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ABSTR.ACT 

The behavior of earth and rockfill dams during construction is 

investigated in this ~tudy. In particular, attention is given to the 

prediction of stresses and deformations developed within Altlnkaya 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 strain, isotropic conditions. 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 behavi.or of Altlnkaya Dam and reason-

able parameter ranges are established so as to minimize the stresses and' 

di~plat~m~nts within the'~mbankment . 



OZET 

~u, callsmada, kaya ve toprak dolgu barajlarln insa S1raSlndaki 

davranlslarl incelenmistir. Uzellikle, Altlnkaya Barajl l nda insa S1ra

slnda meydana gelebilecek gerilme ve deformasyonlar tahmin edilmeye ca

l1S1lmlstlr. 

Bu amacla, kaya ve toprak barajlarln analizlerini yapmak Uzere 

gelistirilmis bir bilgisayar programlndan yararlamlmlstlr. Analizlerde 
I . 

sonlu elemanlar yontemi RullamlmlS ve malzemenin izotropilk ve dUzlem se-

, kil degistirme yaptlg1 kabul edilmistir.AYrlca, malzemenin lineer veya 

lineer olmayan davranlS1 gozonUne allnmlstlr. Zeminin gercek davranlS1 , 

hiperbol.ik gerilme-sekil degistirme parametreleri kullamlarak dikkate 

allnmlsve barajgovdesinin insa safhalarl govdenin tabakalar halindein

sa edildigini kabul eden bir analiz prosedUrU ile tammlanmaya callSll-".-

nllstlr. 

Bunlardan baska, malzemenin gerilme-sekil degistirme parametrele

rinin, AltlnkayaBarajl l nln davranlSl Uzerindeki etkileri incelenmis, ge

rilme ve deformasyonlarl en aza indirebilecek parametre arallklarl belir

lenmistir. 
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CHAPTER I 

INTRODUCTION 

Continuing advances in soil engineering and earth-moving equip

ments, and the easily available construction materials in the most of 

the dam sites have made the construction of earth and rockfill dams feasible 

and preferable throughout the world. Besides these and many other advan

tages of rockfi11 dams, there are some problems concerning the design and 

construction of earth and rockfi11 dams. These.prob1ems have been group-

ed by the ASCE Committee on Earth and Rockfi 11 Dams (1967) as fo 11 o\'/s: 

\ 

1.· Strength and vo1ume'change characteristics of gravel and 

rockfi11 materials under high confining pressures. 

2. Compaction methods in coarse gravels and rockfi11s. 

3. Control of compaction in coarse gravels and rockfil1s. 

4. Low-cost admixtures for improving characteristics of soils. 

5. Slope protection of earth dams. 

6. Factors to cause sliding of rockfil1 on foundation contact 

surfaces. 

7. Prediction of pore pressures in compacted cohesive soils.' ' .. > 

8. Dynamic behaviour·of embankments in earthquake regions. 
( 

9. Stress and deformation measurements in embankments. 

10. Cracki ng withi n 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 occur in earthfill da~s and in cor~s af·rockftll dams during 

and after construction can be classified into four groups. Cracks normal 

to the axis usually appear in the crest of the dam as seen in Fig.l.l.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.l.l.B) and is often apparent in the transi

tion zones on either side of the core. They usually result from differen-
, '. 

tial settlement between the core and rockfill shells. Generally longitu-

di na 1 cracks will not be dangerous, so long as they are di scovered ,and 

properly backfilled. 

Oblique cracking may also occur across the crest (Fig.l.l.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. Horizontal cracking which is the fourth 
---. 

group can occur in the core due to saturati on of it and unequal. settl ement 

of the core and, shells. This type of cracks may be serious because they 

don't usually appear on the surface. 

On the other hand, due to relative displacements of two zones, 

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

2 



(A) Cr.lcking normai to Dam axis 

A"' A ShQar crae: k 
B Tension cracks 

(B) Cracking paraliel to Dam axis 

(C) CrackinS oblique to Dam axis 

Plan 

Plan 

. Fig. 1.1 Cracking Patterns in Embankment Dams (Thomas,1976) 
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another in the embankment. Squier (1970) has described four modes of 

load transfer occuring in dams such as shown in Fig.l.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 shells to the core occurs as a 

result of greater downward displacement of the shells with respect to 

the stiff core. While both of these load transfers may occur duri.ng 

construction, the load transfer may also be altered and immediate comp

ressions may occur'in the upstream rockfill with the reservoir filling. 

As a consequence of these compressions the saturated upstream shell may 

settle and move downward with respect to the core (Mode C).Load .. transfer 

mod~ D, as shown in Fig. 1.2, develops from differential settlements in 

the core and is most likely to occur at an abrupt change in slope of the 

embankment~ The transfer of load to the abutments~ results in greater 

compressions and displacements of the core near the abutment slopes than 

those that ~ould occur because of overburden pressures alone. 

It is apparent that the stresses and movements within embankments 

. have significant effects on the behaviour of embankments.so the predic -

tion of these 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 mi ght be shown .. whether . 
. . \' - . . 

cracking would occur, or whether the embankment would be safe during 

constructio~. For this purpose, the finite element method of analysis 

which is described in the following chapter was per~ormed on Altlnkaya 

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

as nonlinearity,.stress-d~pendency and inelastic~ty 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 perform

i ng ana lyses of both homogeneous. and zoned embankments wi th 1 i near and 
. / 

nonlinear material properties:was used in the analyses .. and the tesults 

of two types of analyses which are namely the.nonlinear and build - up 

analyses are' presented in Chapter 4. Moreover, the effect of deforma

tion modulus parameters on the behavior of Alt1nkaya Dam was·investigat

ed and for possible ranges for these parameters,the results are pres~nt

ed in Chapter 5. 

6 



2.1. INTRODUCTION 

CHAPTER 2 . 

~r~ETHOD OF ANAL YS I S 

Numbers of 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 simple boundaries~ As the problem of 

analysis becomes complex including in homogeneity, complex geometry, 

various loading conditions, and nonlinear.soil. behavior, the finite 

element method may be app 1 i cab 1 e due to its fl exi bi 1 i ty and general i.ty . 

Some of the previous finite element analyses of embankments are present

ed below: 

1. Clough and Woodward (1967) and Finn (1967) have performed . ,;:. ·t: 
the analyses of homogeneous embankments with"'linearand 

i 

nonlinear material properties. 

-----2. Kulhawy (1969) has performed the analyses of zoned and 

homogeneous embankments with nonlinear material properties. 

3. Duncan and Wilson(1973) have performed the three dimensional 

fi ni te element ana lyses of dams. . 

4. Walker and Duncan (1984) have analyzed the lateral bulging of 

earth dams. 

7 



In the following sections, the basic concepts ~f finite element 

method will be reviewed. In addition, types of analyses and prpcedures 

us~d in finite element method will be explained in detail a~d the com

puter program 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 .C' 

finite number of nodal points. When this concept is applied to an elastic 

continuum, the number of possible elements and connections among them be -

comes 'infinite. There is thus a need for an idealization of the continuum 

into a structural system with finite discrete elements. This approach 

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 solution is the one used. in the sttffness matrix met

hod of analysis. 

{Fla [K){d} • • .( 2. 1 ) 

where {Fl is the equivalent load matrix which is obtained by lumping the 

edge and element loads at the nodes, {d} is the unknown nodal displacement 

matrix, and [K1 is the total stiffness matrix of the system. It is obtain

ed by the superposition of the' individuafe,lement 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 

8 , 



a number of elements. This requires the selection of the type 

·_.aod::siLe of the finite elements to generate the mesh of the 

system. 

2 ... Generation of the stiffness matrix quantities and the force 

matrix quantities for the elements. , 

3 ... Superposition of the element stiffness and force matrices 

to develop the stiffness and force matrices of the total 

structural system. 

4 .. Determination of the unknown nodal displacements of the prob-

1emby the solution of the system of linear equations (Eq.2.l) 

obtained using the equilibrium conditions at the nodes. 

5 .. Computations of all other required values such as 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 generati on. The proper mesh depends on the geometry.and the nature 

of the problem. 

In this study, a quadrilateral element consisting of two linear

strain triangular finite elements is chosen. The strain·within this 

element varies linearly whereas the strain~on the boundaries of the 

element are constant in order to secure.the continuity of displacement 

across element boundaries. It. has been proven that this type of element 
'. 

is more accurate· and efficient for such -Problems involved in this study 

than constant strain triangles (KuThawy 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 e1asticitiy and the poisson's ratio values 

9 



are modified and are introduced as follow, 

E 
E ---

~_'V2 

'V~= 'V 

1 - '" 

2.3. INCREMENTAL CONSTRUCTION PROCEDURE 

•.. {2.3} 

The finite element analysis can be adopted easily to take into 

account of the incremental construction procedure. The method of intre

ment~l construction analysis was first applied in the analysis.of tempe

rature and creep effects in the construction of concrete gravity dams. 

{King 1965}, Raphael, Clough {1965}. In such analysis ,it is necessary 

that the finite element idealization be arranged in horizonta~ layers 

corresponding to the construction lifts." The analysis then involves the 

. evaluation of stresses and displacements in a successinn of structures 

corresponding to the various stages of construction to be considered. For 

examp 1 e, in the fi rst step only the lowest 1 ayer of elements woul d be con-, 

sidered. The stiffness of these elements and the dead weight forces will 

be evaluated, and then the stresses ,strains and the displacements.develop

ed in this lowest layer due to its own weight are computed. By repeating 

this procedure for each layer, the stresses, strains and the displacements 

developed throughout the embarikment as a result of the new increments of 

load induced by placement of each new layer are calculated, the~e stress, 

strain and disp'lacement are then added to those obtained for the preceding 

increment. 

The accuracy of the results that a~e obtained will depend, of 

course, on the size of the increments considered,but experience has 

10 I 



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 

nonlinear behaviour of soils in the past. These are namely the step-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 strains cor

responding to the values ofE and v obtained after the analysis are com

pared to those assumed. If .they differ a new analysis is performed assum

ing new E andv'values. This procedure is repeated until· the assumed E 

and v values correspond with the calculated ones. 

11 

However, in the step-by-step (incremental) procedure as described 

earlier, a change in loading condition is approximated by a series of linear 

increments which successfully simulates the construction sequence. After 

each new 1 ift is appl ied. ',. the total stress state .developed up to that 

time is determined. The stiffnesses .. of the elements must all be re-evalu~ 

ated on the basis of soil properties 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 ,to account .a]so 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 nonl inearity 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 fo 11 ow di fferent types of procedures in the a"na lyse s 

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

'. 

1. Gravity Turn-on Analysis: The construction sequence is ig

nOl~ed, gravity forces are applied throughout the embankment 

at the same time using constant values of modulus and the 

poisson ratio • 

. 2. Bu~ld-up Analysis: The incremental construction procedure is 

followed by simulating the building of dam in layers and con

stant values of:modulus and the poisson ratio 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 in~remental construction procedure is 

again followed using both the nonlinear values.of modulus and 

the poisson ratio. 

Kulhawy (1969) has shown that, although the results of these 

analyses are somewhat different than eachcither, the va.lues of,displace

ments computed by using different finite element procedures will be 

approximately the same if the appropriate values of modulus and poisson 

ratio are introduced into th~ analysis and the stresses will also be 
------

approximately the same provided that the appro.priate value of poisson 

rati 0 is used,. 

During th~ course of this study, two types of analyses which are 

namely, the nonlinear FEM analysis and the. build-up analysis have been 

conducted on Altlnkaya Dam and the results have been compared to each 

other. 

12 
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2.6 COMPUTER PROGRAM 

The computer program LSBUILDwhich is given .in Appendix B has 

been developed by Kulhawy using,the general~ programming concepts, the 

solution techniques of Wilson, and the incremental loading concepts of 

King which were subsequently modified. by Woodward. The main purpose of 

this program is to compute the stresses, strains and displacements devel

oped within homogeneous or zoned embankments during construction. It uses 

the finite element technique as described earlier and assumes plane strain 

and isotropic conditions. 

The program LSBUILD which is capable of treating linear or non -, 

linear hyperbolic material properties consists of si'x subroutines. The 

subroutine LAYOUT reads and prints the input data, computes the initial 

foundation stresses and the initial elastic properties for the elements. 

The subroutine LSSTIF develops the master stiffness matrix of the entire 

structure calling the subroutine LSQUAD for each quadrilater'al element 

to setup the stiffness matrix of each element. It also modifies the 

stiffness matrix for given boundary coriditions. The subroutine LST8 is 

called by LSQUAD for each quadrilateral element and sets up the stiff

ness matrix for an eight .degrees of freedom linear strain triangular ele

ment. It is called· twice, once for each of the two triangles comprisi,ng 

the quadrilateral element .. The system of equations are solved by the 

subroutine BANSOL for. the unknown nodal point displacements using Gaussian 

-----elimination technique. Finally, the subroutine LSRESUL computes and-prints 

the stresses, strains and displacement in the structure at the ~nd of each 

construction increment and evaluates the nonlinear material properties of 

each element for the next increment. LSQUAD is also called by LSRESUL for 

each quadrilateral element for the stress and strain computations. 



2.7 SUMMARY 

In this chapter, the basic concepts and the applicability of the 

finite element technique to stress-deformation problems has been summarized 

briefly. In particular, the attention was given to the analyses of embank-

14 

ment dams and two types of analyses procedures simulating the real construc

tion sequence were discussed. It can be stated that the incremental analy

.sis procedure can be used in the finite element analysis of embankments 

conveniently as any form of material nonlinearity can be easily incorporat

ed in this procedure. 

The computer program LSBUILD which has the capability of perform

i ng both the analyses of homogeneous and zoned -embankments was a 1 so· i ntro -

duced. This program uses the finite element technique considering the plane 

strain condition, and follows the incremental construction procedure. 

" 



CHAPTER 3 

HYPERBOLIC STRESS-STRAIN PARAMETERS 

3. 1 I NT ROD U C T ION 

-In soil engineering, due to the availability of the powerful 

numerical analytical techniques such as the finite element method and 

with the development of high-speed, large capacity computers, it becomes 

feasible to perform analyses of stresses and deformations in earth and 

rockfill embankments. But, in order to perform these analyses reasonably, 

itis necessary to be able to describe the real behavior of soil, namely 

nonlinearity, inelasticity and stress-dependency in',Q4antitative terms and 

to develop techniques for incorporating these into the ana~yses. 

15 

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 method of analysis is described in this chapter. 

They are obtained using the data available from the standard laboratory test, 

and the soil characteri sties ea~ be represented reasonably. The hyperbol i e 

. : parameters determined for about 135 different. soils are also suminarized in 

Appendi~ A (Duncan,Wong, 1974). 

, . 



3.2 HYPERBOLIC STRESS-STRAIN RELATIONSHIPS 

The incremental finite element analyses assume that the stress

strain variation is not linear throughout the analyses. Therefore such 
-

analyses could be done using hyperbolic relationship between stresses 'and 

16 

strains treating the stress-strain behavior of the soil as being linear in 

each increment of the ana1ys~s. For plane strain conditions ., : assuming 

that the Hooke's Law is Valid for the stress-strain re1ationship,it"~ould 

be written as 

fla ll-vt ) v
t 

0 flEx x E 
fla 

t (l-V
t

) 0 flE = v
t ••. (3.1) y (l+v

t
) (l-V

t
) 

,y 

flT 0 0 (1-2V
t
)/2 fl" 

xy Yxy 

where fla , fla ," 6T 
x Y' xy 

Increments of stresses during a step of the 

analysis. 

E
t 

Tangent value of deformation modulus. 

Vt Tangent value of Poisson's ratio • 

. As the incremental procedure has been chosen for the ana lys is, 

the values of both E
t 

and'vi:appeared in equation (3.1) are re-evalu~ted in 

each element corresponding to the co~puted stress values in that element 

so that the behavior of soil such as nonlinearity, stress-dependency and 

inelasticity could be .incorporated in the ana~ysis. 

3.2.1 NONLINEAR STRESS-STRAIN RELATIONS 

Kondner (1963) and his colleagues have proposed the stress

strain curves represented by hyperbolas as shown in Fig.3.1. This hyperbola 

can be easily expressed by the hyperbolic formula given below 

E 
(al': a3) = ---...::....---- •.• (3,2) 

1 E 
-+ 

Ei (al- as)ult 
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Fig. 3.1 HyperboLic Representation of a stress-strain Curve 

(Kondner,1963) 
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i n wh i ch a, a 
~ 3 

Major, minor principal stress 

€ ~ Axial strain 

(a~_ a3~lt: .Ultimate deviator stress 

E1 : Initial tangent modulus 

If the value of l/E1is designated as a and the value of lj(a-a' 1 
' ~ ~ u t 

as b and both of them are introduced into the equation (3.2), the hyper-

bo 1 ic equa ti on wi 1l have, the fo 11 owi ng form: 

E --- = a + bE 

a = 1 

E. 
~ 

1 
b = -----

(a1- a3)ult 

(3.3) 

There are two major advantages of representing the'stress-strain 

relationship by a hyperbola although other types of curves may also be 

used. 

