD BULK MOD SHEAR MOD NU EPS=X
1 42H EPS=Y GAM=XY EPS~1 EPS=~3 GAMMAX ELE /)

1015 FORMAT (I433Fl0elyF6a396FBe3414) .

1020 FORMAT (4H AVGsFLO0al920X9F6,43)

1025 FORMAT (54HLELE SIG=X SIG-Y TAU=XY SI1G-1 SIG=3,
1 50H TAU-MAX - THETA SIGl/3 LEVEL SIGL/GH SIG3/GH,
2 12H TAUN/GH ELE /)

1030 FORHAT (J446F1De346FB8e3+14)

1035 FORMAT (I1095F1043)

1040 FORMAT (I1044F1044) )

Chebrkdkkh kb kb kR kR ke kA kAR kSRR A R AR R SRR E bRk R R bkt b kRSN b4 S
END , -
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