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

significance. Ei is the initial tangent modulus and (a~a3)ult 

is the asymptotic value of stress di.fference which is always 

greater than the compressive strength of soil. 

18 

2. If the hyperbolic equation is transformed as shown in Fig.(3.1), 

it represents a linear relationship between €/(a~-a3) and e: • 

Therefore, it is eas~ to use. this transformed plot in determining 

the best-fit hyperbola corresponding to the test dat~. 

When the'test results are plotted on the transformed plot, the 

points usually 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). 



3.2.2 EFFECT OF CO~FINING PRESSURE ON E. AND (01- 03) 
, ult 

For all soils except fully saturated soils tested under unconsoli

dated-undrained conditions, the values of E.and (cr - cr3) 1 increase 
~ ~ ~ u t 

with increasing confining pressure since an. increase in confining pres?ure 

will result in a steeper stress-strain curve and higher strength. This 

reveals that E. and (cr -cr3) are stress-dependent. 
~ ~ ult 

Janbu has suggested the following emprical equation for the 'varia

tion of Ei with cr3 : 

E. = K.P (...E.L)n 
~ a, P 

a 

... ( 3.4) 

in which parameter K is the modulus number, n is the modulus exponent. 

Pa 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 Ei andP a are of the same unit. 

Fi g 3.2 shows the vari ati on of E i with 0'3 

On the other hand, the variation of ( cr~. - cr3 )ult with cr3 can 

be expressed, as· shown in Fig 3.3, by relating (cr~- cr3 )ult to the 

compressive strength or the deviator stress at failure, (cr - cr
3

) , 
~ f 

and considering the Mohr-Coulomb strength equ.ation to relate ( 0: l. - cr3)f 

to. 0'3' The reladonship between(crl.- cr3)ult and .(crl. -cr3)£ can be given 

as follows: 

where ~fis called failure ratio. Since(crl. -cr3)f is always smaller than 

( rll.' _ ) R is always smaller than 1 varying from 0.5 to 0.9 for 
v cr3 ult' f 

most soils. 

19 
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Furthermore, the relationship between ( 0 - o)f and confining 
~ 3 

pressure, 03 can also be expressed by the welilmoWn Mohr-Coulomb strength 

equation as follows: 

2c.Cos¢ + 203.Sin~ 

1 - Sin¢ 
..• (3.6) 

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

3.2.3. RELATIONSHIPRETWEEN TANGENT DEFORMATION MODULUS AND 

THE STRESSES 

The tangent deformation modulus. E
t 

can be defined as the slope 

of the 0 - e: curve at any point. If the equation (3.3) is differentiated 

with respect to e: and the equations (3.4)., (3.5), (3.6) are s~bstituted 

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

22 

·E = 1 - . . K P ~. . [ Rf(l-Sin¢) (01- 0 3). J2, (in ... (3.7) 
t . .. 

, . 2c.Cos~ + 203.Sin¢ '. a P . . ' a 

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

value of E
t 

can be computed employing equation .{3.7} 

3.2.4. INELASTIC MATERIAL BEHAVIOR 

If. a triaxial specimen is loaded and then unloaded at some stage 

during a test, the stress-strain curve followed during unloading is steeper 
--..... 

than the curve fonow~d during loading. 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 

unloading-reloading modulus, Eur , is used for both cases. The equation 

of Eurrelated to 0'3 can be written as 

E = K .P (~)n . ur ur a P 
a 

... (3.8) 

24 

where Kuris.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, Vt ' may be determined by 

simply analyzing the volume changes occured during a triaxial test. The 

volumetric strain €v and the axial· strain €a are usually measured during 

a triaxial test, thus using these values the radial deformation can be 

expressed as 

... (3.9) 

If the compressive strains are taken as positive, the value of 

€a becomes positive, then the value of €r is negative while the value of 

€v is. either positive or negative. As the plot of ~a versus €r is drawn 

as shown in Fig.3.S, it is seen that the resulting curve can be easily 

represented. by a hyperbo 1 i c equa ti on as fo 11 ows : 

-e: .r 
e: = ----a 

V. - de: 
1. r 

.... (3.10) 

If a transformation is 'made to this equationjthe following equa

tion is obtained 

-e: 
_r_ = \1,- de: 

e: 1. r 
... (3.11) 

a 
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in which vi is the initial Poisson1s ratio at zero strain as seen in 

Fig.3.5 and d is a parameter representing the change in the value of 

Poisson1s ratio with Er . 

The variation of vi with 03 ' as shown .in Fig.3.6 has also been 

given by Ku1hawy .(1969) and others as follows, 

Vi = G - F.LOg ,O ( ;: ) .•• ( 3.12) 

where G is the value of vi at o~ of one atmosphere and F is the reduction 

in Vi for ten-fold increase in 03 . 

Although for saturated· soils under undrained conditions there is 

no volume change hence Vi is equa.1 to one half for any value of °3, this 

equation implies that Vi 'decreases with 03 for most of other soils. 

3.2.6. RELATIONSHI.P BETWEEN· vi: AND THE STRESSES 

The negati ve value of tangent Poi sson IS rati 0" -v t' can be defi ned 

as the slope of the curve representing the variation of Ea with EraS seen 

in Fig 3.5. By simply differentiating equation (3.10) with respect to E 

and substituting the values of \Ii' Ei,(<1'i-03hllt' ( <1'~- <1'3)£ into the 

equation, the value 'of "tcan be written in terms of the stresses as fo1-

lows .(Quncan and Wong 1974) 

G 0'3 - F.Log --
P 

v = 
______ a 

..• ·(3.13) 
t 

[1 (1 - Sin$)l]' 
d(O'l - 0'3) 

.. (cr, \n [1 Rf(O'l- 0'3) 
K.P --. \. 

L a P ) 2c.Cos~ + 20'3.Sin~ a 
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3.3 EVALUATION OF HYPERBOLic STRESS-STRAIN PARAMETERS 

FROM LABORATORY TEST RESULTS 

I 

The hyperbolic stress-strain parameter~s can be evaluated 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. 

3.3.1 SELECTING DATA 

28 

The selection of data being appropriate to. the problem is 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 problem being analyzed. Therefore, in the case of fill 

materials, the tests must be conducted using specimens compacted to the same 

density and water content.as in the field while the laboratory tests must be 

performed on undisturbed specimens in th~ case of natural soils. The drain

age conditions and the confining pressures applied during the tests should 

also correspond to those of interest in the problem. 

Although most of the time, th~ 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, using good judgement to make reasonable interpretations of all of 

the test data. Furthermore, inconsisten~9ata deviating from the remain-

ing data should also be eliminated. 

3.3.2 EVALUATION .OF c AND + FOR COHESIVE SOILS 

The parameters c and +iwhich are namely the cohesion intercept and 

friction angle can be determined by two different methods. In the first 
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Fig. 3.7 Adjustment of Stress-Strain Curves (Duncan,Wong,1974) 
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method, the Moh~ls circles are~rawnas shown in Fig.3.8 and the values 

of c and <p. are determined by drawing the failure envelope and measuring 

the intercept and the slope angle. 

The second method for evaluating the values of c and<p is to plot 

the values. of 1/2 (a
1

- a3 ) ~t failure ag~~nst the values of 1/2 (a
1

+ a
3

) 

at failure, as shown in Fig 3.9, which is also known as Modified Mohr 

envelope. The advantage of this method is that it is simpler to fit best 

stra~ght line through a series of pointi 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 deterinined directly but using the following equations, 

c = a./cos<l> 

<I> = Sin -.1 (tan'l') 

where a = Intercept of Modified Mohr Envelope 

~ = The slope angle of Modified Mohr Envelope 

3.3.3. EVALUATION OF <Po and ll<pFOR COHESIONLESS SOILS 

(3.14) 

(3.15) 

The Mohr envelopes drawn for determining the value of • are not 

mostly straight lines but curved to some extent. In case of cohesion1ess 

soils, since the curvature of the envelope is considerably large, it be

comes difficult to select a single value of • which is representative of 

the fu.ll range of the pressures., Especially' in large .rockfi1l dams, the 
. . ......... 

30 

value of • is different in the bottom near. the centre of· the dam than near 

the surface of t~e slopes because of the different confining pressure condi-

tions. 

/ 

In order to get rid of such difficulties,. the values of <p 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 

... (3.16) 

In addition, $ can also be evaluated by drawing separ.ate envelopes 

for each circle passing through the origin. Hence it is. found that the 

values of $ decreas~ being proportional to the logarithm of a3 as seen 

in Fig 3.11. Thus the values of $ can be computed as follows' (Duncan 

and Wong, 1974) 

$ = $ - ~~Log (~ o 10 Pa J 

... (3.l7) 

in which $0 = Value of ~ for as = Pa 

4$ = Reduction in • for ten"-fold increase in a
3 

33 

This equation can be used for evaluating the values of $ appropriate 

for any confining pressure within the range of pressures. encompassed by 

the test results. 

3.3.4 EVALUATION OF K, nAND Rf 

There are two steps involved in eva.luating the modulus number K 

and the modul us exponen.t n. The fi rst step is to determine the values of 

E. for each . test . conducted by using different confining pressure val-
. 1. . , '. _______ 

ues. Then the seco~d step is to plot these valuesagatnst'~3··on logarith-
-

mic scales for.deter~ining the' values of K and n. 

Since most real stress-strain curves are only approximately hyper

bo 1 i c., some cons i derati on must be gi yen to the' method of fi tti ng ~ hyper

bolic c~rve to the experimental data. As explained previously, Duncan 

and Chang (1970) have found that the best fit is usually achieved by 
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matching the hyperbola to the experim~ntal curve at the points where 

70% and 9?% of the strength are mobilized. 

The curves of Oroville Dam shell material gi:ven by Duncan and Wong 

(1974)havebeen taken as an example here in order to show how to evaluate 

the values of K and n. As shown in Fig3.l2, the points corresponding to 

36 

. 70% and 95% of the strength are indicated by arrows for each of the three 

stress-strain curves. Once the hyperbola is matched to the data at 70% 

and 95% points, the 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, ~hen the values. of Eiand (a1-a~)~lt are found to be rectprcicals. 

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

After obtaning the values of (a
1

- a3 )ult and taking the values of (a~a3)f 

from Fig 3.l2,the values of R£ can be computed according to equation ~3.5). 

The values of K and n can be determined by plotting the values of Eil Pa 

against the values of a3/Pa on logarithmic scales as illustrated in Fig. 

3.14. The strajght.line shown in this figure can be expressed by equation 

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

E. ( \n _1_= K.~I 
P . p J 

a a 

.•.. (3.18) 

In this.equation K is the value of (Ei/Pa ) at the point where a3 

is equal to P i.e·a3/Pa equals' to unity ana. n is the s.1ope of the. straight a . 

line in Fig 3.14. The values of n can also be determined numerically by 

using the following equation~ 

n = 
llLog(E/P a) 

llLog(03/P a) 

... (3.19) 
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3.3.5 EVALUATION OF Kur 

Referring to the section 3.2.4, the value of Kur is usually 

determined assuming that the value of n for ~nloading-reloading is same 

as the value of n for primary loading. Therefore, the value of K may ur 
be evaluated using data from a single unloading curve, if· the value of n 

has been determined. The best straight line is fitted to the unloading 

curve and the value of Euris evaluated. Once the value of Eur is <com

puted' the value of K can be easily computed using equation (3.20) . ur 

E 
'K = ___ ur~_ ... (3.20) 

ur p , (-2:Li n 
a Pa J 

3.3.6 EVALUATION OF G,F AND d 

There are two steps involved in evaluating the values of the 

Poisson's ratio parameters. G, of and d. In the first step,the values of 

"iand d for each test are determined. ·Then as a second step, the values 

of ",are plotted against the logarithm of G3and the values of G and Fare 
~ 

evaluated. 

As in the case of evaluating the modulus parameters, the hyper

bolas are fitted to € - E curves at the points where 70% and 95% of 
r a . 

strength are mobilized and only these points are used for evaluating the 

40 

parameters G, F and d. The vaTues of Er can be determined ~~ploying equa

tion (3.9) provided that the values of Ea and Erare known. Then these val

ues are plotted 'in a transformed ErVS.-Er lEa diagram as shown in Fig 3.15. 

In this diagram the values of "iwhich are the Poisson's ratios at 

zero strain are intercepts of the straight lines while the values of dare 

the slopes of these lines.For practical purposes,a single value of d is 
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obtained by taking the average value of these three. 

After determining the values of vi they are plotted against the 

logarithm of cr3/Pa , as shown in Fig 3.16. In this plot, the straight 

line cat:! be expressed ~y th,e following equatioD 

( <13 ) v. = G - F.Logl--
1. \ Pa 

••. (3.21) 

As seen in this plot, the value of G is the intercept of Vi at 

the poi.nt where G3 is equal to atnospheric pressure and F is the decrease 

in v.for ten-fold increase in G3. 
~ 

3.4 FACTORS AFFECTING THE HYPERBOLIC STRESS-UEFORMATION 

PARAMETERS. 
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Duncan and Wong (1974) have been studied the most important fac -

tors affecting the hyperbolic stress-strain characteristics of soils! They 

have found that relative density, gradation, partical shape and mineral type 

are of great importance in determining the parameters of so.ils under drain

ed conditions.. Especially in cohesionless soils an l~crease in rela.tive· 

density will result in increased strength (higher value of ~), increased 

stiffness (higher value of K) and higher values of G and .d. Moreover, it 

has been also shown that poorly graded soils generally have higher v~l~es 

of K,G and F than well-graded soils while ~o~ ~~ , nand R£do not appear to 

be affected by gradation. 

On the other'hand, the~ost important fa~tors affecting the :par

ameter values obtained under unconsolidated-undrained test conditions have 

been found to be soil, structure, relative density and water ~ontent. 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 fue soil to the same density and water con

tent as in the field. 
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The variations of the parameters w'ith the soil properties and test 

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

3.5 SUMMARY 

There are ~ine hyperbolic stress-strain parameters representing 

three important characteristics of the behavior of soils namely: inelasti

city, stress-dependency and nonlinearity and they are summarlzed in Table, 3.1. 

These parameters can be easily evaluated from the results of well

known triaxial compression tests. The values of,parameters determined for 

about 135 different soi ls have been given by Duncan and ~Jong (1974), and they 

are presented in Appendix A. This information can help us in predicting 
I 

the parameter values ~en there is not sufficient data available from tri-

axial compression tests or evaluating the reliability of' parameters derived 

from laboratory test results. 

Although 'it has been proven that these parameters are very useful 

in predicting the stresses and movements in soil masses, there.are some 

limttations in using them: 

~ 

1. The r~lationships are quite suitable for analysis of stresses 

. and movements -prior to failure. In other .words,·they are use

ful for predicting movements in stable soil masses. 



2. The hyperbolic relationships do not include volume changes 

due to changes in shear stress. Therefore, they may be limit

ed in accuracy with which they can be used to predict.deforma

tions in the dilatant soils such as dense sands under low con

fining pressures. 

3. The values of parameter,s depend on relative density, water 

i content, the range of pressures used in testing and drainage 

conditions. Therefore,thelaboratory test conditions should 

correspond to the field conditions. ' 
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TABLE 3.7 Summary of the HyperboZic Parameters 

Parameter Name Function 

K. , K r~odul us number ur 
Relate E. and E to 03 

n Modulus exponent ~ ur 

C Cohesion intercept 
Relate (0:1-: O:i)f .. to o::~ 

<P Friction angle 

Rf Failure ratio Relates (01- (3)ultto (01- (3)f 

G Poisson's ratio parameter Value of v. at 03= P 
~ . a 

F Poisson's ratio parameter Decrease in v. for 
~ 

ten-fold 
increase in 03 

d Poisson's ratio parameter Rate of change of v
t 

\,/ith strain 



CHAPTER 4 
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 deter~ining the stresses anddefor

mations which develop in the dam during construction. Therefore, it is 

required to predict the stress distribution within the embankment prior 

to constr.uction. In this chapter, attention is given to the prediction 

of stresses and movements occured in Altlnkaya Dam during construction, 

which is one of the highest rockfill dams being constructed 'in Turkey. 

This was done by employing the finite element method of analysis describ

ed previously,using the computer program LSBUILD., Two types of analyses 

were performed on the embankment; the nonline.ar·FEM analysis with nonlinear 

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 analyses were later 

------discussed. In addition, the factor of safety against local failure was 

computed from the values of stress levels obtained from the analyses. The 

possible instrument 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 

Altlnkay~'Dam which is the main unit of the Lower Klzl1lrmak 

Project is being constructed (1985) by the State Hydraulic Works of 

Turkey (OS I) for produci ng e 1 ectri ci ty and flood control, Derbent Dam 

which is the second unit of the project will also be constructed for irri

gation purposes. 

Altlnkaya Dam is located on the Klzl1lrmak 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 ft (187 m) at the axis of 

the embankment. 
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The dam body consists of20.82 million cubic yards (15,92 mill,ion m3) 

of soi 1 and rock. Some of the embankment materi a 1 i"s haul ed form the borrow 

areas near ,the construction site,while the material; excavated from the cut

off trench and s pi llv/ay uni ti 5 also used as 'fi 11 rna teri a 1 • 

As seen in the typical design section of the dam (Fig 4.3), the ma-

jor zones are the impervious clay core, fine and coarseifilters, inner and 

outer rockfills. A small zone of riprap is also placed on outer rockfill 

as a protecti on 1 ayer. The all uv,i a r, depos i t under the impervi ous zone of 

dam was excavated down to the bedrock so that a cut-off trench could" :b!3 

provided'. A'thtn layer' of concrete was~so poured just to,have;a smooth 

base upon which the impervious core was placed. On the 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 conducting number bf fi~ld 

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 Altlnkaya Dam is illustrated 

in Fig 4.5. As seen in this figure, the discretization of the medium was 

undertaken by using 246 quadrilateral elements with a total of 283 nodal 

poi nts . The ana lyses were performed us i ng 11 1 ayers and one cycl e of itera

tion per layer, to insure the degree of correspondence between the comput

ed values of stress and the values, of the tangent modulus and the tangent 

poisson's ratio for each element. The nodal points throLghthe bottom of 

the embankment were of constrained deformations assuming the foundation 

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

Clough and Woodward (1967) have shown that the foundation deforma

tions can have a significant effect on both, the displacements and the 

stresses developed in earth embankments so the finite element analysis should 

include a portion of the foundation zone in the structural idealization. 

T~erefore, 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. But this 

was not taken into consideration in the analyses as the effect of coffer-

dam d,eformationswas appeared to be negligible. 

4.4 PROPERTIES OF THE MATERIALS IN ALTINKAYA DAM 

The major zones of the embankment are the shell, alluvial deposit, 

filters (transition) and impervious core as s~n in Fig 4.6. The gradation 
, , " .' , curves for these materials obtained from the State Hyd~aulic Works of Turkey 

, " 
(DSI) are shown in.Fig 4.7 and the material properties are presented in 

Tabl e 4.1. 
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TABLE 4.7 Material, Properties of A~t'/,nkaya Dam ,(Data From State HydrauZic Works of TurkeY,DSI) 

Grain Size Stress No. 
SOIL SOIL DESCRIPTION ".(mm) wL PI Ydrnax wopt Yd e 0 S range of 
GROUP 0 r r Tests 

060 030 010 (%) (%) (pcf) (%) (pcf) (%1 (~) " (tsf) ". 

CL Clay. Core 0.045 0.003 - 41.9 22.7 110 19.7 105 0.53 - 80.6 0.93-3.72 3 

SP-GP I Fine Filter 8.5 1.1 0.3 - - 140 5.3 133 - 81.5 I - - -
SP-GP Coarse Filter 16.0 3.0 0.4 - - 148 '. 4.1 142 - ·86.2 - - -
GW-GP Inner Rockfi11 100.0 30.0 3.0 - \ - 129 - - 0.30 - - - -

-- --

/ 

060 Grain size of 60% passing wL'-= Liquid limit Ydmax = Max. dry tmit weight e = Initial void ratio 
0 

030 = Grain size of 30% passing PI = Plasticity index Yd 
=:·Ory W1:i:t weight 5 Degree of saturation r 

010 Grain size of 10% passing w t= Optimum water content D = Relative density c = Cohesion intercept op r 

----~---

c cp 

(tsf) 

1.26 15.5 

- -
- -
- .-

cp = Friction angle 

(j 

o 
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The shell material is a kind of rock composed of tuff and breccia 
~. . 

on the upstream face, and massive tuff, breccia and limestone on the down-

stream face of the embankment. Although there are two zones of rockfill 

namely: hiner rockfill and outer rockfill, they differ from each other 

only in gradation in other words the properties of outer rockfill is q~te 

similar to that of inner ·ro~kfill. In addition, there 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 purposes. 

The fine filter and coarse filter materials are basically obtain-

ed from the alluvial material excavated from the river bed and they can 
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be classified as silty sandy gravel or sandy gravel .(GP) according to the 

Unified Soil Classification System. These filter materials could ·also be 

·taken in the analysis 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 t~ey 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 imperviQus' core material, on the other hand, which is hauled 

from the borrow. pits near the construction site, can be classified as sandy 

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

Although it has been des i ~ed to dete~i ne the hyperbo 1 i c stress -

strain parameters of the materials of/Altlnkaya Dam from the results of 

triaxial tests con9ucted under. appropriate drainage conditions, it became 

impossible as laboratory data regarding the embankment materials were in-

- available except (the' triaxial test data for impervlous 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 Altlnkaya 

Dam were chosen from Table A.l and A.2 consideri~g the material properties. 

The values of hyperbolic stress-strain parameters used in the 

analysis are summarized in Table 4.2. It is interesting. to note that the 

parameter values for alluvial deposit have been chosen so that the value 

of K is greater than that of filter. This is because of the fact that the 

poorly graded soils have greater values of.K than the well-graded soils 

as explained previously:_ Furthermore,. the parameter values for shell, 

alluvial deposit and filter zones were chosen from the table for soils 

tested under drained conditions .(Table A.l) whereas the parameter values 

for impervious core material were chosen from the table for soils tested 

under unconsolidated-undrained conditions (Table A.2). 

4.5 NONLINEAR FINITE ELEMENT ANALYSIS OF ALTINKAYA DAM 
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The behaviour of Altlnkaya Dam during construction were investigat

ed using the computer program LSBUILD and performing two different finite 

element analyses, namely: the nonlinear finite element analysis and the 

build-up analysis. The results of these analyses were also compared to 

each other for investigating the effect of different types of analyses on 

the stresses and movements of the embankment. 

4.5.1 SETTLEMENTS (VERTICAL DISPLACEMENTS) IN ALTINKAYA DAM 

After having performed the nonlinear finite element analysis of 

Altlnkaya Dam during construction, the settlement contours have been drawn 

as shown in Fig 4.9. As th~re was- no device installed for measuring the 



TABLE 4.2 Hyperbolic Stress-Strain Parameters Used in the Nonlinear FEM Analysis of . 
Alt'l,.nkaya Dam 

I· 

.. . . , 
SOIL . C· . . ZONE 
GROUP K il D G F (tsfl 

, . Rf 
.' 

Shell (Rcrckfill) GW-1 540 0.43 6.4 0.31 0.10 I a .50' 0.64 I 
Alluvial deposit GP-13 2500 I 0.21 ! 14.6 0,35 0.17 I a 5S 0.75 

Filter GP-7 I 1500 0.34 15.5 I 0.40 0.15 I a 51 0.54 . 
/ Clay core CL-13E I ua 0.~5 I .. 7,6 ! I . 0.11 I 0.32 

I 
1.26 15.5 I 0.S7 

--- -- ---

C'\ 
--' 



Settlement contour's are in FT. , Settlement is positive 

Pig. 4.9 Contours of Settlement in Alt~nkaya Dam (Nonlinear Analysis) 
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deformations of dam body during construction, these results can be used 

to determine the behavior: of.A1tlnkaya Dain., 
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These contours show that the maximum settlement which is less 

than 7 ft. occurs in the impervious core at one'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 load.transfer from the core to the adjacent coarse zones. 

Moreover, it can be said that the settlement in the upstream shell js . 

greater than in the downstream shell. This is because the. upstream face 

of the impervious' core is flatter than the downstream. A similar aspect 

can also be. seen in this figure that the upstream filter zone settles more 

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 
I 

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 contact areas between shells and alluvial 

deposits. Therefore, it may be stated that both the settlements of imper

viouscore and alluvial deposits result in the settlement of shells. 

" 

4.5.2 HORIZONTAL DISPLACEMENTS IN AL1'INKAYA DAM 

The contours of horizontal displacements obtained from the non

linear finite element analysis of Altlnkaya Dam are shown in Fig.4.l0. As 

this figure indicates, the amount of maximum horizontal displacement ismore 

than 1 ft occuring in downstream direction at th~ 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 which maximum is about 

0.5 ft is in the upstream direction while the upstream filter zone moves 

towards the centerline of the embankment. 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 black. This is 

also -the reason why the upper el,evations of upstream shell moves sl ightly 

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 d.isplacement 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. 
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The contours of majQr principal st,ress,Cfl.,are shown in Fig.4.1l in 

Al tlnkaya Dam. It can be easily see'n that thereare load transfers from th~ 

soft core to the filter zones causing stress concentrations in the filter zones. 

This is again due t~ the settlement of core block with respect to the coarse 

zones as explained previously. The amount of maximum stress in transition 

zones reaches approximately 2.3rH. However,: in the core block, a stress re

duction is observed and the value of Cf ;s approximately equal to the half 
l. 
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of the overburd~n pressure. A stress reduction as much as this has been 

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

The contours of minor principa] stress, cr3, as illustrated in 

Fig 4.12, are similar to the contours of cr. As seen in this figure there 
1 ' 

exists a stress reduction in the core block while the transition zones are 

overstressed. It is also interesting to note that tensile stresses wrnch 

. mi ght c'ause cracki ng do~ I t ex is t throughout· the embankment. 

The contours of maxlmum shear stress, T , are 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 block than the 

transition zones. The maximum value of, T (>20 TSF) takes place in both 

of the transition zones in which stress concentrations exist. 
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The values of mobilized strength which can be also used for predict

ing whether load transfers occur, are also shown in Fig 4.14. Furthermore, 

th~ mobilized strength defined as the ratio of mobilized deviator stress 

to the deviator stress at failure, provides information about the develop

ment of local failure in the embankment. 

In Fig 4.14,the value of maximum mobilized .strength is slightly 

greater than 80% which suggests that the factor of safety against local 

failure is about 1.25. The maximum mobilized strength occurs in the core 

near downstream transition zone where the minor principal stress, cr3' is 

considerably low. The settlement of core block with respect to adjacent 
-------

filter zones results in a load transfer from the core to the adjacent 

zones, as stated previosly. This becomes clear.since the mobilized strength 

is increased in the filter zones, particularly in the upstream filter, and 

its value varies between 60% and 70%. As the critical failure surface f.or 

an overa 11 s tabi 1 i ty. ana lys is wi 11 pass through the center of the contours 
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Contours are in TSF. 

Fig. 4.13 Contours of Maximum Shear Stress in Alt~nkaya Dam (Nonlinear Analysis) 
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of maximum mobilized strength, it can be stated that the most critical 

failure surface for Alt,nkaya Dam will pass through the areas shown in 

Fig 4.14. It is obvious that the factor of safety against local failure 

will always be less than that of overall shear failure since the mobiliz

ed strength values at all the points along the critical failure surface 

are not as low as 80%. 

4.6 BUILD-UP ANALYSIS OF ALTINKAYA DAM 
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The build-up analysis of A1t,nkaya Dam has also been conducted for' 

comparision··purposes.Since a build-up analysis assumes constant values of 

elasticity modulus and':pofsson"s'ratio iiollowing 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 tangen~ modulus and poisson's ratio of each element in each zone 

obtained from the nonlinear analysis of the. embankment. Thus, the build-

up analysis was performed using the same mesh shown in Fig 4.5 and assign

ing these constant values of modulus and poisson's ratio as prese,nted in 

Table 4.3. 

-
Zone E " (tsf) 

Shell 612 0.300 

Filter 2895 0.255 
------

Alluvial Deposit 1381 0.424 
, 

Imper.vi ous Core 199 0.328 

.TABLE 4.3 Values of E and" used in the build-up analysis of 
A l t~nkaya 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 Altlnkaya 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 co~tburs obtained from build-up 

analysis. As this figure is compared to that of nonlinear analysis, it is 

apparent that the settlement contours of these analyses are almost identical 

but ,the se.,ttlement values calculated from build-up analysis seem to be uncer

estimated being the maximum of about 5.2 ft. 

Horizontal displacement contours obtained from the build-up 

analysis are illustrated in Fig 4.16. Although these contours are also 

similar to those of the nonlinear analysis, there are small differences 

between them. For example" while a small decrease in horizontal displa

cements is observed on the upstream face of the impervious 'core, there 

existsa slight increase on the downstream face. Moreover, the horizontal 

displacements in the shells seem to, be slightly increas,d as compared to 

the horizontal displacements calculated using nonlinear analysis. 

The build-up analysis solution fo~ the major principal stresses 

is shown in Fig 4.17. As seen in this figure-: the major principal stresses 

are approximately the same as obtained from the nonlinear analysis. 

However, as shown in F.ig 4.18, the"minor princ-ipal stress values are founa 

to be slightly greater than those of the nonlinear analysis. 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. 

, 
"I 
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Settlement contours are in FT., Settlement is positive 
( \ . 

Fig. 4.15 Contours of SettZement in AZt~nkaya Dam (BuiZd-up AnaZysis) 

'-I 
W 



Horizontal displacement conto'urs are in FT., Downstream is positive (-) 

Fig. 4.16 Contours of Horizontal Displacement in Alt~nkaya Dam (Build-up Analysis) 
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Consequently, it can be stated that the differences in the 

resul ts of two ana.lyses seem to occur in the areas where a change in 03 

takes place in build-up analysis. However, it is interesting to note 

that the build-up analysis can also predict the stresses and movements 

in embankments reasona~ly provided that the appropriate values of E and 

v are introduced into the analysis. 

4.8 RECOMMENDATIONS FOR POSSIBLE INSTRUMENT LOCATIONS 

Instruments for measuri~ng 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 values 

assumed by the designer. Also, the measurements provide very useful infor

mation for the dams which will be design~d/in the future. 
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The results of finite element analysis are also helpful in inter

preating the measurements and determining the possible instrument locations 

prior to construction. In the construction of Altlnkaya Dam , the piezometers 

were installed for measuring 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 Altlnkaya Dam show, the 

most. critical zones are the filters and the core. Therefore, if these anal

yses had been performed prior to construction arid it had been decided ,to 

equip the dam with theinstruments~'the pO,ssi/ble,vertical settlement device 

locations would have been the core block, particularly near the 'centre of 

the core block along the crest, and/or the filter zones. The horizontal 

displacement measuring devices would have been located into the embank-

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

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



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 ~o 

measure the stress reduction. 

/ 
4.9 SUMMARY AND CONCLlJSIONS 

The studies presented in this chapter have revealed that the 

behaviour of Alt,nkaya Dam during construction can be',predicted using 
, 

the finite element method of analysis. Even though it is desirable to 
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use the nonlinear parameter values determined under appropriate laboratory 

conditions, the parameter values have been chosen from Table A.l and 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 accurate. But, since 

there was no device installed for measuring the stresses and movements in 

the embankment, these results are thought to be invaluable 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-
I 

ment is mo~e than 1 ft in the downstream direction. Ev~n more, the stress 
/ 

concentrations exist in the filter zones and a stress reduction seems to 

occur 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 be 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 showA that the behavior of the embankment could also be es

timated using build-up analysis if the appropriate values of modulus and 

poisson's ratio parameters are introduced into the an~lysis. 



CHAPTER ·5 

PARAMETRIC STUDY FOR STRESSES AND DEFORMATIONS 

OF 

ALTINKAYA DAM 

5.1 INTRODUCTION 

In the previous chapter, the finite element analyses of Altlnkaya 

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 

explatned 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 

behavior of Altlnkaya Dam during construction, since no comprehensive da

ta was available regarding the material properties of the ~mbankment. In 

order to do this, the nonlinear,analyses of Altlnkaya Dam were conducted 
. ----... 

with range of values of core and shell material parameters taken from 

Appendix A and the results were discussed in detail indicating the effects 

of range of these parameters. The ranges for the reasonable values of mod

ulus parameters of core and shell to avoid large di,splacements were also 

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

A series of nonlinear finite ~lement analyses of A1tlnkaya Dam 

were performed in order to examine the effect of nonlinear parameters on 

the stresses and displacements of the embankment. In these ana1yses,atten

tion was given to the parameters of core and shell materials, and partic

ularly the effect of modulus parameters K and n were investigated. For 

this purpose, the parameters of filter and alluvial deposits were taken 

as constant with that of nonlinear analysis, presented in Chapter 4 while 

the different parameters of core and shell material were chosen from Table 

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

As seen in Table 5.1, three different groups of parameters 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,it 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 parameters w~re chosen for the shell 

material. The values of K for shell vary 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 t~e nonlinear parameters presented in Table 5.1 two groups 

of nonlinear analyses of A1tlnkaya Dam were performed. In the first group, 

keeping the parameters of shell constant, the analyses w~re conducted using 

three different core material parameters and this was repeated for two dif

ferent shell material parameters as seen in Table 5:2. 
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TABLE 5.1 Hy'perboUc -Stress-Strain Parameters for Various Core and SheU' Mdt~;ia'i~ 

~ 

ZONE SOIL 
K D G F 

c q, R
f GROUP n 

(tsf) 

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 I 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 45b 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 

/ 
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In ~ddition, utilizing the intermediate'values of K and ntakeh 'from."F.i:g 

5.1 together with the poisson1s ratio parameters of core CL-13E which 

have yielded reasonable settlement values, three other analyses were per

formed to establish the effect of K and n clear}y. 

In the second group of ana'lyses, however, the ana lyses were 

performed using three different shell material ~arameters while keeping 

core material parameters constant. Again this was repeated for three dif

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 ~ogether with the poisson1s ratio parameters of shell 

GW-l 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 shell material on the behavior of the embankment. 

5.4 EFFECT OF CORE MATERIAL 

The results 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 largest for the most stiff core material (CL-5B), however, the 

minimum settlement is obtained for the. core material CL-13E which ismedium 

~ti.ff among these three core materials. Similar t~end can also be' seen 

for the. horizontal displacements," On the other hand, in case of shell 

GW-l (Run 7 to 9) which ;s more stiff than the shell GW-2, maximum sett

lement also seems to occur for the most stiff core material and the mini

mum settlement is again obtained for'the the core.material CL-13E which 
\ 

is more softer than the shell. If the settlement values . a~e plotted against 

the values 'of K for both shells as shown ;n Fig1s 5.3 to 5 •. 4 .it can be'seen 



TABLE 5.2 Maximum Displacements and Stress Concentrations for Constant Shell Case 

Modulus 

I Maximum Displacements Z 0 N E . 
Parameters Maximum Stress Concentrations 

Run Settlement Location Horizontal Location Location Location ·Cbre K • disp. ·crl cr3 Shell No. n (ft) (Node No.) (Node No.) (tsf) (Ele.No. ) :(tsf) . (E1e.No.) (ft) 
-

1 CL-11D ' . 280 0.60 8.40 116 2.08 114 ,:86.7 12 ,,20'.9 12 

2 CL-13E 410 0.15 7.16 116 1.57 114 85.9 12 20.8 12 . 
! 3 CL-5B 760 -0.14 11.39 116 3.22 114 103.5 12 24.8 12 I . 
\GW-2 4 340 0.31 7.14 116 1.57 114 85.7 12 20.7 12 

i 5 550 0.01 6.95 116 1.47 114 83.1 12 20.6 12 

I ! 
6 675 -0.07 7.18 116 1.46 114 83.1 12 19.9 12 

7 CL-11D 280 0.60 8·.19 116 1.65 114 84.7 12 20.3 I 12 

8 CL-13E 410 0.15 6'.96 116 1.23 114 79.5 12 19.2 12 

9 CL-5B 760 -0.14 1'0.51 • 116 '2.33 114 92.7 12 22.0 12 
GW-l 

10 340 0.31 6.;94 '. 116 1.24 114 79.3 12 19.1 12 

11 550 0.01 6:66 . 116 1.13 114 . 78.7 12 19.1 12 

12 . 675 -0.07 6~43 116 1.06 114 78.0 12 19.0 12 
_. -

Mobilized 
Strength 

(%) 
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that the minimum settlement values may be obtained for the values of K 

between 280 and 76Q. Therefore, taking the intermediate 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 th~t, ·for the shell GW-l which 

is more st~ff than GW-2, the settlements appear to decrease gradually with ' 

i ncreasi ng the stiffness of the core, however the settl ements :seem,' to 

decrease for the medium stiff core (Run 5) in case of shell GW-2which 

is too soft. This indicates that though the change in settlement 'is not 

so significant, the settlement tends to decrease if the.core material is 

not too stiff as compared to the shell material, in fact,. the core ismore 

softer than the shell. The same thing may be seen as well, if the reswts 

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 It seem to vary a great deal as compared t?_ the 

d~splacements. For example, w~en th~ results of Run 7 and Run 8 are con

sidered, the maximum settlement decreases by about 15% while the reduction 

in maximum principal stress is about 5% and the minimum principal stress:is 

decreased by 4%. In addition, it may be pointed out that the'mobilized 

strength val ues.;i n 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, whi ch imp 1 i es, for case of too. s tiff core, 1 oca 1 failure may occur. 

5.5 EFFECT OF SHELL MATERIAL 

The second group of analyses. 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-llD could be follow

ed in this table and as well in F_ig 5.5 .. The maximum settlement decreases 
- '':'''--
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TABLE 5.3 MaximUm DispZacements and Stress Concentrations for Constant Core Case 

. Modulus 
ZaN E Parameters Maximum Displacements Maximum Stress Concentrations 

. 
settlementi ~ocation Horizontal i Lt· Mobilized Location Run Shell d' oca ~on 0'1 Location 0'3 Location Strength Core No. .K n (ft) (Node No.) J.sp. (N d N ) (tsf) (Ele.No.) (tsfl (Ele.No.1 (Ele.No·1 (ft) 0 e o. (%1 

13 Gl'I-2 210 0.51 8.40 I ,,116 2.08 I 114 ~6. 7 I 12 20.9 12 85 110-133 

CL-11D 14 ,GP-3 . 450 0.37 . 8.21 116 1.63 I 114 86.5 12 20.8 12 86 110-133 

15 Gl'I-1 540 0.43 8.19 116 I 1.65 I 114 84.7 12 20.3 12 86 110-133 

16 Gl'I-2 I 210 0.51 7.16 I '. 116 1.57 I 114 85.9 12 120.8 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-1 540 0.43 6.96 116 1.23 114 79.5 12 19.2 12 80 110-133 
! CL-13E I 

19 350 0.37 7,09 116 1.31 114 83.3 12 20.1 12 81 110-133 

20 500 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 
I 

114 77.3 12 I 18.6 12 80 110-133 
I 

22 GW~2 210 0.51 11';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 93 110-133 

24 GW-1 " 540 0.43 10.51 116 2.33 114 92.7 12 22.0 12 93 110-133 
CL-5B 

25 350 0,,37 10,89 116 2.56 114 .98.1 12 23.4 12 94 '\ ' 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 
.- - --- -- -- -- - - ---- - - -- --- ----_.- - - -

--~--~ ~-- -- ------.--

\0 
o 



by an amoupt of 0.21 FT while the K values for shell Vary 210 ~o 540, 

and for the coreCL-5B,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 ~re not influenced so much 

by the change of shell material parameters .. Nevertheless, in order to 

show the effects of modulus p~rameters on the behavior of the dam clear

ly, three analyses were also conducted for each different core material 

using the intermediate values of K and n. Although a considerable change 

in settl ement does not happen even the values of K vary 350. to 600 and 

the values of n vary 0.37 to 0.52, it is obvious that the maximum sett

lement 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 horizontal 

displacements. 

Furthermore, the stresses may not seem to be influenced by the 

change of shell materi~l 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 3yh 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. 

~10reover, it is also observed that the maximum displacement and 
. 

the stress values appear to. happen at the same locations througnout the 

analyses as shown in Fig 5.8. 
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Consequently, it may be deduced from the results of th~se analyses. 

that the maximum disp1acement~ 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 Kand n FOR ALTINKAYA DAM 

After having performed these analyses,it is interesting to 

review the.results for the estimated reasonable values of modulus para

meters K and n for the core and shell materials of Altlnkaya 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 consi

deration. 

As an engineer, it is always desirable to. have the vertical and 

horizontal displacements developed in an embankmen~ as small as possible. 

By conducting a series of analyses prior to construction, however, it is 

possible to determine the ranges of K and n in which they yield minimum 

displacement values. Hence, the soil properties such as water content, 

grain size, dry density etc. corresponding these values of K and n could 

be easily estimated during the design stage. 

In this problem, considering the results of the analyses conduct

ed the values of K for the core material maybe approximately in the range 

of 350 to.6S0 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. 
. 

/~ 

Although ~hese ranges are determined being based on the maximum 

displacements, it should be noticed that the stress values corresponding 

to these displacements are small as well. 



! 

As explained in Chapter 3, the valu~s 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 bave 

been 'possible to obtafnthe reasonable values of Kand n proposed forcore 

material by simply modifying the water content or dry density and void 

ratio to be used in the construction of Altlnkaya 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 increased for the core 

material to have a more stiff core than as it is. But this might require 

extra passes during compaction of fill and result in additiorial co~t. 

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, relative 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(D60/ D ) equals to 33.3 
10 • 

for the shell. Entering the curve with eo of 0.30, the value of KU/Dr is 

obtained as 3.7xl0
4

, 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 indicates that 

it is essential to form a stiff shell for Altlnkaya Dam. 

5.7 SUMMARY 

In this chapter, a parametric study has been conducted in order 

to establish the effects of material parameters, particularly the effects 

of modulus parameters of core and shell materials on the behavior of Altln

kaya Dam during construction. 
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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 shell material parameters 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 Altlnkaya Dam. 

The ranges of the values of K and n for both the 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 ~ore for Altlnkaya Dam. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The construction of earth and rockfill dams has become feasible 

100 

due to the continuing developments in earth-moving equipments and also in 

geotechnical engineering throughout the world. This is because the const- . 

ruction of earth and rockfill dams is least expensive in certain dam sites 

where the rockfill and impervious material is easily available. However, 

there exist some problems concerning the design and construction of such 

dams. In particular, the prediction of stresses and deformations which 

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

cerns of the des i gners, and it is the topi c . of thi s s"tudy. 

If the analysis of stresses. and deformations should be meaningful 

and realistic, it is essential that the real soil· behavior such as non-

linearity,inelasticty and stress-dependency, and the construction history 

need to be represented in the analysis in a reasonable way, therefore the 

analysis is an exceedingly complex problem. Jiowever, this problem can be 

attacked by using the finite element method which is explained. in Chapter 2. 
-

This method is a po~erful technique 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 linear or nonlinear 



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 repre~enting the real soil behavior within the embankment. 

They can. be obtained from the results of conventional triaxial compression 

tests and the tables summarizing the parameters of about 135 different 

soils (Duncan and Wong, 1974) are given in Appendix A~ These results 

may be used if there is no sufficient 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 conditions as 

well. 

Using the computer program LSBUILD, the nonlinear and build-up 

analyses of Altlnkaya Dam which is one of the highest rockfill dams under 

construction in Turkey have .been performed, as presented in Chapter 4. 

Since no comprehensive test data was available regarding the material 

properties, the hyperbolic stress-strain parameters required for the 

nonlinear finite element analysis of Altlnkaya Dam have been estimated 

based on. the results of tests on similar materials. It is evident that 

the results of the analyses would be more accurate if the laboratory test 

results were available. However, the results of the analyses performed 

during the course of this study may supply very valuable information on 

the behavior of the embankment during construction since no device had 

been installed for measuring the stresses and'.:.deformations within the em

bankment. 

As the results ~f the nonlinear analysis indicate, the maximum 

settlement developed during construction is slightly less than 7 ft. 

101 



102 

whereas the maximum horizontal displacement is found to be more than 1ft 

in the core in the downstr.eam 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 ~oarse zones induces a load transfer 

frcrm the core,to the adjacent zones. Even more 'interesting thing is that 

no tensile stresses would be expected to occur in the embankment, which 

might cause serious cracking. On the other hand, the factor of safety 

against local failure which is the reci,Jrocal of the maximum mobilized 

strength is found to be 1.25 for Altlnkaya Dam. 

The build-up analysis of Altlnkaya Dam has been performed using 

constant 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 ~here 

a change in U3 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 poisson1s ratio are introduced into the analysis. 

As presented in Chapter 5, the effects of material parameters, 

especially the effects of modulus parameters of core and shell materials 

on the behavior of Altlnkaya Dam during construction have also ,been in '

vestigated. Results of two types" of analyses performed, reveal that the 

maximum ~isplacements, are affected by the parameters of core material 

significantly whereas the shell material parameters do not appear 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 



for Altlnkaya Dam. 

The optimum ranges of the values of K and n, for both the core 

and shell of Altlnkaya Dam are also presented in Chapter 5. In order to 

meet these values of K and n , it might be suggested to decrease the 

water content and void ratio of the core to some extent ~o that the dry 

density increases and smaller displacements are experienced. In addition, 

the grain size distribution of shell might also be adjusted so as to have 

more stiff shell relative to the core material for the embankment. 
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TABLE A.l Stress~Strain' and Strength Parameters for SoiZs Tested under Drained Conditions( 
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Table A.2· Stress-Strain andiStr~ngth Parameters for Soils Tested Under Unconsolidated-~ndrained Conditions{ Duncan,Wong 1974} 
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TABLE A. 2 Continued 
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APPEIIDIX n 

USER'S MANUAL FOR PROGRAM LSBUILD 

INPUT DATA INFORMATION 

1 .. ,Control Cards (6 cards required) 

a) Card i (12A6) 
2-72 HED - Title card for program identification 

b} Card 2 (614) 
1-4 NUMELT - Total number of elements in the complete 

structure (Maximum = 275) 
1-4'NUMNPT - Total number nodal points in the complete 

structure (Maximum = 300) 
9-12 NFEL - Number of elements in the foundation portion 

(~ NUMELT) 
13-16 NFNP - Number of nodal points in the foundation portion 

, 
(~ NUMNPT) 

, '.----... 
17-20 NUMCEL - Number of elements in the cofferdam portion 

(Maximum =100) 
21-24 NUMCNP - Nu~berof nodal points in the cofferdam portion 

(t4aximum = 100) 

c) Card 3 (714) 
1-4 NUMBC - Numb~r of nodal points in the structure with a 

constrained deformation (fixed in x, fixed in y, 
fixed in x and/(NaXimUm =100) 
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5-8 NZONES - Number of different material types (Maximum =10) 
9-12 NLAY - Number of construction layers desired 

(Maximum :25) 
13-16 NUMIT - Number of solution cycles per construction layer 

(e.g. - for 1 cycle of iteration per layer,NUMIT=2) 
17-20 NONLIN - Code fdr linear or nonlinear material properties 

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

21-24 NWATER - Code for addition~l 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 
to be added) 

25-28 NPUNCH - Code for punching out stresses etc., after last layer 
(O=no, 1= yes) 

d) Card 4 (2F10.0) 

1-10 AKO - Initial earth pressure· coefficient in the foundation 
11-20 REDMOD - Factor used in simulating construction sequences. 

(0.00001 yields good results) . 

e) Card 5 (7F10.0) (See following figure for details) 
1-TO FNL - X coordinate of foundation surface to the left of the 

embankment 
11-20 TL - X coordinate of embankment toe to the left 
21-30 CRL - X coordinate of embankment crest to the left 
31-40 CTR - X coordinate of embankment centerline 
41-50 CRR - X coorditane df embankment crest to the right 
51-60 TR - X coordinate of embankment toe to the right 
61-70 FNR - X coordinate of foundation surface to the right of 

the embankment 
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f) Card 6 (7F10.O) 
Same as Card 5 for the Y coordinates 

CRL CTR CRR 

FNL TL 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 symmetrical 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 a NZONES) 

1-4 N - ~1a teri a 1 type number 
5-14 GAM - Unit weight 

15-24 COEF }- Tangent modulus constants 
25-34 EXP 
35-44 DD 

} - Iangent Poisson ratio constants 45-54 GG 
55-64 FF 

c)Strength cards (14, 4F10.4) (Number of cards required = NZONES) 
1-4 N - Material type number 
5-14 CC 

15-24 PHI 
25-34 RF 

- Cohesion. 
- Angle of internal friction (degrees) 
- Fa il ure rati 0 

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 conv.ert the, units that one des; res to 
use into atmosrheres, assuming that one uses the modulus and Poisson 
ratio constants as presented in the main text. 
Therefore, one of the following units combi~ations should be used: 

GAM - ton/ft3 - kip/ft3 - 1b/ft3 

cc - ton/ft2 
- kip/ft2 

- 1b/ft2 

CONS - 1.058 - 2.116 - 2116.2 

(etc. ) 

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. 
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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 yh using 
the ,following values: 

for a rigid foundation, Y(Dam) = Y(She11) 
for a flexible foundation, Y(Foundation) 

and Y(Dam) = Y(She11) 

= Y( 1 ) 

= Y(l) 
= Y(2) 

The numbering of the material type should conform to the above. 

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

COEF = modulus of elasticity 
GG - Poisson's ratio 

EXP = DD - FF - CODE = 0.0 

RF =1.0 

If NONLIN = 1 on control card 1c (one or more materials are nonlinear), 
the tangent modulus (Et') and the tangent Poisson ratio (\It) 
are automatically calculated after each construction layer 
according to the following hyperbolic relationships: 

v = t 

2 

V/Cl-OO*Ea ) 
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where: 

E. 
1 

Vi 

= CONS COEF (cr
3

/CONS)EXP 

= GG - FF log (a3/CONS) 
(a\-cr3):fh = hyperbolic strength = (0\- cr3)f/RF . 

The evaluation of these parameters is discussed in the main text. 
If the material is nonlinear, CODE=l , but if the material is linear, 
evaluate the constants the same way as is done above for NONLIN =0 •. 
If vtbecomes greater than' 0.49, it is automatically reset to 0.49. 

If NONLIN =1, the initial vaules of Et and vt in a foundation zone 
are calculated by assuming that cr =yh and cr3 = AKO cr • The 

'L t 

3. 

initial values of Et and vtin an embankment zone are calculated 
by assuming that cr' = yh and a.: cr3("t /1- \It)' Iteration is re-

o \ \ 

quired to assure that the value of vtused to calculate cr
3
is equal 

to the value of vi:calculated in the equations above. This is done 
automa ti ca 11y. 

Nodal Point Cards (14, 2F8.2) 
(Use as many cards as necessary to define the structure.) 

1-4 MM - Noda 1 . poi nt number 
5-12 ORD (MM,l ) - X coordinate of nodal point ( to right) 

13-20 ORD (MM,2) Y coordinate of nodal point ( up) 

If nodal point cards are omitted, th,e program ~nerates th'e omitted infor
mation by incrementing MM by one and by calculating ORD (MM ,land 2) 
at equal intervals along a straight line between the two defined no
dal poinds. The.first andlast nodal points must. always be given. 
(e.g., MM=l and MM.NUMNPT) 

Noda 1 poi nts must be in numeri ca 1 sequence from 1 eft to ri ght in the fi ni -
te element mesh and must increase from the foundati on up in 1 ayers. 



4. Constr~jned.Boundary Carg? (1814) 
(Use.as.many cards as required to define NUMBC nodal pOints.) 

1-4 NBC 
5-8 NFIX 

- Number of constrained nodal point 
- Code to define type of fixity at this nodal point 

(NFIX = 0 for X and Y fixity.) 
(NFIX = 1 for X fixity) 
(NFIX = 2 for Y fixity) 
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Continue across the card for the constrained nodal points at repeating eight 
column intervals as abov.e 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 (614) 
(Use as many cards as necessary to define the structure) 

1-4 N - Element number 
5-8 NPN(N,l) - Number of nodal point I for this ·element 
9-12 NPN(N,2) . - Number of nodal point J for this element 

13-16 NPN(N,3) - Number of nodal point K for this element 
17-20 NPN(N,4) - Number of nodal point L for this ·element 
21-24 NPN(N,5) - Material type of this element 

If element cards are omitted, the program generates the omitted infor
mation by incrementing the previous Nand NPN (N,l 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 and N=NUMELT) 

Elements must be numbered consecutively, proceeding counterclockwise 
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 proceeding upward. 



Triangular shaped elements may be used as long as a fourth nodal 
point is placecl in the center of the "slope side" of these elements. 
Care must be exercised that the diagonal from nodal point J to nodal 
point L is not ona straight line including either r or K. Numbering 
must be done in the following way. 

K K 

I J L 

6. Construction Layer Cards (514, F8.2) 
(One cards is requi red for each ·1 ayer tota 11 i ng NLAY cards) 

1-4 LN - Number of construction layer, increasing upward 
from the bottom. 

5-8 NOMEL(LN,l)- Smallest element number of the newly placed 
elements in this layer 

9-12 NOMEL(LN,2)- Largest element number of the newly placed 
elements in this layer 

13-16 NOMNP(LN,l)- Smallest nodal point number·of the newly 
placed nodal points in this layer 

17-20 NOMNP(LN,2)- Largest nodal point number of the newly 
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.l. Therefore 
the first constructed layer = 2. 
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If NWATER=l, an additional layer card must be added to simulate added 
loads placed after the embankment is compl~1:ed. In this case, columns 
5 through 28 on the LN=NLAY card (last card) will be identical tothose 
on the LN=NLAY-l card (last layer of the constructed embankment). 

7. Cofferdam Element and Nodal Point Cards 
a) Cofferdan element cards (1814) 

(Use as many carqs as required to define-NUMCEL elements.) 
1-4 NCEL - Number of cofferdam element: 
5-8 
etc. 

NCEL - Number of 'cofferdam element 



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. 

8. 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 numer;calsequence, 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 an'd FX and FY are set equal 
to O. 

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 (110, 5F10.3) 
b)'E:1astic property cards (!l0, 5F10.3) 
c) Strain cards (I10,5F10.3) 

These cards (a,b,c) are punched out 'properly from the auxiliary program. 
~FEr1INT) 

d) Displacement cards (110, 4F10.3) 
1-10 NCNP Cofferdam nodal point number 

11-20 ORD (N,l) - X ordinate of nodal point ',-_ 
21-30 ORD (N,2) - Y ordinate of nodal point 
31-40 DISP (N,l)-. X displacement of nodal point 
41-50 DISP (N,2)- Y d~splacement of nodal point 
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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 
point numbers will have to be changed on the punched output from the 
cofferdam analysis before it is used as input in the re-numbered coffer
dam-embankment system. 
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PROGRAM LSBUILD 74/176 OPT-O,ROUNO- AI SI H/-O,-DS ~TN 5.1+577 85/1~ 
-LONG/-OT,ARG--COMtION/-FIXED,CS- USER/-FIXED,DB--TB/-SB/-SLI ER/-IDI-PKO/-ST,PL-500 
5,I-LS~,L-ER. 

PROGRAM LSBUILO IINPUT,OUTPUT,TAPE1,TAPEZ,TAPE4,TAPE7,TAPE8) 
C.·· .. ···.·.·.·.· ... ·.·.·.· .. ········.· ... ·.· ... · ... · .................. . 
C FE~ NO~-LINEAR EMBANKMENT AN4LYSIS - F.H. KULHAHY , 1968-69 
C ••••• ••••• ••••••••••••• • ••• ••• •• •• ••• ••••••• •• • •••• • ••••••••••••••••••• 

CO~MON ITNITI HEDI1Z),NU~ELT,NUKNPT,NFEL,NFNP,NPUNCH 
COMKON INPELI NPNIZ75,5),OROI30Q,Z),XCPIZ75),YCPIZ75) 
COHMON ICDAHI NU~CEL,NU~CNP,NCELIIOO),NCNPI100) 
COMMON INPBCI NU~BC,NBCltOO),NFIXI100),NWATER,FXI300),FYI300) 
CO~~ON IBANSI MBANO,NUHBLK,B(160),AI160,80) 
COHMON ILIFTI NLAY,LN,NO~ELIZ5,Z),NOHNPIZ5,Z),HEIGHTIZ5',NUHIT,IT 
COHMON IGEOHI FNLIZ',TLIZ) ,CRLIZ"CTRIZ),CRRIZ"TRIZ),FNRIZJ 
COM~ON IHAT11 NONLIN,BULKIZ75"SHEARIZ75),POISIZ75),GAMI10),REOKOO 
COHMON IKAT21 CONS,COEFI10),EXP(10l,DO(10"GGI10),FFI10),NlONES 
COHMON I~AT31 CCI10l,PHlllO),RFI10),OEVlllOJ,OfVZ(10),CODEI10I,kKO 

C.·· .. ···.··· .... ··.·.···.·.···· .. ·· .. ·.···.· .. ·· ... · ........ ~ ......... . C READ AND PRINT INPUT DATA - SET UP INITIAL CONDITIONS 
C ••••• • ••••••••• • ••••••• • ••••••••••••••••• • ••••••••••••••••••••••••••••• 
C 

100 CALL LAYOUT 
C 
C ••••• *·· •• ·**·*· ••.•.• ~·.· ••• ·•••••••• .•••••••••• · ••••••••••.•.•••.•••. 
C ANALYZE FOR ~ACH CONSTRUCTION LAYER 
C ••••• •• ••• •• •• • •••• • ••• •••••••••••••••• •• •• ••• •••••• ••••••••••••••••••• 

00 400 LN-l,NLAY 

C 

PRINT 1000, HED,LN,(NOMELILN,N),N·l,Z),(NOHNPILN,H),~.l,Z), 
1 HEIGHTILN) 

00 400 IT-l,NUHIT 
CALL SECOND (TI~El) 
IF ILN .GT. 1 .OR. NFEL .EO. 0) GO TO 200 
PRINT 1005 
GO TO 300 

C DEVELOP STIFFNESS ~ATRIX, SOLVE EOUATION~, EVALUATE RESULTS 
"C 

c 

zeo CALL LSSTIF 
CALL BANSOL 
CALL LSRFSUL 

300 CALL SECOND (TtME2'" 
TIME-TIME2-TIMEl 

400 ~RINT 1010, LN,IT,TIME 
C.*· •••• • •• •• •• •••••••• •• •• •• •••••• •• •• •••••••• • •••••••••••••••••••••••• 

1000 FORHAT (lH6 III 12A6 III 20H "LAYrR NO. - ,14 II 
1 20H ADDED ELE~ENTS - ,I4,6H THRU ,14 II 
2 20H ADDED NODAL POINTS- ,I4,6H THRU ,14 II 
3 ZOH SURFACE ELEVATION - ,F10.3 ) 

1005 FORHAT (49H-FOUNDATION ZONE, SEE PREVIOUS PAGES FOR STRESSES) 
1010 FORKAT (7H-LAYER-,I3,5X,11H ITERATION·,12,5X,15H TIHEISECONOS)·, 

1 F9.31 
C.·.··· ......• ·····.· .. ··.·.···•··· ....•..•....•...•..•................. 

CALL EXIT 
~D 
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ROUTINE LAYOUT 7~/17b OPT·O,ROU~D· AI 51 H/-D,-OS FTN 5.1+577 85/1r 
-LONG/-OT,ARG·-COMMON/-FIXcD,CS· USER/-FIX(D,DB·-TB/-SB/-5LI ER/-IDI-PXDI-ST,PL-500 
5,I-LSB,L-FR. 

SUBROUTINE LAYOUT 
c ••••• ·.*.· ..... · ..... · ... ···.·.·.·.· ... ····.·.··.·.· .................. . 

COHHON IINITI HEDIIZ),NU~ELT,NUHNPT,NFEL,NFNP,NPUNCH 
CO~hON INPF.LI NPNIZ75,5),OROI300,Z),XCPIZ75),YCPIZ75) 
CO~MON ICDA"I NUMCEL,NUHCNP,NC~LIIQO),NCNPIIOO) 
COHMON INPBCI NU~BC,NBCI100),NFIXI100),NWATER,FXI3PO),FYI300) 
COMMON IBANSI MBAND,NUMBLK,B(lbO),Al1b~,80) 
CO~MON ILIFTI NLAY,LN,NO~ELI25,Z),NOMNP(25,Z),HEIGHTIZ5),NUKIT,IT 
CO~HON IGEOHI FNL(2),TLI2),CRLIZ),CT~12),CRRIZ),TRIZ),F~~CZ) 
COMMON INAT11 NONLIN,BULKIZ75),SHEARIZ75),POI51275),GA~110),REDKOD 
CO~HON I~AT21 CONS,COEFCIO),FXPC10),DD(10),GGC10),FFI10),NZON~S 

COM~ON IMAT31 CCIIO),PHIIIO),RFIID),DEV1110),OEV2110),COOEIIO),AKO 
DI~ENSION STRE5SC275,3),5TRAINIZ75,3),DISPI300,2) 
EQUIVALENCE CSTRESSI1,1),AIBO,13»,ISTRAINI1,1),AI1&O,j5», 

1 IOISPI1,1),AISO,38» 
C •••• ••• •••••••••• ••• ••••••••• •• •••••• ••••• ••• • ••• • ••••••••••••••••••••• 
C READ AND PRINT CONTROL DATA 
C •• ••• •• • •••••••••••••••• ••• •• • ••••••• • ••• •••• •• •••••• •••••••••••••••••• 

READ 10~C, HED 
READ 1005, NUMELT,NUHNPT,NFEL,NFNP,NU~CEL'NU~CNP 
READ 1005, NU~BC,NZONE5,NLAY,NUHIT,NONLIN,NWATER,NPUNCH 
READ 1010, AKO,REDHOD 
READ 1010, IFNLIN),TLIN),CRLIN),CTRIN),CRRIN),TRCN),FNRIN),N·l,Z) 
PRINT ZOOO, HED 
PRINT ZOOS, NUMELT,NUMNPT,NFEL,NFNP,NUMCEL,NUKCNP 
PRINT 2010, NUMBC,NZONES,NLAy,NUMIT,NONLIN,N~ATER,NPUNCH 
PRINT 2015, AKO,REDMOD 
PRINT 20Z0, TL(1),TLI2),CRLI1),CRLI2),CTRI1),CTRCZ),CRRC1),CRRCZ), 

1 TR(1),TRCZ) 
IF CNFEL .Eo. 0) PRINT 2021 
IF CNFEL .GT. 0) PRINT Z022, FNL(1),FNLI2),FNR(I),FNRI2) 

C ••••••••• • •••• • •• ••• ••••••••• ••• •••• •••• ••••••••• ••• ••••••••••••••••••• 
C READ AND PRINT MATERIAL PROPERTY DATA 
C •• • •••••••••••••••• • •••••••••••• • •••••• ••• ••••••• ••• • ••••••••••••••• ~ •• 

READ 1010, CONS 
READ 101&, IGAhIN),COEF(N),EXPIN),DDIN),GGCN),FF(N),N-l,NZONES) 
READ 1021, ICCIN),PHI(N),RFCN),COOECN),N·l,NZONFS) 
PRINT 20Z5, CONS 
PRINT 2030 
PRINT 1015, IN,GAKIN),COEFIN),EXPIN),DOIN),GG(N),FFCN),N-],NZONES) 
PRINT 2035 
PRINT 1020, IN,CCIN),P~I(N),RFIN),CODECN),N-l,NZONF.S) 

C ••••• • ••• ••••••••••••••••••••• ••••• • ••••••••••••••••••••••••••••••••••• 
C READ AND PRINT NODAL POINT ARRAY 
C ••••••••• * ••••• ••••• •••••••• ~ •••••• + ••••••••••••••••••••••••••••••••••• 

LL-O 
100 READ 1025, MM,CORDI~~,K),~~1,2) 

DX·IORDIH~,1)~ORDILL,1»/IHM-LL) 
DY·(ORDI~H,2)-OROILL,Z»/I~H-LL) 

110 LL·LL+l 
IF (HM-LL) 1~O,130,120 

120 ORDILL,1)-OP.DILL-1,1)+DX 
ORDILL,Z)·ORO(LL-l,Z)+DY 
GO TO 110 

130 IFINU~NPT-M~) 1~~,15?,100 
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C 

140 PRINT 5000, KH 
CALL EXI T 

150 PRINT 2040 
CTRF·TL( Z) +( (TR( Z)-TU 2)). (CTR(1)-TL U)) f( TR 111-TU1») 
DO 160 N·l,NU~NPT 
IF (ORD(N,l) .LE. CTR(l) XoI~·(tTR(1)-ORo(N,1)I/(CTR(11-TLC11) 
IF (ORO(N,l) .GT. CTR(ll) XoIM-(ORD(N,11-CTRC1)1/(TR(1)-CTR(1» 
YDIH-(ORo(N,Z)-CTRF)/(CTR(Z)-CTRF) . 

160 PRINT 10ZO, N,(ORD(N,K),~·l,Z),XDIK,YDI~ 

RE4D 1005, (NBC(K),NFIX(KltK-l,NUI1BC) 
PR INT Z045 
DO 180 K-l,NU~BC 
IF (NF I X (K) • EO. 0) 
IF (NFIX(K) .EO. 1) 
IF (NFIX(K) .EO. 2) 

180 CONTINUE 

PRINT ZOSO,NBC(K) 
PRINT 2055,NBC(K) 
PRINT Z060,NBC(K) 

C ••••••••••••••••••••••••••• • ••••• • •••• • •••• • ••••••••••••••••••••••••••• 
C READ AND PRINT ELEMENT ARRAY, COMPUTe PT. FOR STRESSES 
c ••••••• • •••••••••••••••••• • ••••• •• ••• • ••••• •• •• ••••• ••••••••••••••••••• 

NN-O 

C 

ZOO RE40 1005, N,(NPN(N,M),~·1,5) 
ZlO NN-NN+l 

IF (N .LE. NNI GO TO Z30 
DO 2Z0 K-l,4 

ZZO NPN(NN,K)·NPN(NN-l,KI+l 
NPN(NN,51·NPN(NN-l,SI 

230 IF (N .GT. NN) GO TO Z10 
IF (NUl'IELT • GT •. NNI GO TO 200 

PRINT 206S 
DO 2S0 N-l,NUMELT 
J-NPN( N, ZI 
L&NPN( N, 4) 

XCP(N)-O.5·(ORo(J,1)+ORo(L,111 
YCP(NI-O.S*(ORo(J,Z)+ORo(L,Z)1 
IF (XCP(N) .LE. CTR(l)) XDII1-(CTR(11-XCP(NI)/(CTRC1)-TL(1» 
IF (XCP(~) .GT. CTR(l)1 XDII1-(XCP(NI-CTRC1»/(TR(1)-CTR(11) 
YDIH·(YCP(N)-CTRF)/(CTR(ZI-CTRF) 

250 PRINT 2070, N,(NPN(N,M),I1·1,SI,XCP(NI,YCP(N),XoIM,YoJ~ 
c ••••• ••••••• ••• •••• •• •••• •• • ••••••••• •• ••• • •••••• •••• •••••••••••••••••• 
C READ AND PRINT CONSTRUCTION SEOUENCE INFORMATIDN 
C •••• •• ••••• ·.·.·········.*··.·.t ................•..............•.•..... 

C 

C 

READ 1030, «(NOHEL(LN,NI,N·l,ZI,CNOHNP(LN,K),H·l,Z), 
1 HEIGHT(LN),LN-l,NLAY) 

PRINT Z075 
PRINT ZOBO, CLN,CNOMEL(LN,NI,N·l,Z),CNOHNP(LN,K),H-l,Z), 

1 HEIGHTCLN),LN-l,NLAY) 

IF (NUMCEL • EO. 0) GO TO 350 
PRINT 2082 
READ 1005, CNCEL(N),N-l,NUHCEL) 
PRINT 1:)05, (NCEL(NI,N-l,NUHCELl 
PR INT 2(183 
READ l005~ (NCNP(N),N·l,NUHCNPI 
PRINT 1005, (NCNPIN),N-l,NUMCNP) 
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351) IF 1 N"/'~TER • EQ. OJ GO TO 501) 
PRINT 2085 
00 400 NN.1,NUnNPT 
FXINNI-O.O 

400 FYINNI-O.O 
NN-O 

410 READ 1025, HH,FXIKH),FYIH~) 
420 NN·NN+1 

PRINT 1025, NN,FXINN),FYINN) 
IF 111/'\ .GT. NNI GO TO 42C1 
IF INUI1NPT .GT. NN) GO TO 't10 

C.··.·· ........................ · .. ·.· .... · .•.. ·.·.· ................•.... 
C . DETE~HINF BAND WIDTH OF STIFFNESS MATRIX, ABORT IF TOO LARGE C.· ... · ................... · ....... · ...................•................. 

500 MBAND·I) 
DO 51e N-l,NUHELT 
II·MAX~INPNIN,11,NPNIN,2),NPNIN,3),NPNIN,4») 
JJ·HINOINPNIN,1),NPNIN,Z),NPNIN,3),NPNIN,4)) 
KK·Z.I II-J J+ll 
IF IKK .GT. HBAND) MBAtW·KK 
IF O.BAND .LE. 80) GO TO 510 
PRINT 5J05, N 
GO TO 999 

510 CONTINUE 
C·· ... ···.····· ... · ..... ···.·.· .............. ··· ........ + ••••••••••••••• 
C INITIALIZE VALUES IN FOUNDATION AND IN EMBANKI1ENT C.· ... +.+ •••• • •••••••••••••••• • ••••••••••••• • ••••••••••••••••••••••••••• 

PR INT 2090 

C 

C 

C 

DO 55U N-1,NU~ELT 
00 550 H-1,3 
STRESSIN,H)·O.O 

550 STRAININ,HI·O.O . 
DO 560 N·l,NUHNPT 
DO 56(1 1'1-1,2 

560 DISPIN,H)-O.O 
IF INFEL .EQ. 0) GO TO 580 
DO 570 N-I, NFEL 
STRESSIN,2)-GAMl1)·IHEIGHTI1)-YCPIN)) 

570 STRESSIN,l)-STRESSIN,ZI.AKO 

580 IF I NU'1CEL • EQ. 0) GO TO 600 
READ 1035, IN,XCPINI,YCPINI,ISTRESSIN,H),M-1,3),J-1,NU~CELI 
READ 1035, IN,XCP(N),YCPIN),(STRAININ,M),K-1,3),J-1,NUHCEL) 
READ 1035, IN,XCPIN),YCPIN),BULKIN),SHEARIN),POISINI,J-I,NUMCELI 
READ 1040, (N,IORDIN,K),H.1,Z),(OISPIN,H),H-1,21,J-1,NU~CNPI 

bOO IF I NONLIN • EQ. 1) GO TO 640 
DO 620 N-1,NUI1ELT 
'iTYH-NPNIN,5) 
POISINI-GGIHTYPEI 
EI10D-COEFIMTYPEI 
SHEARINI·E"OD~IZ.O.ll.O+PDISINI) ) 

620 BULKIN)-SHEARIN)/ll.O-Z.Q.POtSIN)) 

640 DO 65D N-l,NZONES 
PHIIN)·PHIIN)/57.29577951 
CONST-2.0/IkFIN).ll.0-SINIPHIIN)) 
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C 

, C 

C 

OEV1(N)-CONSTtCC(N)+COS(PHI(N)) 
650 DEVZ(N)-CONST+SIN(PHI(NII 

IF (NONLIN .FO. 01 GO TO 740 

DO 69v LN-l,NLAY 
IF (LN .FO. NLAY .AND. NHATER .EO. 1) GO TO 69(j 
IF (LN .GT. 1) GO TO 660 
IF (NFEL .GT. 0) GO TO 690 

660 NFELI-NO~EL(LN,l) 
670 NFELZ-NOMEL(LN,Z) 

DO 660 N-NFEL1,NFELZ 
HTYPE-NPN(N,5) 
Hr-HEIGHT(LN)-YCP(N) 
IF (N .GT. NFELl .AND. N .LT. NFELZ) GO TO 660 
J-NPN(N,Z) 
K-NPN( N, 3) 
L-NPN(N,4) 
IF "(N .EO. NFEL1) HT-HT-O.5*(ORD(K,Z)-ORDCL,Z») 
IF (ORO(K,Z) .Eo. ORO(L,Z») GO TO 660 
IF (N .EO. NFELZ) HT-HT-0.5*(ORO(K,Z)-ORO(J,Z) 

660 STRESS(N,Z)-HT+GAH(HTYPE).O.5 
690 CONTINUE 

695 
696 

700 

no 

720 

725 

730 

POIS1-GG (1) 
DO 730 N-1,NU~ELT 
DO 695 H-l,NUMCEL 
IF (N .EO. NCEl(!iI) GO TO 73U 
CONTINUE 
MTYPE-NPN( N, 5) 
IF eN .LE. NFELJ GO TO 710 
IF (POIS1 .GT. 0.490) POIS1-u.490 
STRESS(N,1)-STRESSIN,Z)+POIS1/11.0-POIS1) 
OEVSTR-STRESS(N,Z)-STRESS(N,l) 
OEVFH-DEV1IMTYPE)+OEVZ(HTYPE)*STRESS(Ni1) 
EI-COEF(MTYPE)*CONS*«STRESSIN,l)/CONS)+.EXP(~TYPE») 
EPS-OEVSTR/(EI+(l.O-(DEVSTR/OEVFHI) 
POISI-GG(HTYPE)-FFIMTYPE)+ALOG10(STRESS(N,1)/CONS) 
POIST-POISI/«1.O-OO(HTYPE)+EPS)++2.0) 
IF (POtST.GT. 0'-490) POIST-v.490 
IF (N .LE. NFEU "GO TO 720 
IF (ABS(POIS1-POIST) .LT. 0.00001) GO T072Q 
POTSl-POISl+ (POI ST-POI Sl1110.0 \ 
GO TO 7~O \ 
POIS(N)-POIST 
STRESS (N,1)-O.O 
STRESS("4,2)-1'I.0 
EMOO-tI+((1.O-ICODEIHTYPE)+OEVSTR/OEYFH)) •• 2.0) 
SHFARINI-E~OO/(2.U+11.0+POIS(N))) 
BULK(N)-SHEARIN)/(1.O-2.0+P01S(N) 
CONT INUE 

740 00 75D N-l,NUMELT 
EnOO-2.0*SHEAR(N)+(1.0+POIS(N)) 

750 PRINT 2095, N,XCP(N),YCP(N),EHOO,BULK(NI,SHEARIN),POIS(N), 
1 '(STRESS(N,H),X-l,3) 

IF I NU!1CEL • EO. 0) GO TO 76fJ 
PRINT 301'10 

125 

65/11 



ROUTINE LAYOUT 7~/176 OPT-O,ROUNOe AI SI H/-O,-OS FTN 5.1+577 

PRINT 1035, (N,XCP(NI,YCPINI,(STRAIN(N,YoI,H-I,31,N-l,NUMELTI 
PRINT 3005 
PRINT 10~O, (N,(ORO(N,M),H-l,Z),(DISP(N,HI,H-l,ZI,N-l,NUHNPT) 

760 REWIND 4 
HR ITE (4) 
WR IT!: (4) 

WR ITE (4) 
RETURN 

I(STRESSIN,HI,~·l,31,N-1,NU~ELT) 
«STRAININ,HI,H-1,3I,N·l,NU~ELTI 
II DISP (N,~),~·l,21,N·l,NUHNPT) 

65/11 

C.· .•... · ... ·•· •.. · .•... ····•·••·••••·•••·•··•···••··· ..••.•....••••••.• 
1000 FORMAT (12A61 
1005 FDRHAT (1614) 
1010 FORHAT 17Flu.OI 
1015 FORMAT (I4,6F10.4) 
1016 FORHA~ (6FI0.4) 
1020 FORHAT (I4,4FIO.~) 
1021 FORHAT (4FIO.4) 
1025 FORHAT (I4,2F8.2) 
1030 FORHAT (414,F6.2) 
1035 FORHAT (IIO,5FIO.31 
1040 FORHAT III0,4FIO.4) 
2000 FORHAT (1H6 I1I1 12A6) 
2005 FORHATI21H-TOTAL NO. ~LEHENTS -,14 I 21H TOTAL NO. NODES -,14 I 

1 21H FOUNDATION ~LE~ENTS-,I~ I 21H FOUNDATION NOOES -,14 I 
Z 21H COFFERDAH ELE"ENTS -,14 I 21H COFFERDA~ NODES ., I 4 ) 

2010 FDRHAT 127HtNO. RESTRAINED NODES - ,14 I 
1 27H NO. DIFFERENT ~ATERIALS - ,14 I 
2 21H NO. CONSTRUCTION LAYERS - ,14. I 
3 21H NO. ITERATIONS PER LAYER - ,14 II 
~ 49H NDNLINF.AR CODE (O-LINEAR, 1-NONLINEAR)----------
5 49H CODE FOR PRESENCE OF WATER FORCES (O-NO,l-YESI--
6 49H COD~ FOR PUNCHING FINAL STRESSES (O-NO,l-YES)---

2015 FORMAT (32HOEARTH PRESSURE COEF. IN FNDN. - ,F6.3 I 
1 32H MODULUS REDUCTION FACTOR - ,F9.6 II 

Z020 FORHAT (Z3HOENBANKHENT COORDINATES I 5~,9H TOE LEFT, lOX, 

,14 I 
,l4 I 
,14 ) 

1 11H CREST ~EFT,9X,llH CENTERLINE,9X,lZH CREST RIGHT,9X, . 
2 lOH TOE RIGHT I 5X,lHX,9X,lHy,9X,1HX,9X,lHY,9X,lHX,9X,lHY, 
3 9X,lHX,9X,lHY,9X,lHX,9X,lHY I lOFIO.3 I) 

2021 FORHAT (31H FOUNDATION ASSUHED TO BE RIGID I) 
20Z2 FORHAT (Z3H FOUNDATION COORDINATES I 7X,5H LEFT,l5X,6H RIGHT I 

1 5X,lHX,9X,lHY,9X,lHX,9X,lHY I 4F10.3 II 
2025 FORHAT (Z3H-HATERIAL PROPERTY DATAIII17H UNITS CONSTANT • ,F6.4 

1 " If) 
2030 FORHAT (ZlX,6H HOOULUS,13X,14H POISSON RATIO I 

1 39H HATL UNIT WT CONSTANT EXPONENT D,9X,lHG,9X,lHF/I 
2035 FORHAT 146H-MATL C PHI FAIL. RATIO NONLINII-YES) II 
2040 FORHAT 119Hl NODAL POINT ARRAY II 

1 44H NP X-ORO V-ORO X-ORD/W Y-ORD/H I) 
2045 FORHAT 139HINODAL POINTS WITH GEOMETRIC RESTRAINTS III 
2050 FORHAT (12H NODAL POINT, 14 '·,13H CAN NOr---"OVFI 
2055 FO~HAT (12H NODAL POINT, 14 ,33H CAN MOVE ONLY IN THE Y-DIRECTIDN) 
20bO FDRHAT (12H NODAL POINT, 14 ,33H CAN HOVE ONLY IN THE X-DIRECTION) 
2065 FORHAT (50Hl ELEHENT ARRAY + PT. WHERE STRESSES ARE EVALUATED III 

1 SOH ELE I J K L MATL X-ORO V-ORO , 
2 20H, X-ORD/H Y-ORO/H II) 

2070 FORHAT (615,4FIO.31 
2075 FORHAT (32Hl CONSTRUCTION LAYER INFORMATION II bH LAYER, 

1 48H INCLUSIVE ELEHENTS INCLUSIVE NODES ELEVATION II 

126 
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2080 FORHAT (J5,I10,I7;I12,Ib,F14.3) 
2082 FORHAT (19H-COFFERDAM ELEMENTS II) 
2083 FORHAT (Z3H-COFFERDAH NODAL POINTS II) 

FTN 5.1+577 

2085 FORHAT (20Hl NOD4L POINT FORCESIIZOH NP X-FORCE V-FORCE II) 
2090 FORHAT (Z8Hl INITIAL VALUES IN ELEMENTS III 

1 45H ELE X-ORO V-ORO ELAS HOO BULK HOD, 
2 50H SHEAR HOD POISSON SIG-X SIG-Y TAU-XY II) 

2095 FDRHAT (I5,2F10.3,3F10.1,4F10.3) 
3000 FORHAT (35Hl INITIAL COFFERDAM ELEMENT STRAINS III lOH ELE, 

1 50H X-ORO Y-ORD EPS-X EPS-Y GAM-XY II) 
30J5 FORHAT (45Hl INITIAL COFFERDA~ NODAL POINT DISPLACEMENTS III 

1 50H N.P; X-ORO V-ORO X-OISP V-DISP II) 
5000 FORHAT (17H N.P. ERROR, N - ,14) 
5005 FORHAT (32H BAND WIDTH TOO LARGE AT ELE~ENT ,14) 

85/1l 

C· •••• • ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
999 STOP 

~D 

127 
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-LONGI-OT,ARG·-COMHONI-FIXEO,CS· USER/-FIXEO,OB·-TB/-SB/-SLI ER/-IO/-P"D/-ST,PL·500 

i 5, I -L S B , L - E R. 

SUBROUTINE LSSTIF 
C ••••••••••••••••••••••••••••• ••••• ••• ••••••• ••• ••••• ••••••••••••••••••• 

COMMON IINITI HEOll2),NU~lLT,NU~NPT,NFEL,NFNP,NPUNCH 
CO~~ON INPELI NPNI275,5),OROI300,2),XCPI275J,YCPIZ75) 
COMMON ICDA~I NU~CEL,NU~CNP,NCELIIOOJ,NCNPI10J) 
CO~MON INPBCI NU"BC,NBCII00J,NFIXIIOO),NWATER,FXI300),FYI300) 
CO~HON IBANSI MBAND,NUHBLK,B(160).AI16?,80) 
CO~MON ILIFTI NLAy,LN,NO~ELIZ5,Z),NOMNPIZ5,2),HEIGHTIZ5),NUHIT,IT 
COMMON IHAT11 NONLIN,BULK(275),SHEARIZ75),POISI275),GA~IIO),REDHOO 
CO~HDN ILST11 I,J,K,SllO,lO),STI3,lO),CI3,3),Pll~),NPI4),VDL 

C ••••••• • ••••••••••••••••••••••• ••• ••••••••• ••• ••••• • ••••••••••••••••••• 
C INTTIALIZE BLOCK CONSTANTS AND STIFFNESS ARRAY 
C.· ... ·· ... ·· ...•... · ..•. ··.·.······ .. ·.·.· ..••. ···•· ............•..•... 

C 

REWIND 2 
rm·40 
NO-2·NB 
NOZ·Z·NO 
NUHBLK-O 

DO 21V N·l, NDZ 
BIN)·;'.O 
00 210 M·l,HBANO" 

210 A(N,H)"'O.O 
C •••••••••••••••••••••••• • •••• •••••• •• ••••• ••••••••••••••••••••••••••••• 
C FORM STIFFNESS M1TRIX IN BLOCKS " 
C ••••• * ................................................................ . 

C 

3DD NU~BLK·NUXBLK+l 
NH·NS·(NUHBLK+1) 
NIt,·NH-NB 
N"IL·NH-NB+l 
KS HI FT -2.NNL-Z 

NUHEL·NOMELI LN,Z) 
IF (NUMCEL .NE. 0) NUMEL.MAXQINOMEL,L"I,2),NCELINUHCEL) 
00 540 N-l,NUMEL 
K~IN·MINOI"lPNIN,I),NPNIN,Z),NPNIN,3),NPNIN;4) 
IF IKMIN .LT. NNL .OR. KMIN .GT. NM) GO TO 540 
CALL LsaUADI NJ C.· .... · .. ·.· ...... · ......... · ... ·.· ...•••... · ..... · ...••...•....•....... 

C 1. AOO"ELE~ENT STIFFNESS TO TOTAL STIFFNESS C.· .•••. · .• ·· .•. ·•• .•. ·· ••• · .•.••. · .••••••.•.•••••.••• * ••••••••••• * ••••• 
DO 44lJ 1·1,4 
00 440 K-l, Z 
II·Z·NPNIN,I)-Z+K-KSHIFT 
KK -2.1 -2 +K 
BIII)-BIIl)+PIKK) 
DO 44/) J-l,4 ------
DO 440 L-l,2" 
JJ-2*NPNIN,J)-2+L-II+I-KSHIFT 
lL·Z*J-2+L 
IF IJJ .LE. 0) GO TO 430 
IF INO .GE, JJI GO TO -4Z0 
PRINT 1000, HBAND,N 
CALL EXIT 

420 AIII,JJ)-AIII,JJ)+SIKK,LL) 



129 

ROUTl NE LSSTI F 74/176 OPT-O,ROUNO- AI SI H/-O,-OS FTN 5.1+577 115/11 

430 CONTINUE 
440 CONTINUE 
540 CONTINUE 

C ••••• • ••••••••• • ••• • ••••• • ••• •••••••••••••••••••••••• •••••••••••••••••• 
C 2. ADO CONCENTRATED FORCES WITHIN'EACH BLOCK (IF PRESENT) 
C ••• ••••• ••••••••••••••• ••• •• ••••••••••••••••••••••••• •••••••••••••••••• 

, IF (LN .NE. NLAY .OR. NWATER .EO. 0) GO TO 600 
00 500 N-NNL,N/\ 
K- Z.N-KS HI FT 
B(K)-B(K)+FY(N) 

500 B(K-1)-B(K-1)+FX(N) 
C.· .•. ·.·.·.· •.••.•. · •.. ·.· •• ·•··••··•·•·.•···•·•••·· •..••...••....••.•. 
C 3. MODIFY STIFFNESS EOUATIONS FOR BOUNDARY CONSTRAINTS 
C ••••• • ••••••••••••••••••••••••••• ••••••• ••• ••••••••• ••••••••••••••••••• 

600 NlHINP-NOMNP(LN,Z) 
IF (NUMCNP • NE. 0) 
DO 650 H-1,NUHBC 

NUMNP-~AXO(NOKNP(LN,ZI,NCNP(NUMCNP)) 

IF (NBCPU .LT. NNLl GO TO 650 
IF (NBC(H) .GT. NH .OR. NBC(H) .GT. NU"'NP) GO TO 700 
N-Z'NBC(H)-l-KSHIFT 
IF (NFIXOn .EO. 0 .OR. NFIXOO .EQ. U GO TO 6Z0 

610 IF (NFIX(H) .Eo. 0 .OR. NFIXOO .EO. Z) N-N+l 
620 DO 640 MH-Z,MBAND 

KK -N-M/1+1 
IF (KK .LE. 0) GO TO 630 
A(KK,H~)-O.(,) 

630 KK-N+I1I1-1 
IF (N02 .LT. KK) GO TO 640 
A ( N, Hr, ) • (I. (I 

640 CONTINUE 
A(N,l)-l.O 
B(N)-O.U 

650 CONTINUE 

" 

C •• •••••••••••••••••••• ••• ••••••••••••••• •• •••••• •• •• ••••••••••••••••••• C 4. WRITE BLOCK ON TAPE,HOVF UP LOWER BLOCK,CHECK FOR LAST BLOCK 
C ••••• • ••• ••• ••• ••••• ••••• ••• ••••• ••••••• •• •••••• ••• • •••••••••••••••• , •• 

700 WRITE (2) (B(N),(A(N,M),H-l,HBAND),N-1,NOI 
DO 710 N-l, ND 
K-I-/+ND 
1HN)aB(KI 
9( K)-C'.O 
DO 710 M-1,HBAND 
A(N,H)-A(K,/i) 

710 A(K,")-O.O 
IF (NI1 .LT. NUI'INP) GO TO 300 
RETURN 

\ 

C ••••• •• •••• • •• ••••••• •••• • ••••••• • ••••••••••••••••••••••••••••••••••••• 
1000 FORMAT (13H BAND WIDTH - ,I4,20H EXCEEOEO AT ELE"ENT ,14) C··,·· ........................................ -. ........................... . 

END . 

" . 



ROUTINE LSOUAO 74/176 OPT-O,ROUNO- AI SI "I-Oi-OS FTN S.1+S77 85/11 
-LONG/-OT,ARG--COMMON/-FIXEO,CS- USER/-FIXEo,oB--T8/-S8/-SLI ER/-ID/-PHo/-ST,PL-SOU 
S , I -L S 8 , L - E R • 

SU8ROUTINE LSOUAoIN) 
C •• • •• ••••• •••••••• • ••••••••••••••• • •• • •••••••••••• •• ••• ~ ••••••••••••••• 

CO~MON II~ITI HEo(1Z),~U~ELT,NU~NPT,NFEL,NFNP,NPUNCH 
. CO~~ON INPELI NPNIZ7S,S),ORO(300,2),XCPIZ7S),YCPIZ75) 
COH~ON ICDA~I NUHCE(,NUHCNP,NCEL(100),NCNP(100) 
COMMON ILIFTI NLAY,LN,NO~EL(Z5,ZljNOHNP(ZS,Z),HEIGHTI2S),NUhIT,IT 
CO~HON IMAT11 NONLIN,8ULK(27S),SHEAR(Z75),POrS(Z751,GAHII0I,REOHOo 
COMMON ILST11 I,J,K,S(10,lOI,ST(3,10),C(3,3),P(10),NPI41,VOL 
DATA C(1,3),CI2,3),CI3,11,C(3,2)/O.,0.,0.,0.1 

C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C INITIALIZE AND FOR'" STRESS-STRAIN MATRIX 
C •• • •••••••••••• • ••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

DO 100 II-1,10 
P(II)-().(I 
DO 100 JJ-1,10 

100 S(II,JJI-O.O 
VOL-O.O 
IF IN .LE. NOHELlLN,Z) .OR. NUHCEL .EO. 0) GO TO 130 
DO 120 H-1,NU~CEL 
IF IN .EO. NCELOU) GO TO 130 

1Z0 CONTINUE 
RETURN 

130 F~100ET-1.0 
IF INLAY .EO. 1 .OR. NO~EL(LN,2) .EO. NFEL) GO TO lS0 

lS0 HTYPE-NPNI N, S) 
CI1,1)aFKOOET.(8ULK(N)+SHEARIN» 
Cl1,Z)-FHOOET*18ULK(N)-SHEAR(NI) 
CIZ,1)-Cl1,2) . 
C(Z,Z)-C(1,1) 
C(3,3)-FHOOET.SHEARIN) 

.. 

C ••••••• ••• ••••••••• •••••••••••••••• •• • ••••••••••••• • ••••••••••••••••••• 
C FORM 10.10 OUAO. STIFFNESS, REDUCE TO 8.8, CALCULATE GRAVITY LOADS 

C····················································· ...... ~ .......... . I-NPNI N, 11 
J-NPNI N, 2) 
KaNPNI N, 4) 
C~LL LST8(1,3,7) 
I-NPNI N, 3) 
J-NPNIN,4) 
K-NPN( N, 2) 
tALL LST8(5,7,3) 
IF (VOL .GT. 0.0) GO TO ZOO 
PR INT 1000, N 
CALL EXIT 

200 DO 30e K-1,2 
IH-10-K 
Io-IH+1 
DO 300 1-1, iH 
S ( 10, I ) - S ( 10, I 1/ 5 ( 10, I 0) 
DO 300 J-1,IH 

300 S(J,I)-S(J,I'-S(J,Io).stID,I) 
IF (N .LT. NOMEL(LN,l) .OR. N .GT. NOMEL(LN,Z» R~TURN 
IF (N .LE. NFEU RETURN 
DO 4(l() 1-1,4 

400 P(2.I)·P(Z.I)-GA~(MTYPE).VOL/4.0 

130 
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RETURN 
C ••••••••••••••• • ••••••••••••••••• ••• ••• ••••••••• ••• •• •••••••••••••••••• 

1000 FORMAT (34H ZERO OR NEGATIVE AREA· AT ELEMENT ,14) 
C ••••••••••••••••••••••••••••• • ••••••••••• • ••••• •• •• •• •••••••••••••••••• 

END 
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ROUTINE LST8 74/176 OPT-O,ROUNO- AI SI "I-O,-OS FTN 5.1+577 85/11 
'-LONG/-OT,ARG--CO~~ONI-FIXED,CS- USER/-FIXED,OB--TB/-SB/-SLI ER/-ID/-PHO/-ST,PL-50~ 
15,I-LSB,L-ER. 

SUBROUTINE LST81Nl,NZ,N3) 
C ••••• • ••••••••••••••••••• • •• • •• ••• ••••••••• ••• ••••• • ••••••••••••••••••• 

CO~MON INPELI NPNIZ75,51,ORD(300,Z),XCP(Z751,YCPIZ75) 
COMMON ILST11 I,J,K,SI10,lO),STI3~lOI,CI3,3),PIIO),NPI4),VOL 
DIMENSION BAI3,2J,UI3,4J,V(3,4J,UVI3,4,ZI 
EO UI VA LE NC E III V( 1, 1, 11 , U 11,11 J ,( UV U, 1,2 I, V 11,11 I 

C ••••• •••• •••••• • ••••••••••••••• •••••••• •••••• • ••• • ••••••••••••••••••••• 
C DEFINE TRIANGULAR ELEMENT NODAL POINTS, GEOMETRY, AND AREA 
C ••• ••• •••••••••••••••••••••••••••• • •• • •••• •• ••••• • ••••••••••••••••••••• 

NP (lI-Nl 
NP 121-NZ 
NP 131-N3 
NP 141- 9 
BAI1,11-OROIJ,ZI-ORDIK,21 
BAI2,11-OROIK,ZI-OROII,ZI 
BAI3,11-OROII,21-0RD(J,ZI 
BAI1,21-0RDIK,11-0RDIJ,11 
BAIZ,ZI-ORDII,ll-ORDIK,ll 
BAI3,ZI-ORDIJ,11-OROII,11 
AREA-IORO(J,11.BAIZ,11+0ROII,11+BAI1,11+ORDIK,11.BAI3, 1111Z.0 
IF (AREA .LE. 0.01 GO TO 400 
VO L- VO L+ AR EJ. 

C •• • •••• 6 ••••• * ••••••••••••••••••••••••••••••••••••••••••••• * •••••••••• ~ 
C SET UP TERMS FOR STRESS-STRAIN AND STRAIN-OISPLACE~ENT MATRIClS 
C ••• •••• •• •• •••••••• • •••••••••••• • •••••••••••••••••••••••••••••••••••••• 

c 

AREA46-48.0.AREA . 
CII-CI1,11/AREA48 
C12-CI1,ZI/AREA48 
C13-CI1,31/AREA48 
C2 Z-C I Z, 21 IA REA4 8 
C23-CI2,31/AREA48 
C33-CI3,31/AREA48 

00 ZOO 11-1,Z 
UVI1,1,HI- BAI1,~1 
UYI2,1,~I- BAI1,MI 
UYI3,1,HI- BAI1,HI 
UYI1,Z,HI- BAIZ,HI 
UYIZ,2,~I- BA(Z,HI-2.0.BAI3,HI 
UYI3,2,HI--BAIZ,H) 
UYI1,3,HI- BAI3,MI 
UVIZ,3,MI--BA(3,HI 
UVI3,3,MI- BAI3,M)-2.0.BA(Z,~) 
UYI1,4,1I1- 0.0 
UVI2,4,H)· BA(3,M).4.0 

200 UVI3,4,HI- BAIZ,H).4.0 C····. * ..... * ................................. ..!! .......................... . 
C DEVELOP CENTER N.P. STRAIN-DISP. HATRIX AND TRIANGLE STIFFNESS C.···.· .. ·· ..... ·.· ....••. ·.·.· ................•..•........•..•..•...... 

C 

AR EA 6- 8. O. AR EA 
DO 30t' 1-1, " 
II-NPIII 

STI1,III -STl1,II) +«UI2,II~U(3,I)I/APEA6) 
STIZ,II+II-ST(Z,II+1)+(IVIZ,II+V(3,IIJ/AREA61 
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C 

C 

C 

ST(3,II) -ST(3,II) +«V(Z,I)+V(3,I»/AREA8) 
ST(3,II+1)-ST(3,II+l)+llU(Z,I'+Ul3,I)'/AREA8) 

SUHU-U(l,I)+U(Z,I)+U(3,I) 
SUMl-SUMU+U(l,I) 
SU~Z-SUHU+U(Z,I) 
SU~3-SUHU+U(3,1) 
SUHV-V(l,I,+V(Z,I'+V(3,I) 
SVMl-SUMV+V(l,I) 
SVHZ-SUMV.V(2,I) 
SVH3-SUHV+V(3,I) 

00 300 J-l,4 
JJ-NP(J) 
UQU-U(l,J).SUHl + U(Z,J).SUMZ • U(3,J).SUM3 
VQU-Vll,J'.SUMl + Vl2,J).SUMZ + V(3,J).SUM3 
VQV-V(l,J).SV~l + Vl2,JI.SVMZ + Vl3,J).SVK3 
UQV-Ull,J).SVM1 + U(Z,J).5VHZ + U(3,J).SVM3 

SllI ,JJ )-S(II ,JJ ) + Cl1.uau + C13.(Vau+uav) • C33+VQV 
SlII+l,JJ+11-S(II+1,JJ+l) + CZ7..VOV + CZ3+(Vou+uav) + C33.UQU 
SIll ,JJ+l)-S(II ,JJ+1' + CZ3.VOV + C13+UOU + C1Z.VOU + C33.uav 

300 S(JJ+l,II )-S(11 ,JJ+11 
C ••••• ••••••• ••••••• • ••••••••••••• • •••••••••••••••••••••••••••••••••••• * 
~OO RETURN 

~O 
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~OUTINE BANSOl 74/17b OPT-O,ROUND- AI SI H/-O,-DS FTN 5.1+577 85/1l 
~lONG/-OT,ARG--COHMON/-FIXED,CS- USER/-FIXED,DB--TB/-SB/-SLI ER/-ID/-PHD/-ST,PL-50, 
15,1 -lSB ,l-ER. 

SUBROUTINE BANSOl 
C •• • •••• • ••••••• ••• ••••• • ••• •••••••••••••••••••••••••• •••••••••••••••••• 

CO~HON IBANSI ~SAND,NUHBlK,B(lbC),A(lbO,8C) 
C ••••••••••••••••••••••••••••••••••••••••••• • ••• •••• •••••••••••••••••••• 
C IN ITIALI ZE 
C •••••• •••••• ••••••• • ••••• •••••••••••••••••••• •• ••••• ••••••••••••••••••• 

W-/-S('I 
NL -NN+ 1 
NH-NN+NN 
REWIND 1 
REWIND Z 
Ne-o 
GO TO 121) 

C ••••• ·.·.·.*··.·.·.···.···············.·.··········· ..................• C1. SHIFT SlOCK OF EOUATIONS AND READ NEXT BLOCK INTO CORE 
C ••••••• • ••••••••••••••••••••• • ••••••••••••• • ••••••••••••••••••••••••••• 

C 

100 NB-NB+1 
DO 110 N-1, NN 
NK-NN+N 
B(N)-S(NH) 
S(N.'i)-I').O 
DO 110 H-1,MBAND 
AIN,N)-A(NM,H) 

110 A( NH,/1 )-0. (I 

IF INU!1BlK .EO. NS) GO TO ZOO 
120 READ (2) (B(N),(AIN,H),M-1,HBAND),N-Nl,NH) 

IF (NB .EO. 0) GO TO lOll . 

C ••••••• ••• ••••• •••• •• ••••••••••••••••••••••••••••••• ••••••••••••••••••• 
C 2. REDUCE BLOCK OF EOUATIONS , THEN WRITE THE" ON TAPE 1 
C.·· .. ·.·.·.· ..... ··· ... · ..... · ... · .....• ·· .....•....................... 

C 

200 DO 230 N-1,NN 
IF (A(N,l) .EO. Q,O) GO TO 23a 
B(N)-B(N)/A(N,1) 
DO 220 l-2,!1BANO 
C- A ( N, L) I A (N ,1 ) 
I-N+l-1 
J. (\ 
DO 210 K-l,HBANO 
J-J+1 

210 AII,J)-AII,J)-C.A(N,K) 
S(I)-SII)-A(N,l).S(N) 
A(N,L)-C 

220 CONTINUE 
230 CONTINUE 

IF (NU'1BlK • EO. NB) GO TO 300 _______ 
WRITE (1) (B(N),IA(N,H),/1-2,HBAND),N-1,NN) 
GO TO 10(\ 

C····.·············.·······.··· •.. ·.·.·······.···.··· •.................. C BACK-SUBSTITUTION 
. C.··· ... ·.·· .. ·~·.·.··.··.·.······· ....... · ..... · .•......••.•........... 

300 00 32~ H-1,NN 
N-NN+1-1\ 

'00 310 K-Z,HBANO 
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/ 

l-N+K-1 
310 B(N)-B(N)-A(N,K).B(l) 

NM-N+NN 
B(NM)-B(N) 

320 A(NH,NB)-B(N) 
NB-NB-l 
IF (NB • EQ~' 0) GO TO 'tOO 
BACKSPACE 1 
READ (1) (B(N),(A(N,~),M-2,HBANO),N-1,NN) 
BACKSPACE 1 
GO TO 300 

C ••••••••••••• • •••••••••••••••••••• • •••••••••••••••••••••••••••••••••••• 
C ORDER UNKNOWNS IN B ARRAY 
C ••••••••••••••••••••••••••••••• • ••• • ••••••••••••••• • ••••••••••••••••••• 

400 K-O 
DO 410 NB-l,NUMBlK 
00 410 N-l, NN 
NM-N+NN 
KaK+l 

'tlO 9(K)-A(NM,NB) 
RETURN 

C· •••••••••••••••••••••••••••• • ••••••••••••••••••••••••••••••••••••••••• 
END 

," 

\ 



·ROUTINE LSRESUL 74/176 OPT·O,ROUND· AI 51 H/-D,-OS FTN 5.1+577 85/11 
o-LONG/-OT,ARG·-CDHMON/-FIXEO,CS· USER/-FIXED,DB·-TB/-SB/-SLI ER/-ID/-PhD/-ST,PL.500 
15,1 ·LSB ,L·ER. 

SUBROUTINE LSRESUL 
C ••••• • ••••• • ••••••• • ••••••• ••• •• •••••• •• ••••••••••••• •••••••••••••••••• 

CO~~ON IINITI HED(ll',NUHELT,NU~NPT,NFEL,NFNP,NPUNCH 
CO~KON INPELI NPH(Z75,5"ORD(300,Z"XCP(Z75',YCP(Z75' 
COMMON ICOAMI NUHCEL,NUHCNP,NCEL(lOO"NCNP(lO~' 
CO~KON IBANSI MBAND,NUHBLK,B(160),A(160,80) . 
COMHON ILIFTI NLAy,LN,NOHEL(Z5,Z),NOMNP(l5,l),HEIGHT(ZS"NUHIT,IT 
COMMON IGEOHI FNL(Z"TL(Z),CRL(Z',CTR(Z"CRR(Z),TR(Z),FNR(Z) 
CO~HON IHAT11 NONLIN,BULK(Z751,SHEAR(Z75"POIS(Z75"GA~IIOI,REO~OD 
COMMON IKATZI CONS,COEF(lOI,EXP(lO',DD(lOI,GGIIO),FFI10"NZONES 
COMMON IMAT31 CCIIO),PHI(lO',RFIIO),DEV1(lO),DEVlIIO"CODE(lO"AKO 
COMHON ILST11 I,J,K,S(10,lO),STI3,10"~(3,3,,PIIO),NP(4),VOL 
DI~ENSION SIG(3"EPS(3),QIS"QQ(4) 
DI~ENSION SIGIT(l75,3),EPSIT(Z75,3',DISPIT(300,Z) 
DIMENSION STRESS(Z75,3"STRAIN(Z75,3"OISP(300,2' 
EQUIVALENCE (STRESS(1,1),A(80,13»),(STRAIN(1,1),A(160,Z5)', 

,I (OISP(1,1),A(80,38')· 
C ••••••• • ••••••••••• • ••• • ••• ••• ••• ••••• ••••••••• • •• • •••••••••••••••••••• 
C INITIALIZE 
C ••••• ••• ••••••••••• • ••••••• ••••••••••• ••••••• •• •• • ••••••••••••••••••••• 

REWIND 4 

C 

READ (4) «STRESS(N,M),H·l,3I,N-l,NUHELT) 
READ ('II «STRAIN( N, Mlt~l·l,3ItN·l, NUliEL Tl 
READ (It I (( OISP (N,Hl,H·l,ZltN·l,NUI1NPTl 
IF (IT • GT. 11 GO TO 300 
00 100 N-l,NUf1ELT 
00 Ino M-l,3 
SIGIT(N,MI-O.O 
EP SIT( N,~) "v.D 
SIGIT(N,Ml"STRESS(N,H) 

100 EPSIT(N,HI-STRAININ,H' 
00 ZOO N-l,NUHNPT· 
DO 2(\0 1'1-1,2 
OISP1T(N,hl-O.O 

ZOO DlSPIT(N,Hl-OlSP(N,H) 

CTRF-TL( Zl +( UR (2) -TL( 2) I. (CTR (l '-TL (1') IC TR (l )-TLl 111) 
EHBHT-CTR(ZI-CTRF 
SLL-(CRL(Z)-TL(21)/(CRL(11-TL(11) 
SLR·(CRR(Z)-TRI2»/(TR(1)-CRR~1)' 
IF (FNUll .EQ. TLlll .'ANO. FNR(l1 .EQ. TRU)I GO TO Z50 
GA~F·GA" (11 
GAMD·GAM (Z) 
EMOO·COEF( ZI 
GO TO Z80 

250 GAHF·O.'O 
GAIlO·GAM (l) 

EHOD·COEF(1) 
280 DIHEN·EMOD/(GA~O.EHBHT.E~BHTI C·· ... · .•. •.· .. ·· .. · .••..•......•.•..•.•... · ..•••••.•......••...•..••••. 

C CALCULATE THE DISPLACEMENTS, CORRECTING THOSE IN THE NEW LAYER C.· ... ···.· .... · •... · ..• · ..... · ... · ...•................................• 
300 NU"NP·NO~NP(LN,ZI 

IF (NU'1CNP • NE. 0) 
DO 34D N-l,NU~NP 

NU~NP·~AXO(NOMNP(LN,21,NCNP(NU~CNPI) 
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IF (IT • l T •. NU 1'\ I T J GOT 0 31 0 
XN-N 
XXN-N/50 

FTN 5.1+577 

IF (XXN ;E:O. (XN/50.0) ·.OR. N .EO. 1) PRINT 1000 
310 FIIOOET-l.l 

IF (NlAY .EO. 1 .OR. NOHNP(lN,2) .EO. NFNP) GO TO 315 
IF (N .GE. NOHNP(lN,l) .ANO. N .lE. NO~NP(lN,Z» FHOOET-REOHOO 

315 OX-S(Z+N-1)*FMODET 
OY-S(2*N).FMOOET 
IF (NlAY .EO. 1 .OR. N .lE. NFNP) GO TO 330 
IF (NU/,\CNP • EO. 0) GO TO 325 
DO 320 M-l, NUHCNP 
IF (N .EO. NCNPIH» GO TO 330 

320 CONTINUE 
325 OX-O.O 

OY -0.0 
330 OISP(N,l)-OISP(N,l)+OX 

OISP(N,2)-OISP(N,2)+OY 
IF (IT .EO. NUMIT) OISP(N,l)-OISPIT(N,l)+OX 
IF lIT .EO. NUMIT) OISP(N,2)-OISPIT(N,2)+OY 
TO-SORT(OISP(N,l) •• Z+OISPIN,Z).+Z) 
IF (IT .LT. NUHIT) GO TO 340 
IF lOROIN,1) .lE. CTR(1» OIX-100.0*OISP(N,1)/(CTRl1)-Tl(1» 
IF lOROIN,1) .GT. CTR(l» OIX-IOO.O.DISPIN,1)/(TR(1)-CTR(1» 
OIY-100.0*OISP(N,Z)/E~BHT 
OJX-OISP(N,l).OIHEN 
OJY-OlSP(N,Z).OIKEN 
PRINT 1005, N,OX,OY,(OISP(N,H),H-l,Z),TO,OIX,OIy,OJX,OJy,N 

340 CONTINUE 

85/11 

C ••••• ** .................................................................. . 
C CAlCUl4TE THE STRESSES AND STRAINS, PRINT STRAINS C.· ..... · ..... · ... ·.· ................................................... . 

C 

C 

AREATT-AREATE-AREATN-O.O 
NUIiEl-NOHEU LN,2 I 
DO 45~ N-1,NUMEl 
IF (IT .IT. NurUT) GO TO 390 
YN-N 
YYN-N/50 
IF (YYN .ECI. (YN/5(1~I) .OR. N .EO. 1) PRINT 1010 

390 ~TYPE-NPN(N,51 
FHOOET-l.O 
IF (NLAY .EU. 1 .OR. NOr.EL(LN,Z) .EO. NFELI GO TO 395 
IF (N .GE. NOMEL(LN,11 .ANO. N .lE. NOHEl(lN,Z» FKOOET-REDMOO 

395 00 400 1-1,3 
SIGIII-O.O 
EP S ( I ) -0.0 
00 400 J-1,10 

".00 ST ( I, J ) - 0.0 

CALL LSOUAO(N) 

AREATT-ARE:ATT.VOl 
EHOo-Z.0*SULK(N)·(1.Q+POISIN»·11.0-Z.0.POISIN» 
AREATr-ARE:ATE+VOL.EKOO 
4PfATN-ARE:ATN+VUl·POISIN) 
DO 41v 1-1,4 
11-2·1 
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C 

C 

JJ-2.NPNIN,I I 
PI II-U-BI JJ-lJ 

410 PIIII-SIJJI 
DO 420 1·9,10 
PII'-O.O 
KK-I-l 
DO 42Q K-1, KK 

420 P(I'-P(I'-S(I,K).P(K) 

DO 430 1-1,3 
DO 430 K-1,10 

430 EPSII)-EPS(I)+ST(I,K).P(K) 
00 440 1-1,3 
DO 440 K-1,3 

440 SIG(I)-SIG(I)+C(I,K)*EPS(K) 
IF (NLAY .EO. 1 .OR. NOHELlUhZ) .EO. NFEL) GO TO 44Z 
IF (N .LT. NO~EL(LN,1) .OR. N .GT. NOMEL(LN,Z» GO TO 44Z 
DO 441 1-1,3 . 
NU~REF·NOMELILN,l)+1 

FLHT-HEIGHT(LNI-YCPtNUMREF) 
SIG(2)--(ELHT.GA~(~TYPE» 
SIG(1)-SIG(2).POIS(N)/ll.0-POISIN» 

441 SIG(3)aO.O 
442 DO 445 1-1,3 

IF IFHOOET .EO. REoHOO) ~PSIII-O.O 
IF lIT .LT. NUMIT) STRESS(N,I)-STRESS(N,I)-SIG(I).O.5 
IF (IT .EO. NUHIT) STRESSIN,I)-SIGIT (N,I)-SIGII) 
IF (IT .LT~ NUMIT) STRAININ,1)-STRAIN(N,1)-EPS(I).100.0.FHOoET 
IF (IT .Eo. NU~IT) STRAIN(H,I)-EPSIT (N,1)-EPS(I).100.0.FMOOET 

445 CONTINUE .. 

1 

E-(STRAIN(N,2)+STRAIN(N,1)/Z.Q 
F-(STRAIN(N,Z)-STRAIN(N,1»/2.0 
G=SORTIISTRAININ,3)/2. 0 ) •• 2+F •• Z) 
0011 ).E+G 
QQ (2 )·E-G 
QO(3)a2.0.G 
IF (IT • LT. 
PRINT 1015, 

NU~l Tl.' GO TO 450 
N,ENOO,BULK(NI,SHEAR(N),POISIN),ISTRAININ,K),K-1,3), 
(UO(L),L-l,31,N 

450 CONTINUE 
EKOOAV-AREATE/AREATT 
POISAV-AREATN/AREATT 
IF (IT .EO. NU~IT) PRINT 1020, EKOOAV,POISAV 

85/11 

c ••••••••••• ···.·.ft .................................................... . 
C CALCULATE PRINCIPAL STRESSES AND PRINT, CALCULATE NEW E AN~ NU 
C ••••• • ••• ••••••••••• ••••••••• • ••• • ••••• • ••••••••••••••••••••••••••••••• 

DO 470 N-1,NU~E;L ~. 
IF (IT .LT. NU~IT) GO TO 455 
IN-N 
IIN-ru 50 
IF (lIN .EO. I ZN/50.0) .OR. N .EO. 11 PRINT 1025 

455 CCCC-(STRESS(N,2)+STRESS(N,1»)/Z.O 
O·(STRESS(N;2)-STRESS(N,1»/2.~ 
O(31-S0RT(STRESS(N,3) •• Z + O •• Z) 
01 n-cccc+Q( 31 
01 ZI-CCCC-(Ji 3) 
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C 

C 

01 Itl -0 ,'0 
IF ISTRESSIN,31 .100. 0.0 .ANO. 0 .EO. 0.01 GO TO 456 
011t1-90.0/3.14l59Z65·ATANZI-STRESSIN,)I,OI 

456 !iTYPE-NPNIN,51 
OEVSTR-OIlI-OIZI 
OEVF H- DE Vl 111 TY PE I + DE VZ tlHY PE 1.0 I 2 I 
IF 10EVFH .GT. Ci.·OI GO TO 457 
STRLFV-OEVLEV-O.O 
GO TO 458 

457 OEVLEV-OEVSTR/OEVFH 
STRLEV-OEVU V/RF (/HYPE I 

458 IF I IT .LT. NUMITI GO TO 463 
IF 10121 .EO~ 0.01 0151-999.999 
IF 10(2) .NE. 0.01 0(51-0(11/0(21 
YHT-GHF-O.O 
IF (YCP(NI .GE~ FNL(ZII YHT-YCP(NI-TLl21 
IF (YCP(N) .LT. FNL(211 GHF-GA~F.(TL(21-YCP(NII 
IF (XCPIN) .GT~ TL(lll GH-GHF+GAI10.(IXCP(NI-TL(11).SLL-YHT) 
IF (XCPINI .GT. CRL(lll GH-GHF+GAI10.(CTR(ZI-TL(Z)-YHT) 
IF (XCPIN) .GT~ CRRIl» GH-GHF+GAI10+((TR(ll-XCP(NI).SLR-YHTI 
IF (XCP(NI .GT. TRIlIl GH-GHF 
G1-0 11 II GH 
G2-0(ZI/GH 
G3-0(3)/GH 
PRINT 10)0, N,(STRESS(N,I1I,H-l,31,(0(LI,L-l,5),STRLEV,Gl,G2,G3,N 

463 IF IN ;LE. NOHEL(LN,21 .OR; NU~CEL .EO. 01 GO TO 460 
DO 459 11-1, NU ~C EL 
IF IN .E o. NCELIIO I GO TO 460 

459 CONTINUE 
GO TO 470 

460 IF INONLIN .EO. 0) 
IF 10(2) .LE. 0.0) 

461 IF (STRLEV .LT. 1.0 
46Z SHEARlfo.lI-O~O 

GO TO 470 

GO TO 470 
GO TO 462 
.AND. SHEARINI .GT. 0.01 GO TO 465 

465 r:INIT-CONS.COEFII1TYPE).IIOIZ)/COfo.lSI+.EXPIHTYPEI) 
EKOO-EINIT.IC1.O-OEVLEV*COOE(I1TYPEII·.2.01 
POISI-GG(HTYPEI-FFCHTYPEI.ALOGIO(0121/CONSI 
EPSAX-DEVSTR/(EINIT·Cl.O-DEVLEVII 
POISIN)-POISl/(11.O-OOCI1TYPEI.EPSAXI·.2.~1 
IF IPOISINI .GT. 0.4901 POlSCNI-O.490 
SHEARINI-EI100/IZ~O·11.O+POISINIII 
BULKCNI·SHEARIN)/(1.0-2.0*POIS(N») 

470 CONTINUE 
C ••• ••••••••••••••••••••••••••••••••••••••••••••••••• ••••••••••••••••••• IF (IT .LT. NUI1ITl GO TO 600 

NFEL-NOKELILNrZI 
NFNP·NO~NPCLN,2) 

600 RE:WIND 4 
WRITE (4) (CSTRESS(N,Hltl1-1,3ltN-l,NUI1ELTI 
WRITE C41 I ISTRAIN(N,MltH-l,31,N-l,NU~E:LTI 
WRITE (41 1( OISP CN,I1I,H-l,21,N·l,NU~NPTI 
IF (LN .NE. NLAY .OR. IT .NE. NUI'lIT .OR. NPUNCH .NE. 11 RETURN 
WRITE (7,10351 IN,XCPINI,YCPCNI,CSTRESSIN,KI,I1-1,31,N-1,NUMELTI 
WP. IT 10 C 7 ,1035 I IN, XC PIN I , Y CP I N I , IS TR A I N IN, HI, H -1,3 I , N-l, NU ME L 11 
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WRITE(8,1035)(NtXCP(N)tYCP(N),BUL~(N),SHEAR(N),POIS(NI,N-1,NUMELT) 
WRITE (8,1040) (N,(ORD(N,H),H-1tZ)t(OISP(N,"),~-l,Z)tN-1,NUhNPT) 
RETURN 

C ••••••••• ••• •••••• • ••••••• • •• • ••• ••••• ••• •• ••••• •••• ••••••••••••••••••• 
1000 FORHAT (54H1 NP DELTA-X DELTA-Y X-DISP Y-DISP TOTAL, 

. 1 46H X-DISP/W Y-DISP/H XOIHEN YDIHEN NP I) 
100S FORHAT (14,7F10.4,2FIZ.a,I4) 
1010 FORHAT (SOH1ELE ELAS HOD BULK HOD SHEAR HOD NU EPS-X 

1 42H EPS-Y GAH-XY EPS-1 EPS-3 GAHHAX ELE I) 
1015 FOR~AT (14,3FIO.l,F6.3,6F6.3,I4) 
1020 FORHAT (4H AVG,FIO.l,ZOX,F6.3) 
102S FORHAT (S4HIELE SIG-X SIG-Y TAU-XY SIG-l SIG-3, 

1 SOH TAU-MAX THETA SIGl/3 LEVEL S1G1/GH S1G3/GH, 
2 lZH TAUK/GH ELE I) 

1030 FORHAT (I4,6FIO.3,6F6.3,14) 
1035 FORHAT (IIO,SF10.31 
1040 FORHAT (IIO,4FIO.41 

C •••• ••••• •• ••••• ••••••••••••••••••••••••• • ••• •••• •• • ••••••••••••••••••• 
~D 
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